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Abstract 

Understanding the patterns and processes of genetic diversity and differentiation is 

fundamental for assessing population connectivity to inform the conservation of coastal 

ecosystems. The tropical West African Atlantic Coast is a good model to address these issues. 

The influence of oceanographic currents diverging in hotspot ecoregions mediating propagule 

dispersal along this coastline raises interesting predictions to be tested. In the Gulf of Arguin 

(Mauritania) nearshore and offshore seagrass populations can be predicted to be highly 

connected by strong currents driven by tides in this very shallow system.  In contrast, in the 

Bijagós archipelago (Guinea-Bissau), populations in the northern and southern islands could 

hypothetically be genetically differentiated as predicted based on passive transport by ocean 

currents. However, they also have a strong relationship of connectivity by migratory species, 

namely green turtles that travel between feeding and breeding grounds. This study aims to 

assess these predictions and also to understand seagrass population genetic diversity and 

genotypic (clonal) diversity, as well as connectivity, along the Western African coast. We 

used as model the species Halodule wrightii, a seagrass with clonal reproduction via rhizome 

elongation and sexual reproduction via non-buoyant seeds, both traits that do not promote 

long distance dispersal. We assessed genetic diversity, clonality, and population 

differentiation with 8 microsatellite markers, using samples from the entire species range 

along this coastline, from Mauritania to Angola over a distance of ~1,600 km.  Generally, 

populations were genetically homogeneous with low differentiation, while genotypic richness 

varied among all populations. The results support the hypothesis of high connectivity between 

populations in the Banc d’Arguin but do not support the isolation hypothesis between the 

northern and southern regions of the Bijagós. The results also suggest that the Canary Current 

and Guinea Current do not affect seed dispersal and connectivity through abiotic mechanisms.   

Keywords: connectivity, genetic diversity, Halodule wrightii, western African coast, seed 

dispersal, recruitment 
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Resumo 

A compreensão dos processos centrais da diversidade e da diferenciação genética são 

fundamentais para avaliar a conectividade das populações de pradarias marinhas e prever a 

conservação dos ecossistemas costeiros tropicais. Contudo, pouco se sabe sobre pradarias 

marinhas na costa atlântica da África Ocidental, onde grande diversidade ocorre. Para além, 

também pouco se tem estudado à respeito das influências das correntes de maré que se 

divergem em ‘hotspots’ em ecorregiões e mediam a dispersão de sementes ao longo desta 

linha costeira. O Golfo de Arguin (Mauritânia) exibe populações de pradarias marinhas perto 

da costa e ao largo, enquanto o arquipélago de Bijagós (Guiné-Bissau) exibe populações de 

ervas marinhas nas ilhas do Norte e do Sul, que apresentam forte relação com espécies 

migratórias que se sazonalmente viajam para se alimentam. Este estudo visa compreender a 

estrutura genética das populações de ervas marinhas e a sua conectividade para prever a 

dispersão e recrutamento de sementes através de mecanismos abióticos e bióticos ao longo da 

costa ocidental da África, desde a Mauritânia até Angola, ao longo de uma distância de 

~1.600 km. Utilizámos o modelo com a espécie Halodule wrightii, uma erva marinha florida 

com reprodução sexual e clonal através do alongamento do rizoma e sementes não flutuantes. 

Avaliámos a diversidade genética, clonalidade e diferenciação genética da população com 8 

marcadores de microsatelite. Testamos o Isolamento por Distância para traçar a distribuição 

geográfica espacial correlacionada com a diferenciação em pares para identificar fontes de 

fluxo gênico. Em geral, apesar de uma zona divergente na zona central (São Tomé e Príncipe) 

demonstrar diversidade genética, foi identificada uma baixa variabilidade genética, assumindo 

uma colonização independente, enquanto uma riqueza genotípica significativa variou ao longo 

de todas populações. Foi encontrada uma diferenciação genética significativa entre a 

Mauritânia e a Guiné-Bissau, em termos de população aos pares. Os resultados apoiam a 

hipótese de alta conectividade entre as populações do Banc d'Arguin mas não apoiam a 

hipótese de isolamento entre as regiões norte e sul dos Bijagós. Os resultados também 

sugerem que a Corrente Canária e a Corrente da Guiné não afectam a dispersão de sementes e 

a conectividade através de mecanismos abióticos.  Embora o isolamento por distância ocorra, 

este estudo sugere que a Corrente Canária e a Corrente da Guiné não afectam a dispersão de 

sementes e a conectividade através de mecanismos abióticos. No entanto, é necessário avaliar, 

investigar e avaliar áreas maiores e um número mais significativo de amostras ao longo desta 

costa para uma análise mais detalhada. O estudo tem implicações na utilização da informação 
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genética populacional na conservação, gestão e mitigação dos países em desenvolvimento 

dependentes da produção costeira. 

Palavras-chave: conectividade, diversidade genética, Halodule wrightii, costa africana 

ocidental, dispersão de sementes, recrutamento 
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1. Chapter one - General Introduction 
 

The hub processes addressing marine populations in an ecological context refer to their size, 

structure and the rules determining their assembly. Physiological features and functions, as 

well as habitat quality and setting, are responsible for the abundance on an individual level. 

The range of new sites, colonisation, dispersion possibilities and the earth's climate history 

possibly reinforced the distribution of species on earth in a distinct pattern. Particularly the 

last one referred to playing a significant role in biogeography and evolution. Biogeographical 

studies have been of great concern in the history of science since the 18ͭʰ century. 

Consequently, dynamic processes influence several aspects and historical processes, standing 

in complex relations to an intrinsic beneficial gene configuration, enabling organisms to exist 

and explaining patterns seen nowadays. However, facing the emerging challenges of climate 

change, overfishing and misuse of coastal zones affect the occurrences and abundances of 

these marine populations (Muelbert et al., 2019). Building a solid understanding of this vast 

biodiversity is vital, particularly in marine science. Therefore, the outcomes across these 

ecosystems must be assessed, tested, and acknowledged.  

Consequently, dynamic processes influence several aspects and historical processes, standing 

in complex relations to an intrinsic beneficial gene configuration, enabling organisms to exist 

and explaining patterns seen nowadays. However, facing the emerging challenges of climate 

change, overfishing and misuse of coastal zones affect the occurrences and abundances of 

these marine populations (Muelbert et al., 2019). Building a solid understanding of this vast 

biodiversity is vital, particularly in marine science. Therefore, the outcomes across these 

ecosystems must be assessed, tested, and acknowledged.  

1.1 Marine population connectivity  

 

The term connectivity originates from studies of terrestrial ecosystems and has been discussed 

in the literature since the 1990s (Taylor et al., 1993; Sheaves, 2009). In an ecological concept, 

connectivity defines the movement of matter (e.g., nutrients, sediments), energy (e.g., organic 

matter) or organisms (e.g., migration, dispersion) between habitats over time and space 

through ecological or physical factors, which may depend on the life history of animals and 

plants (Sheaves, 2009). With time further research defined marine connectivity; Pineda et al. 
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(2007) highlight the functional requirements differentiating marine systems among larval, 

colonisation and post-larval survival, dispersal, transport and connectivity, while Lowe and 

Allendorf (2010) debate concepts of demographic and genetic connectivity; Pringle (2003) 

discusses the importance of hydrologic connectivity. Other connectivity terms used in the 

literature associate the environment where interaction processes occur and facilitate the 

movement of elements between or within ecosystems. Consequently, another aspect discussed 

is marine population connectivity (MPC), which characterises the exchange of individuals. 

The term connectivity originates from studies of terrestrial ecosystems and has been discussed 

in the literature since the 1990s (Taylor et al., 1993; Sheaves, 2009). In an ecological concept, 

connectivity defines the movement of matter (e.g., nutrients, sediments), energy (e.g., organic 

matter) or organisms (e.g., migration, dispersion) between habitats over time and space 

through ecological or physical factors, which may depend on the life history of animals and 

plants (Sheaves, 2009). With time further research defined marine connectivity; Pineda et al. 

(2007) highlight the functional requirements differentiating marine systems among larval, 

colonisation and post-larval survival, dispersal, transport and connectivity, while Lowe and 

Allendorf (2010) debate concepts of demographic and genetic connectivity; Pringle (2003) 

discusses the importance of hydrologic connectivity. Other connectivity terms used in the 

literature associate the environment where interaction processes occur and facilitate the 

movement of elements between or within ecosystems. 

Consequently, another aspect discussed is marine population connectivity (MPC), which 

characterises the exchange of individuals between geographically detached subpopulations 

(Cowen & Sponaugle, 2009). An example of MPC is the easement of connectivity by water or 

ocean currents, as is the case of dispersal in larval stages (Selkoe et al., 2016; Fang et al., 

2018). When connectivity between populations occurs continuously, in such a way 

contributing to their maintenance and survival, they are defined as a metapopulation, which 

encompasses the dispersal phase from reproduction to the completion of the settlement 

process. 

All these connectivity patterns occur over a space-time period that can be affected by 

organisms' life histories and environmental factors. For example, marine animals connect 

habitat fragments or ecosystems daily as they move in search of food or shelter; (Berkström et 

al., 2012). At the same time, they promote connection over a more extended period (e.g., 
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seabirds and sea turtles that migrate annually to breeding and feeding areas) (Hancock et al., 

2019; Trierweiler et al., 2014).  

Conversely, connectivity can be affected by environmental conditions such as temperature, 

rainfall, and ocean currents. These factors vary over time, causing local or regional short- or 

long-term responses. An example is the wind conditions of some regions of the west coast of 

continents (Abe & Brown, 2020). Additionally, the marine currents can enrich the surface 

waters by bringing nutrients from the seabed to the surface, stimulating phytoplankton 

growth, an event called upwelling, where the material can be transported to the coast in a 

heterogeneous manner (Wieters et al., 2013 Narváez et al., 2004), and events such as 

precipitation and resurgence can vary in frequency and intensity over the years (Escribano et 

al., 2004). Therefore, the scale of actions correlation between the environments requires 

functional and structural connectivity and environmental conditions that vary over space-time. 

Ecological and evolutionary interactions perform valuable tools to access MPC (Ellstrand, 

2014). Estimating accuracy in MPC is critical for assessing connectivity range, characterising 

the elements forwarding exchange, and understanding the biogeography, genetic structure, 

and population dynamics, such as speciation, resilience, and adaptation of marine and coastal 

species (Cowen et al., 2006). Identifying these tools is fundamental to interpreting 

demographic and genetic connectivity. Whilst demographic connectivity is the measure of 

dispersal influenced by survival rates and population growth, genetic connectivity outlines the 

impacts of gene flow on evolutionary processes within MPC (Lowe & Allendorf, 2010). 

Additionally, Waples & Gaggiotti (2006) declared, "The ecologically model stands 

challenging for evaluations using genetic markers alone because the transition from 

demographic dependence to independence occurs in regions of high migrations, and there is 

limited power related to genetic methods". Demographic connectivity of marine populations 

has significant demands in quantifying and interpreting genetic connectivity and evolution 

within species. Further, demographic and genetic connectivity have distinct conditions but 

play methods of assessment complementary to each other (Lowe & Allendorf, 2010).  

Since MPC relationships contribute to the balance of marine ecosystems and are primarily 

complex, it becomes a significant challenge to researchers. In addition, the impacts generated 

by human actions such as overexploitation and the inappropriate use of coastal systems, as 

well as climate change (Lande & Shannon, 1996) (accelerate the need to understand the 



18 
 

factors that promote connectivity (Heller & Zavaleta, 2009). This knowledge is increasingly 

essential for resource management, creating marine protected areas and evaluating the effects 

caused by habitat fragmentation (Kondolf et al., 2006; Berkström et al., 2013). 

1.2 Connectivity drivers and Biogeography  

 

The range limits of specie's locations define a vast array of historical, physical, and biotic 

factors (Goldberg & Lande, 2007). Although dispersal processes are vital to marine 

populations' ecological and evolutionary history, marine species' dispersal demonstrates easy 

crossing of long distances due to its favourable environment and migration facilities (Tavares 

et al., 2022). However, gene flow among marine organisms may present restrictions by 

thermal barriers, geographic features, currents, and relative time feasibility of dispersal 

phases. Among these factors, local adaptation, competition, and hybridisation are relevant to 

frame the boundaries between related and ecologically equivalent species (Goldberg & Lande, 

2007). Furthermore, several environmental settings define whether marine populations will 

occur along coastlines. These comprehend biophysical settings that adjust species' 

physiological function and morphology, such as salinity, currents, depth, temperature, waves, 

substrate, nutrients, day length, light, wave action, disease, and epiphytes (Coles et al., 2011). 

1.2.1 Disturbances 

 

Seagrass meadow plays a considerable function through photosynthesis across the depth scale 

controlled by light availability. The habitat types for seagrass meadows are divided into 

coastal, reef, river estuary and deep water. (Carruthers et al., 2002). Most of these habitats are 

prompted by high disturbance and undergo temporally and spatially variations (Coles et al., 

2011). The dynamics played by each habitat present prevailing processes leveraging seagrass 

growth, survival and community biodiversity. Coastal habitats endure a significant impact on 

seagrass assemblage. Therefore, they can be found deep below the sea surface (Coles et al., 

2009) and in shallow waters. The determination of seagrass species' survival features as 

exposure, temperature, wave action and associated turbidity (Coles et al., 2011). Tropical 

seagrasses exhibit differences in their life-history strategies leading into species' assemblages. 

Some species can demonstrate slow turnover, requiring more time to recover from 

disturbance, with a low resistance to perturbation (e.g., Enhalus acoroides) (Poiner et al., 

1987). 
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On the other hand, wave exposure impacts sedimentation movement, creating an unstable 

environment for seedlings to settle down or persist. Some genera, such as Cymodocea and 

Syringodium, can survive periodic disturbances (storms) at a moderate level. In contrast, other 

genera, such as Halodule, present a faster turnover and high seed set, demonstrating 

adaptation to high disturbance and grazing rates (Walker et al., 1999). However, these 

recovery processes depend on the geographical location of the species' survival. 

The ideal area for studying and testing disturbance survival hypotheses lies within the large 

marine ecosystem (LME) region in the Gulf of Guinea, with a critical world marine biological 

diversity pool, having a shallow coastline that is affected by the Guinea Current (GC) (Ukwe 

et al., 2003). The area presents distinctive hydrography, productivity, bathymetry and 

trophodynamics, demonstrating a model changeover in marine resources for flora and fauna. 

Waves and swell driven by physical disturbance, silt movement and macro-grazers (e.g., sea 

turtles, manatees) control seagrass growth in those regions (Grech & Coles, 2010). With that, 

in areas sheltered from wave action or with entrapment of water at low tide (e.g., tide pools), 

seagrasses have a strong chance of survival, especially in inter-tidal zones, due to the capacity 

of protection from exposure.  

1.2.2 Marine population connectivity in western Africa  

 

The high importance of understanding the patterns of the west coast of Africa can present 

tools in fields from evolutionary studies to conservation planning (Henderson et al., 2017; 

Spalding et al., 2007). The West African Transition (WAT) presents a linear coastline with 

keen environment gradients across near geographical ranges, which has a potential driver of 

population genetic structure (Tavares et al., 2022). The region is classified as a Marine 

Ecoregion of the World (MEOW) (Spalding et al., 2007), which covers coastal and shelf 

waters shallower than 200 m. The WAT is one of the world's most unique coastal systems, 

with a significant hub of marine food production and biodiversity, classified as the most 

productive coastline and offshore waters (Ukwe et al., 2003). 

The delimitation of WAT starts among the ocean circulations of the tropical Atlantic, with 

seasonal fluctuations and varying bands on the westward flowing currents in the surface 

layers (Philander, 2001). WAT has interannual timescales, and net transport of heat from the 

southern into the northern hemisphere, primarily due to a strong, cross-equatorial coastal 
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current in the Atlantic Ocean, the North Brazil Current (NBC) (Philander, 2001). The widen-

driven ocean gyres dominate particular coastal zones shaped by ocean currents, the North 

Equatorial, the Equatorial, and the South Equatorial (Tavares et al., 2022). These gyres 

centred on the equator are the result of forces from the equatorial undercurrent situated 

precisely at that location. The current attains impactful speeds, and the thermocline reaches 

100 m depth to the west. The current is present due to westward trade winds, which assist in 

driving diverging winds to maintain an eastward pressure and bringing upwelling to the west 

since this occurrence is more intense at the equator. Thus, this pressure force will be the 

source of thrust for the equatorial undercurrent to the east, which in the downstream direction, 

will lose strength due to the intense upwelling supporting the surface layers (Philander, 2001) 

The elements through the winds parallel to the coast are driven along the coast of Africa, one 

cold equatorward coastal, the Canary Current upwelling (CCU) off north-west Africa, and the 

temperate Benguela Current (BC) off south-west Africa. The region's tropical climate is 

formed through movements of the Inter-Tropical Convergence Zone (ITCZ) (Heileman, 

2008). The extreme coastal upwelling associated with these currents and the low sea surface 

temperatures sustains the westward north and South Equatorial Currents (SEC) (Carton and 

Huang 1994).  

The Canary current upwelling (CCU) influences the semi-arid region in the WET from 

Mauritania to Senegal, observing the existence of a tropical climate and the presence of a 

great hydrographic freshwater network (Araujo & Campredon, 2016). These observations are 

related to the presence of isolated species (e.g., mangrove Avicennia africana), living 

assemblages of the estuarine environment, and similarities with other estuarine areas and 

tropical coastal lagoons further south in West Africa. Whereas the Guinea current (GC) 

reaches out from the extreme upwelling area in the north to the northern seasonal boundary of 

BC in the south, where the northern border of the GC has seasonal fluctuations, and the SEC 

forms its southern boundary (Binet & Marchal, 1993), featuring the transition to a shallow 

ocean off a tropically moist coast from Guinea to Gabon. Finally, the influence of the 

temperate BC founds the subtropical coast southwards to Angola, presenting a significant 

coastal upwelling zone (Tavares et al., 2022).  

The driver structure of MPC along the African Western Coast continues with a lack of 

succinct studies to obtain a clear understanding of their rich biodiversity (Duarte et al., 2008). 
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However, there are reported different levels of intraspecific genetic variation of diverse 

species of marine organisms. These genetic breakage variations are likely considered (Assis et 

al., 2022), where matching species showed different lineages within neatly drawn regions 

(Henriques et al., 2014; Reid et al., 2016; Schulze et al., 2020). However, the lifespan must be 

considered since seagrasses present a specific biologic trait.  

1.2.3 Marine ecoregions in western Africa 

 

West Africa is a data-poor region due to a lack of availability of research funding, leaving 

sites worldwide insufficiently studied (Amano & Sutherland, 2013). As a result, a regional 

network of marine protected areas (MPAs) was created in 2007 called "Regional Network of 

Marine Protected Areas in West Africa" – RAMPAO (Patrício et al., 2021) to conserve their 

biodiversity and protect their ecosystem. Seven western African countries extend the 

RAMPAO network, starting with Cape Verde, Mauritania, Senegal, Gambia, Guinea-Bissau, 

Guinea, and Sierra Leone (Selkani, 2022).  

Mauritania's coastal waters, located on the Gulf of Arguin, comprise an extensive shallow 

water area with mudflats interspersed with a set of channels and ditches (Hemminga & 

Nieuwenhuize, 1991). The National Park of Banc d'Arguin (in French, Parc National du Banc 

d'Arguin - PNBA) enlarge 12,000 km² and is a crucial area for large- mega-herbivores 

(turtles), seabirds, elasmobranchs, and fishes (Araujo & Campredon, 2016) PNBA towards 

one of the most diverse upwelling fishing areas and is considered of great importance 

regarding their coastal wetland in Western Africa, recognising its ecological and socio-

economic value. Furthermore, it has a significant hotspot of blue carbon, carbon stock, and 

tidal marshes, consisting of the third most scale feeding and breeding grounds for a vast 

diversity of marine species, including a significant area of seagrass meadows worldwide 

(Trégarot et al., 2021). Consequently, the biodiversity (e.g., migratory birds, sea turtles) of 

PNBA has been preserved and the protection of their flora, such as seagrasses banks. 

Guinea-Bissau presents the largest coastal archipelago of western Africa, knowns as the 

Bijagós archipelago, consisting of 88 islands and islets, covering an area of 10,000 km² off the 

coast of the continental country (Cuq 2001; Leeney & Poncelet, 2015). A key area for 

biodiversity in the northwest Bijagós archipelago consists of the coastal waters of Unhocomo 

and Unhocomozinho, a critical feeding ground for juvenile green turtles (Catry et al., 2009). 
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Another vital area resides in the João Vieira and Poilão Marine National Park (JVPMNP), an 

MPA of RAMPAO, located in the southwest of the Bijagós archipelago (Catry et al., 2009; 

Patrício et al., 2019), where comprises four main islands (João Vieira, Cavalos, Meio and 

Poilão). This area covers 495 km² and has 95% of intertidal areas and shallow waters with 

less than 30 m of depth (Limoges and Robillard, 1991). The JVPMNP were created to protect 

one of the six top nesting grounds in the world of the green sea turtle (Chelonia mydas) due to 

the high number of nests each season (ca. 6,000 to 25,000) (SWOT, 2011). Furthermore, the 

region is a feeding ground for diverse species in the benthic habitats and shelters juvenile 

turtles, migratory birds, and abundant fish stocks. 

Previous research on this area conducted satellite telemetry on green turtles (Chelonia mydas) 

finding that the animals, after post-breeding, travelled around 1000 km north from JVPMNP 

to PNBA in Mauritania, another MPA of RAMPAO (Godley et al., 2010b). Although only 

four animals were found in this area, needing further research on the topic demonstrates a 

marine population connectivity core indicator within this network.  

1.3 Understanding connectivity through direct and indirect measurements 

 

Kendrick et al. (2017) propose that the approaches to estimating connectivity between 

populations' accuracy are crucial to understanding what leads to population adaptation, 

resilience, speciation, and genetic diversity. Nevertheless, the estrangement in quantifying co-

existing and historical connectivity may present challenges in its approaches. Empirically 

quantification of population connectivity can be investigated through direct and indirect 

approaches (Tischendorf et al., 2000). The procedures used for the direct techniques (e.g., 

Geographic Positioning System (GPS) sensor; mark-recapture; Satellite/aerial surveys) (Kool 

et al., 2013) investigate large-scale individuals and as well migratory species (e.g., 

megafauna) due to the accurate information on movement over demographic temporal scales. 

When we investigate over longer scale connectivity to point out evolution, indirect methods 

are appropriate for quantifying and understanding connectivity between and within 

populations.  

Understanding the functionality of population dynamics and population connectivity is critical 

if we are to collate our comprehension of genetic connectivity and demographic connectivity 

in MPC. Despite presenting significant challenges in its approaches, these methodologies are 
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fundamental to the persuasion of proper biodiversity management. Genetic connectivity 

addresses the gene flow implications for evolutionary patterns within populations (Lowe & 

Allendorf, 2010), while demographic connectivity is the extent to growth and survival rates 

influenced by the dispersal of the population (Lowe & Allendorf, 2010) Both genetic and 

demographic connectivity is essentially distinct conceptual frameworks and demands 

different but mutually complementary measurement methods. Thus, A thorough 

comprehension of the prominent roles involved in population connectivity is obtained through 

integrated and multifaceted efforts, where genetic, demographic, ecological, and 

hydrodynamic modelling is conducted (Hedgecock et al., 2007; Lowe & Allendorf, 2010). 

1.3.1 Genetic connectivity 

 

The vital tools to measure genetic diversity and the long-term survival of populations as 

genetic variation supplies the basis for adjustment to environmental change through natural 

selection and confers short-term population-level fitness advantages. Gene flow and 

population structure, which describe the connectivity and level of genetic differentiation 

between populations, are essential components and genetic diversity drivers (Tischendorf et 

al., 2000). Quantifying genetic diversity within and between natural populations increases 

conservation efficiency, although genetic patterns are challenging to predict, given the 

complexity of environmental and biological factors that influence population structure and 

genetic diversity (Birch & Birch, 1984).  

Population genetics enables a tool to assess connectivity aggregated across multiple 

generations while observing restrictions of time scales (Selkoe et al., 2016). In addition, sn 

genetic markers and the accessibility of new computational developers have grown 

substantially recently (Jarvis et al., 2012; Arriesgado et al., 2015), assisted in new insights 

into the genetic MPC patterns (Cowen et al., 2006; Lowe & Allendorf, 2010). 

Seagrasses represent an opportunity to investigate genetic diversity's environmental and 

ecological determinants because they comprise a globally distributed paraphyletic taxon in 

coastal areas of all continents and belong to nine species assemblages, five of which are 

exclusively tropical (Les D. et al., 1997). The biological traits of species such as breeding 

system, pollination mechanisms and dispersal ability strongly influence genetic diversity, as 

measured by genotypic diversity, genetic copy (or allele) diversity and heterozygosity. 
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However, Kendrick (2012) suggested that the ability to propagate through horizontal rhizome 

expansion and propagation by seed led to initial perceptions that seagrasses are predominantly 

clonal. 

The distribution ranges of a single species can differ, from the species distribution limited to a 

single flower to several widely distributed flowers, such as Halodule wrightii, where the 

process occurs due to different temporal scales (Becheler et al., 2014). Although, the present 

dispersal of populations is also the result of ongoing extant dynamic processes of colonisation 

or extinction. The seagrass distribution has been investigated over the years and can be 

complex and puzzling due to the wide range of species diversity patterns and areas that have 

not yet been investigated. Genetic diversity data provide perspectives into a range of 

evolutionary and ecological processes; Thus, these data represent crucial information for 

conservation management strategies (Duarte et al., 2008). 

1.3.2 Modelling dispersal processes 

 

Modelling dispersal processes uses essential hydrodynamic transport facilities whilst 

embodying physical characteristics of the transported organisms (e.g., vegetive fragments, 

seeds, pollen, and fruits) (Kendrick et al., 2017) and attribute possible abilities to understand 

dispersal pathways within coastal and marine systems (Darnell et al., 2015; Cowen & 

Sponaugle, 2009). Models suggested by recent studies are the biophysical models, investigated 

on the basis of simulation of the complex two- or three-dimensional time-variance movement 

patterns of the coastal system, which in return displays propagules transport through current 

fields. To conduct connectivity analyses using biophysical modelling, we must use functional 

groups that are environmentally relevant and that have prior insights into their reproductive 

biology. This connectivity modelling and dispersal method are seen in several pelagic larval 

phase studies, such as fish and corals (e.g., Chiswell & Rickard, 2011). However, only limited 

studies focus on macrophytes. Assis et al. (2022) constructed an empirical model to compare 

the oceanography biophysical model for the Last Glacial Maximum (LGM), the mid-

Holocene (MH) and the present to estimate habitats connectivity of the kelp Laminaria 

pallida with microsatellite markers in the southwestern African coast, based on the local BC 

upwelling system, showing a dispersal barrier consisting of upwelled offshore transport, 

compared with the results of two different clusters, one in the north and one in the south. 

Tavares et al. (2022) inferred similar dispersal connectivity by investigating the predictions 
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from biophysical models by oceanographic currents compared with microsatellite markers of 

the seagrass Halodule wrightii along the western African coast. The results showed little 

probability of connectivity via currents along this coastline, where populations were 

distinguished in the north and south of the equator, and high contrast in comparison of 

divergent genetic data among these populations. Thus, research regarding modelling coastal 

systems addressing ecological, economic and social services highlights the opportunity to 

understand MPC structures by ocean currents to facilitate conservation plans.  

1.4 Taxonomy of seagrasses 
 

Marine macrophytes are the group of aquatic organisms capable of oxygenic photosynthesis 

large enough to be observed, such as macroalgae, seagrasses and mangroves (Pennesi et al., 

2015). Seagrasses have developed from the Alismatidade, the monocotyledon angiosperm 

group (Kendrick et al., 2012). The term seagrass refers to the grass as the habitat of different 

species, and according to Arber (1920), to be considered a water plant, there are a set of four 

properties, following as (i) the plants must be adapted to live in a saline medium; (ii) the 

plants must be able to grow when fully submerged; (iii) the plants must have a secure 

anchoring system; and (iv) the plants must have a hydrophilous pollination mechanism (Fig. 

1). 

 

Figure 1. The typical habitat of Halodule wrightii draws from the seagrass meadows in Cabras Islets, São Tomé 
and Príncipe. 
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Seagrasses are flowering plants that form large populations in estuarine and protected coastal 

waters from the equator to high latitudes on all continents except Antarctica (Duarte et al., 

2008b). Six seagrass bioregions encompass the world's oceans across tropical and temperate 

waters (Short et al., 2007). These are now described as 72 seagrass species that spend most of 

their lives submerged in seawater (Short et al., 2011). The roots of the majority remain in 

shallow sediment bottoms, and the depth limits are set by sufficient light to support net 

positive growth, usually 20 meters in depth, which can be deeper in oceanic waters and 

shallower in turbid estuaries (Heck & Valentine, 2006). 

Seagrass form an ecological group where the various families are not closely related. (Larkum 

et al., 2018). Three of the four families (Zosteraceae, Cymodoceaceae, Posidoniaceae and 

Hydrocharitaceae) consist exclusively of seagrasses, the Zosteraceae, the Cymodoceaceae, 

and the Posidoniaceae, having 12 marine genera (Tomlinson, 1982; Dahlgren et al., 1985) 

altogether. The distribution of seagrasses worldwide has been reported since the first attempt 

to analyse geographical distribution by Ascherson (1871). Of the 12 genera existing, seven 

are mainly distributed along tropical coasts between the tropical Atlantic and Indo-Pacific, 

viz. Thalassia, Halophila, Syringodium, Halodule, Cymodocea, Thalassodendron and 

Enhalus. (Short et al., 2007). 

The genus Halodule, which belongs to the Cymodoceaceae family, has seven species, which 

can be distinguished by comparing characteristics such as the form of the leaf trip and the 

width of the leaves (see Fig. 1) (Den Hartog, 1970). The first description was made by Du 

Petit Thouars (1806), describing the genus from Madagascar, and the name Halodule was 

given by Endlicher (1841).  

The specie Halodule wrightii is widely distributed from Cuba to South America's coast, 

extending southward along the coast of Brazil (De Oliveira et al., 1983). On the other side of 

the Atlantic coast, these species can also be found along the Western African coast, e.g., 

Mauritania, Cape Verde, Senegal, Guinea-Bissau, Gabon, São Tomé & Príncipe, and Angola 

(Alexandre et al., 2017). 

1.4.1 Dispersal and recruitment of marine plants 

 

The life history of marine plants depends on an essential process phase, dispersal, and present 

crucial dependence to build their connectivity between populations, create resilience to 
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natural, anthropogenic disturbances, and recover from large-scale declines due to limited 

propagation (Eklf et al., 2009). In most cases, seagrass utilises multiple dispersal mechanisms 

via both abiotic and biotic factors as written above (Fig. 2); however, individual plant species 

may depend on one species-specific dispersal mechanism such as surface and submarine 

movement, animal vectors, or via clonal growth (Gulick et al., 2021). 

The movement of organisms or their propagules leads to dispersal, determining the scale of 

interaction between ecosystem dynamics, responding to disturbances, and evolving in the 

environment, which eventually conducts gene flow (Berković et al., 2014; Kinlan & Gaines, 

2003). Consequently, seagrasses movement is limited to specially life-history phases (i.e., 

seed dispersal). 

Thus, mediation of seed dispersal is done through abiotic or biotic factors, and the dispersal 

mechanism defining the spatial distribution is commonly indicated by seed morphology, plant 

height, wind speed and direction, and habitat patchiness (Fig. 2) (Beckman et al., 2020). 

1.4.2 Reproduction via clonal growth 

 

The reproductive strategies of seagrasses expand through vegetative clonal growth by 

rhizome extension (Fig. 2) (Kendrick et al., 2012); thus, individual plants arising from seed 

present the ability to structure large clones implying disjointed physiological offspring 

(Waycott et al., 2006). Seagrass genets move by horizontally and vertically growth, where 

ramification occurs into new ramets onto the existing plant, followed by apical dominance, a 

process that allows them to move. Thus, clonal growth is independent of biotic factors for 

dispersal and is directly influenced by an ecological understanding of navigability. Clonal 

growth proceeds over a lifetime of genet, varying seasonally and in turn to environmental 

conditions such as light, grazing, and nutrients (Udy & Dennison, 1997; Eklf et al., 2009; 

Lavery et al., 2009). Genets can grow in nutrient-rich areas and shortcomings in the canopy 

(Duarte et al., 2006) or from sulphide-rich stress stains (Terrados et al., 1999). Furthermore, 

the influence of substrate barriers can modify the movement capability, and the direction of 

movement depends on growth rates and longevity. 

The variation of clonal growth depends on the genera, where it is possible to see orders of 

diverse magnitude in several species and depends on the age of other species (Duartel & 

Ensen, 1990). Studies related to genet lifespans investigated through genetic data discovered 
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different movement paths in the ages of different species (e.g., 100 000 years for Posidonia) 

(Arnaud-Haond et al., 2012). Finally, based on clonal sizes and the cultivated distance 

movement, seagrasses with extreme longevity can move more than 10 km to other areas 

(Arnaud-Haond et al., 2012). Nevertheless, a more comprehensive study is needed on the 

seagrass clonal growth to determine their right path and movement. 

 

Figure 2. Illustration of different mechanisms on dispersal and recruitment of H. wrightii. (a) Biotic mechanisms. 
Ingestion of seagrass seeds or propagules by green turtles (b) Sexual reproduction via seed banks and 
germination (c) Via clonal growth influenced by light, nutrients, sediment, disturbance, and barriers. (d) Abiotic 
mechanisms (currents, sediment movement, wave, tide). Figure inspired in McMahon et al. (2014). 

1.4.3 Sexual reproduction  

 

Understanding the patterns of sexual reproductive through seed recruitment is necessary to 

grasp the full ecosystem dynamics of the site aggregated with such populations. Therefore, 

the reproductive biology of seagrass must be evaluated at a morphological, functional, and 

ecological level. With that, the characteristic of their reproductive biology remains unique and 

has evolved individually across several lineages. 
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The sexual reproductive seagrasses present a dioecious feature, which requires modifications 

to assist their survival. Consequently, fluid-dynamic interactions mediate pollination between 

the pollen and flow rate graduals around flowers, which leads to rotational and repositioning 

movements in the flow as pollen is carried around the flowers. This biomechanical 

behavioural response enhances the pollination chance, posing a selective edge for these 

underwater pollinating plants (Fig. 3) (Larkum et al., 2018). Seagrass flowers can set up 

below the sediment surface (e.g., Halodule; Halophila) or above or within the canopy (e.g., 

Enhalus) (Kendrick et al., 2012), which indicates that flowers at the sediment are likely to be 

less hardy than the one on the surface (McMahon et al., 2014). 

 

Figure 3. Two fruits of Halodule wrightii are attached to the maternal shoot (left) and the staminate flower of H. 
wrightii (right). Scale in mm for both images. Image creator's Kowalski, Joseph et al. on “Flowering and seed 
production in the subtropical seagrass, Halodule wrightii (shoal grass)" Botanica Marina, vol. 59, no. 2-3, 2016, 
pp. 193-199. 

The movement of seeds is based on the reproductive strategy, the reproduction structures' 

morphology, seedling size and seed, buoyancy and shape, and the individual specie's life 

history (Darnell et al., 2015; McMahon et al., 2014). An example is the hydrodynamic 

conditions, where certain species disperse under normal conditions, although other species 

demand storm conditions to start seed transportation (Ruiz-Montoya et al., 2012). These 

movements are because the reproductive structures of some species require transport in the 

water column or on the sediment surface (McMahon et al., 2014; Orth et al., 2006).  

There are two stages of seed dispersal, the primary and secondary dispersal, which comprise 

all seed orientation after the parent plant's release (Darnell et al., 2014). According to 

Watkinson (1978), primary dispersal encompasses the beginning seed deposition to the 

substrate, while secondary dispersal entails all other seed orientations until the final seed 

settlement. Greene and Johnson (1996) provided an example of these two stages, the wind-
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dispersed done by primary dispersal, which involves the airborne transport of seeds from the 

parent plant to the ground, and the secondary dispersal involving all movement after the 

initial establishment. Thus, the source of secondary dispersal can differ from the seed shadow 

from primary dispersal and may be more prominent than primary dispersal casting plant 

population demography and structure (Chambers and MacMahon, 1994; Harper, 1977).  

On the other hand, seed banks are established when seeds produced by dormant species 

remain in the sediment, leading to germination when a stimulus occurs, whether genetic or 

environmental (Steele, 2001). Mainly, species are introduced explicitly for efficient seed 

dispersal and the construction of a fixed seed bank (Darnell et al., 2014). This sort of distinct 

period with seed dormancy causes seeds to be dispersed in two ways, either in time or space 

(Walck et al., 2005). 

Studies conducted on the distance seeds travel, investigating primary dispersal of seeds and 

encapsulated seeds, have revealed a broad long distance travelled (McMillan et al., 1981; 

Harwell and Orth, 2002; Orth et al., 1994; Ruiz-Montoya et al., 2012; Van Dijk et al., 2018). 

For example, the genera Posidonia, Enhalus and Thalassia present enormous seed shadows 

showing persistence, dispersing hundreds of kilometres from the parent plant in the primary 

dispersal seeds at large distances. In contrast, these mechanisms are different when discussing 

the transient genera Halodule and Halophila due to their tendency to have small seed shadows 

arising from primary dispersal (Kendrick et al., 2012).  

The genera producing negatively buoyant seeds initiate (primary dispersal) settlement to the 

substrate (McMahon et al., 2014), moving seeds by hydrodynamically mediated transport 

(McMahon et al., 2014; Orth et al., 2006) throughout the sediment surface (secondary 

dispersal). These movement results in the dependence on the strength of wave-driven 

fluctuating fluxes and topographic aspects such as sediment mounds, substrate type, and sand 

ripples, as such aspects can hamper movement in seed dispersal distance at the sediment 

surface (Kock et al., 2010; McMahon et al., 2014; Orth et al., 2006).  

There is other research regarding secondary dispersal in terrestrial plants. However, little is 

found in the works related to secondary seed dispersal approaches or the final orientation of 

marine plants. Although they feature a broad range of reproductive strategies, seagrass species 

display distinct characteristics regarding conditions (e.g., submarine flowering, pollination, or 

surface), efforts, timing, and morphological framework (Ackerman, 2006). For example, 
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while some species produce many seeds per fruit (e.g., Halophila decipiens 30 seed fruit⁻¹, 

van Tussenbroek et al., 2010), others produce a single seed within a fruit (e.g., Syringodium 

filiforme, McMillan, 1981). In contrast, some species (e.g., Posidonia australis, Amphibolis 

griffithii) reproduce in the fall and winter (Ackerman, 2006), while others (e.g., Zostera 

marina) are reproductive in the spring and summer. 

The specie Halodule wrightii commonly occurs in mixed beds forming monospecific 

meadows (Darnell et al., 2014), which tolerates sub-optimal conditions and disturbances. 

Halodule wrightii has a negatively buoyant reproductive stage and has situated primary 

dispersal and a predominantly small primary seed shadow (Darnel et al., 2014). Its seeds are 

enclosed by a rigid seed membrane and can remain dormant for four years, setting up a seed 

reserve in the sediment (Fig. 4); therefore, the unit of secondary dispersal for Halodule 

wrightii is a seed (McMillan, 1981). Thus, the round shape and tiny Halodule wrightii seeds 

possibly limit them to shallow speed hydrodynamic requirements adjacent to the substrate 

(Koch et al., 2006). The small leaf traits of Halodule wrightii may also provide an 

understanding of the force of water that can act over them. 

 

Figure 4. Germination and seedling development of H. wrightii. The seed's opening and the cotyledon's 
appearance are shown from left to right. The two seedlings on the right, without and with a fruit seed coat, have 
produced two leaflets beyond the cotyledon and have an adventitious root beginning to appear at the cotyledon 
node. A millimetre scale is shown at the bottom. Image’s creator Calvin McMillan in "Seed reserves and seed 
germination for two seagrasses, Halodule wrightii and Syringodium filiforme, from the western Atlantic", Aquatic 
Botany, Volume 11, 1981, Pages 279-296. 

Beyond this, another study carried out by Tol et al. (2017) studied the long-distance biotic 

dispersal of tropical seagrass seed by marine mega-herbivores (dugongs and green turtles). 

The study used population estimation for green sea turtles (C. mydas) by calculating potential 
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seagrass seed dispersal distances in the region of Australia (Great Barrier Reef) and data on 

digestion time, average daily movement, and numbers of viable seeds of three species of 

seagrasses (Zostera muelleri, Halodule uninervis and Halophila decipiens) excreted. The 

dispersal distance confirmed that green sea turtles (C. mydas) assist seagrass dispersal and 

enable a large-scale approach by consuming and passing in the faecal matter for viability on 

excretion in more considerable distances (maximum 650km), improving connectivity between 

seagrass meadows. 

Consequently, seed dispersal can represent a critical life-history phase for several plant 

species. Competition between sibling plants decreases when they disperse, allowing seeds to 

escape from mortality near the parent plant since that location will be of greater competition, 

aiding in the recolonisation of disturbed habitats and increasing the likelihood that seeds will 

find a suitable substrate for cultivation (Willson and Traveset, 2000). Furthermore, recent 

studies show that over grand spatial scales, genotypic diversity for individual species presents 

high probabilities, implying that (i) the function of sexual reproduction was lastly overlooked 

and (ii) dispersal encompassed by seagrass beds probably afford to observed genetic diversity 

(Kendrick et al., 2012). For this reason, studies on seagrass reproduction, seed dispersal and 

spatial scales are necessary to understand life history dynamics and seagrass propagation 

fully. 

1.5 Understanding the role of green sea turtle habitats 

 

In marine environments, migratory species strongly influence dispersal and connectivity, 

genetic diversity, recruitment standards, and relations between breeding and feeding grounds 

(Blumenthal et al., 2009; Godley et al., 2010a). The complex processes regarding dispersal 

and recruitment often affect species-specific responses for attributes among different marine 

environments, which influence the coastal and the open ocean. As with most large vertebrates, 

when plentiful, sea turtles play critical ecological roles in their marine environment as 

consumers and prey (Fig. 2) (Bjorndal 2003). They have a complex life cycle (Heithaus et al., 

2014), interacting in different ecosystems, allowing them to migrate between sites.  

Mutually beneficial interactions between seagrasses and marine mega-herbivores have 

undergone evolutionary processes, contributing to the co-evolution of marine environments 

(Gulick et al., 2021; Godley et al., 2010a). Plant seeds' access through animal intestines drives 
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to a key mutualism leading the animal with food and the plant with seed dispersal improved 

germination (Jaganathan et al., 2016). Mutualism relationships are well known between 

terrestrial plants and animals (e.g., birds, reptiles, mammals). However, little is known about 

marine species. The effects of ingestion and excretion by marine mega-herbivores of seagrass 

seeds have been studied by Tol et al. (2021) in recent years, discovering that germination of 

seagrass seeds (Zostera muelleri) has success in ingestion by dugongs and green turtles in the 

Great Barrier Reef (Australia), proving a vital symbiosis relationship and seagrass resilience 

and connectivity among metapopulations.  

The regional management units (RMUs) of sea turtle subpopulations worldwide present 18 

subpopulations in Africa (between Indian and the Atlantic Ocean islands) (SWOT Report, 

2017). Africa's Atlantic continental shores from Mauritania south to Angola (Northwest and 

Central West Africa) - including the islands - are the habitat for five species of sea turtles; 

RMUs networks play a vital key in developing which are the dynamic processes between sea 

turtles and their environment in those regions. For example, green sea turtles (Chelonia 

mydas) can migrate with a circumglobally distribution throughout tropical and subtropical 

areas (Catry et al., 2002). Furthermore, green turtles have high site fidelity to feeding grounds 

(Bjorndal et al., 2003a), which can form resident aggregations that will graze in the same area 

for years (Hancock et al., 2019). Finally, a critical RMU is in Mauritania's PNBA, where 

green turtles from the Bijagós Archipelago (Guinea-Bissau) feed in those rich biodiversity 

hotspot nearshore waters (Belhabib et al., 2012).  

Recently studies on the diet composition of green turtles from the oesophagal and cloacal 

swab presented high dietary richness with the predominance of red algae, seagrass, and 

diatoms on the Western African coast (Bijagó islands). In addition, benthic macrophyte 

communities were dominant by Laurencia dendroidea and Halodule wrightii, with a high 

frequency of occurrence (Diaz et al. 2022). The assessment of sea turtles' diet combined with 

feeding ecology research may aid managers in identifying essential habitats that demand long-

term conservation and raise understanding of feeding hotspots and MPC (Stokes et al., 2019). 

The large-scale changes in ecosystems supplied an understanding of the role of top-down 

control in forming structure and function in ecosystems, which is essential for the correct 

management of coastal marine ecosystems (Burkholder et al., 2011; Zarnetske et al., 2012). 

Among other research priorities, to properly assess and implement successful management 
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strategies and attribute value to the ecosystem services provided by seagrass meadows 

(Barbier et al., 2011), it has been imperative the knowledge regarding the factors in their 

distribution as well as the impact (e.g., water quality, fisheries production, climate change, 

and coastal erosion control) affecting the declining fastness of these ecosystems (Waycott et 

al., 2009). Furthermore, to tackle these issues, it is essential to conduct science in developing 

world countries that are resource-rich but highly economically dependent on coastal 

production. 

1.6 Importance of seagrasses 

 

Seagrasses are marine flowering plants that have evolved to live submerged, impacting 

coastal waters' physical, chemical, and biological environments, acting as ecological 

engineers (Unsworth et al., 2015), and providing many critical ecological services to the 

marine environment (Costanza et al. 1997). For example, seagrass stabilises sediments, 

produces organic carbon, and changes nutrient cycling, water flow, and the structure of food 

webs (Hemminga and Duarte 2000). In addition, they provide crucial habitats for various 

animals, including commercially and recreationally important fisheries species, and a 

significant food supply for mega-herbivores like the green sea turtle, among others (Beck et 

al. 2001).  

Seagrasses have lower species diversity and unique physiological patterns, with a wide-

ranging geographically distribution. The evolutionary characteristics of these marine plants 

include morphological adaptations, including internal gas transport, epidermal chloroplasts, 

submarine pollination, and marine dispersal (den Hartog 1970; Les D. et al., 1997). These 

adaptations influence the oxygen needed for their rhizomes and roots, requiring one of the 

highest light levels of any plant group worldwide (Dennison et al. 1993). The high light 

requirements lead seagrasses to be responsive to environmental changes. The global 

distribution and abundance of seagrass have been changed through evolution due to sea-level 

change, physical modification of coastlines, water temperature and global changes in CO₂ 

concentration (Muelbert et al., 2019). 

1.6.1 Decline and recovery of seagrass ecosystems 

 

The coastal zones are one of the most threatened locations that undergo anthropogenic 

impacts. As the impact of human activities increases, concern about the decline of 
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biodiversity in habitats around sites that provide a sound basis for an entire ecosystem rises. 

Seagrass meadows deal with anthropogenic pressures, such as dredging, trawling, 

eutrophication, coastal development, and climate change (Waycott et al., 2009). Furthermore, 

seagrass also faces challenges in external influences such as decreased light availability, 

eutrophication, and sedimentation rate (Erftemeijer and Lewis, 2006; Waycott et al., 2009). 

Other's habitat degradation can also appear as stressors like the presence of invasive species 

and diseases. Thus, ecosystems sometimes experience a change of ecological regime resulting 

from abrupt changes. 

Estimates predict that the decline of seagrass meadows has been accelerating in the last 

decade (Dunic et al., 2021). In addition, the number of losses masked significant differences 

in rates and directions of change between sites, with sites experiencing long-term stability and 

others expanding in size. (Dunic et al., 2021).  Substantial assessment and monitoring efforts 

can provide a wealth of additional data that allow us to reassess global patterns of seagrass 

change in the context of increasing human impacts. 

We need to identify the patterns of declines in seagrass meadows. This assessment can be 

done in correlation studies of genetic analyses and spatial monitoring. Despite the exuberance 

of seagrasses along the coastlines, our understanding of the status of seagrasses is limited, 

particularly in bioregions such as the Tropical Atlantic, particularly in the Eastern Tropical 

Atlantic (Unsworth et al., 2018). Finally, to enable better management at the local scale, we 

urgently need to increase our understanding of the reasons for the decline of seagrass 

meadows, as indicated by the variety of measures in their ecological patterns and the 

attribution of change to multiple variables. 

2. Aims of study 
 

The main aim of the current study is to assess if genetic connectivity among regional 

populations of seagrass meadows contrasts oceanographic influences by divergent ocean 

currents that are strongly connected by tidal currents in two grazing turtle habitats and marine 

biodiversity hotspots. The hypothesis is tested using the familiar and essential habitat-forming 

shoalgrass Halodule wrightii on the Western African coast. The hypotheses tested in this 

project were: 
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(i) Investigate the genetic differentiation and structure of seven groups subdivided into 20 

populations of H. wrightii along the distribution on the western coast of Africa.  

(ii) Assess genetic differentiation and genotypic richness along the distribution of 

populations in two regions: Banc D'Arguin (Mauritania), comparing nearshore and offshore 

distribution; and the Bijagos Archipelago (Guinea-Bissau), comparing populations between 

the north and south. The hypothesis is to test if the genetic diversity diverges among the limit 

of the two ocean currents (CC and GB) occurring in those regions. 

(iii) Estimate genotypic richness to compare through this coastline if clonal growth occurs 

at similar levels betweens all 20 populations. 

(iv) Test isolation by distance (IBD) within populations in the core groups of Banc 

D’Arguin, and Bijagós Archipelago to suggest long-distance dispersal. 

Genetic analyses of 20 populations from northern Mauritania to Northern Angola, including 

the islands of Cape Verde and São Tomé and Príncipe, were conducted using eight 

microsatellite markers. Furthermore, we compared the results obtained with published reports 

for population connectivity from the distribution centre (Western and Southern African coast). 

The findings discuss how to improve seagrass management on the Western African coast to 

sustain healthy seagrass populations with high resilience to environmental change. 
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         Abstract 
 

Understanding the patterns and processes of genetic diversity and differentiation is 

fundamental for assessing population connectivity to inform the conservation of coastal 

ecosystems. The tropical West African Atlantic Coast is a good model to address these issues. 

The influence of oceanographic currents diverging in hotspot ecoregions mediating propagule 

dispersal along this coastline raises interesting predictions to be tested. In the Gulf of Arguin 

(Mauritania), nearshore and offshore seagrass populations can be predicted to be highly 

connected by strong currents driven by tides in this very shallow system.  In contrast, in the 

Bijagós archipelago (Guinea-Bissau), populations in the northern and southern islands could 

hypothetically be genetically differentiated as predicted based on passive transport by ocean 

currents. However, they also have a strong relationship of connectivity by migratory species, 

namely green turtles that travel between feeding and breeding grounds. This study aims to 

assess these predictions and understand seagrass population genetic diversity, genotypic 

(clonal) diversity, and connectivity along the Western African coast. We used as a model the 

species Halodule wrightii, a seagrass with clonal reproduction via rhizome elongation and 

sexual reproduction via non-buoyant seeds, both traits that do not promote long-distance 

dispersal. We assessed genetic diversity, clonality, and population differentiation with 8 

microsatellite markers, using samples from the entire species range along this coastline, from 

Mauritania to Angola, over a distance of ~1,600 km.  Generally, populations were genetically 

homogeneous with low differentiation, while genotypic richness varied among all 

populations. The results support the hypothesis of high connectivity between populations in 

the Banc d’Arguin but do not support the isolation hypothesis between the northern and 

southern regions of the Bijagós. The results also suggest that the Canary Current and Guinea 

Current do not affect seed dispersal and connectivity through abiotic mechanisms.   

Keywords: connectivity, genetic diversity, Halodule wrightii, western African coast, seed 

dispersal, recruitment 

 

 

 



39 
 

3. Chapter two - Introduction  
 

Understanding population connectivity, long-distance dispersal, gene flow, and patterns in 

ecosystem dynamics contribute to conservation plans in spatially heterogeneous coastal 

seascapes (Kendrick et al., 2016). Marine population connectivity (MPC) – defined here as 

the movement of elements to quantify rates of exchange among or within marine ecosystems 

to regulate mechanistic understanding of the abundance and distribution of marine 

populations - plays a vital role in the ecology and evolution of populations and species. The 

transport and exchange of individuals between geographical areas contribute to their 

maintenance and survival, creating metapopulations (Cowen and Sponaugle 2009). In 

addition, these movements contribute to preserving and combining genetic diversity, a crucial 

mechanism for organisms' adaptation and resilience to create capacity for survival in different 

habitats.  

Several mechanisms promote MPC, such as the passive transport through the ocean currents 

of planktonic stages (i.e., propagules, larvae, juvenile and fragments) or active adult 

movements (Cowen and Sponaugle 2009). Marine species display a remarkable range in 

dispersal ability, resulting in near panmixia to highly structured metapopulations. Sessile 

organisms (i.e., invertebrates with direct development, macroalgae, and marine plants) 

lacking pelagic larval stages are poor dispersers and thus tend to exhibit substantial genetic 

population structure across their ranges (Assis et al., 2022). Several mechanisms promote 

MPC, such as the passive transport through the ocean currents of planktonic stages (i.e., 

propagules, larvae, juvenile and fragments) or active adult movements. Marine species 

display a remarkable range in dispersal ability, resulting in near panmixia to highly structured 

metapopulations. Sessile organisms (i.e., invertebrates with direct development, macroalgae, 

and marine plants) lacking pelagic larval stages are poor dispersers and thus tend to exhibit 

substantial genetic population structure across their ranges.  

Genetic variability at distinct spatial scales can display different patterns among many 

populations, impacting their dynamics and distribution dispersal (Tavares et al., 2022). 

Therefore, comprehending this complex system is crucial for the management, restoration, 

and conservation of natural resources, in particular nowadays with rapid global change. For 

example, marine gene flow may be constrained by thermal barriers, geographic traits, 

currents, and related separation to the feasibility of dispersive phases (Goldberg and Lande 



40 
 

2007). In addition, a population's size is associated with dispersal abilities, whereby little 

connectivity can lead to smaller populations (Palumbi 2003). As a result, the margins of the 

geographical distribution of species, where populations tend to be smaller, may be affected by 

climate variations, causing significant consequences of divergent genetic differentiation and 

allopatric speciation (Petit et al., 2003; Vucetich and Waite, 2003). For the management of 

coastal zones, genetic data enables access to unsuspected resources in conservation aspects to 

mitigate degradation. Then, population genetics can provide a valuable asset for 

comprehending the resources needed for small and large-scale coastal management. Genetic 

variability at distinct spatial scales can display different patterns among many populations, 

impacting their dynamics and distribution dispersal. Therefore, comprehending this complex 

system is crucial for the management, restoration, and conservation of natural resources, in 

particular nowadays with rapid global change. For example, marine gene flow may be 

constrained by thermal barriers, geographic traits, currents, and related separation to the 

feasibility of dispersive phases. In addition, a population's size is associated with dispersal 

abilities, whereby little connectivity can lead to smaller populations. As a result, the margins 

of the geographical distribution of species, where populations tend to be smaller, may be 

affected by climate variations, causing significant consequences of divergent genetic 

differentiation and allopatric speciation (Petit et al., 2003; Vucetich and Waite, 2003). For the 

management of coastal zones, genetic data enables access to unsuspected resources in 

conservation aspects to mitigate degradation. Then, population genetics can provide a 

valuable asset for comprehending the resources needed for small and large-scale coastal 

management. 

Seagrasses are excellent models for investigating limited dispersal ability's demographic and 

genetic effects. They lack larval stages and are often composed of populations distributed 

discontinuously in distant habitats, so they are expected to be highly structured in space. 

Direct tracing of movements of propagules or drifting individuals is nevertheless impossible 

to quantify over large spatial scales, particularly in marine environments. Indicators of 

population recruitment, such as genetic diversity and genotypic richness, are likely to raise 

implications throughout the distribution ranges. Seagrass fragments consisting of viable 

shoots can be drifted away, while seeds can have different dispersive characteristics (sinking 

seeds banks or floating units) (Larkum, Orth, and Duarte, 2006). These traits contribute to 

seed recruitment, transporting fragments (propagules or fruits) elsewhere, drifting away to 
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suitable areas (Kendrick et al., 2017), or contributing to reattachment in the sediment-forming 

seed banks. The recruitment process is likely to vary between intertidal and subtidal 

populations, which can differ the recruitment and seed persistence.  

Furthermore, many seagrass species produce seeds that remain dormant for long periods (i.e., 

Cymodocea, Halodule) that potentially allow recolonization and population resilience in the 

long term (Baskin and Baskin, 2014). Genetic data may thus be used as a proxy to infer 

broad-scale patterns of historical colonisation and modern connectivity. Consequently, 

understanding the paths for such colonization and, thus, their gene flow in oceanographical 

habitats is essential to assess the ways of their seed dispersal and recruitment by drifting way 

(McMahon et al., 2014; Tavares et al., 2022). 

Seagrass relies on the growth of surviving plants, the establishment, germination and survival 

of sexual propagules via biotic and abiotic mechanisms (Evans et al., 2021). Oceanic currents 

can be a key mechanism for fragments, influencing population genetic structure and the 

retention or weakening of the signatures of past events (Assis et al., 2018; Buonomo et al., 

2016; Lourenço et al., 2017). Therefore, short-distance dispersal is likely to be affected by 

oceanographical recurring features. At the same time, other oceanographic processes can also 

affect dispersal (e.g.., upwelling), disrupting gene flow and long-distance connectivity for 

organisms with distinct physiological traits (Assis et al., 2022). Thus, it is crucial to 

understand which processes and traits affect dispersal.  - due to the capacity of transportation 

versus negatively buoyant seeds, which disperse through drifting released seagrass shoots 

attached to the leaf (Tavares et al., 2022). 

Active transportation by marine animals represents another mechanism for long-distance 

dispersal (Begon et al., 1990). Migratory species have complex life cycles (Van Buskirk and 

Crowder, 1994), moving between different areas and ecosystems. Plant seeds consumed and 

excreted by marine animals on the move can survive and contribute to dispersal and 

connectivity among populations and to the colonization of new habitats (Tol et al., 2021). 

Marine animals create connectivity routes along a broad range of spatial scales., These 

complex interactions, however, remain largely understudied. 

Seagrasses are submerged marine angiosperms influencing coastal waters' physical, chemical, 

and biological environments. They act as ecological engineers (Wright and Jones, 2006) and 

provide many critical ecological services to the marine environment and human settlements 
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(Costanza et al., 1997). For example, seagrasses stabilize sediments, produce organic carbon, 

and change nutrient cycling, water flow, and the structure of food webs (Hemminga and 

Duarte 2000). In addition, they provide crucial habitats for various animals, including 

commercially and recreationally important fisheries species, as well as a significant food 

supply for megaherbivores (Beck et al., 2001). In addition, the evolutionary traits of these 

marine plants include morphological adaptations, including internal gas transport, epidermal 

chloroplasts, submarine pollination, and marine dispersal (Les, Cleland, and Waycott 1997; 

den Hartog 1970). 

Halodule wrightii (shoal grass) (Ascherson) (family, phylum) is a perennial dioecious 

seagrass. It produces hard coat seeds on the bottom of the canopy that are neutral or non-

fluctuating forming seed banks that can remain dormant for an extended period (McMillan 

1981). Its distribution is highly fragmented, as populations only develop in specific 

disconnected habitats. Consequently, it is predicted to exhibit highly structured populations 

and strong population structures (Larkum et al. 2006; Tavares et al., 2022). This species, 

therefore, can contribute to understanding genetic patterns and structure along the western 

coast of Africa. Studies in this coastal region report the presence of H. wrightii in the region 

of the Gulf of Arguin (Mauritania) and Senegal, on the coast of Santiago island (Cape Verde), 

on the Bijagós Archipelago (Guinea-Bissau), in the Gulf of Guinea (São Tomé and Príncipe), 

and the southwest African coast (Gabon and Angola) (Alexandra H. Cunha and Araújo 2009; 

Alexandre et al. 2017; Creed et al. 2016; Díaz-Abad et al. 2022; Santos 2007; Tavares et al. 

2022). Despite being one of the most common seagrass species in the Atlantic Ocean, with a 

wide distribution along tropical and subtropical areas, studies focusing on H. wrightii 

biogeography in the eastern and western Atlantic are still scarce. Studies of this central 

species have focused on regional genetic diversity; thus, it remains unclear whether genetic 

links exist in both locations (Tavares et al., 2022). Although this tropical region presents vast 

marine biodiversity, there are gaps related to genetic connectivity studies on seagrass 

meadows needing further research to be tested. 

There are two crucial hotspot areas (Gulf of Arguin and Bijagos Archipelago) with a strong 

presence of the green turtle (Chelonia mydas) transiting seasonally between areas of the 

coastal region to feed and breed (Hancock et al., 2017). Thus, an exciting question to explore 

is whether the connectivity of H. wrightii populations displays genetic similarities between 

regions corresponding to the dispersal of its fragments via ocean currents between the 
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divergences; or whether this connectivity displays similarity through the movements of the 

grazing green turtle (Chelonia mydas) when migrates contributing to seed dispersal. 

Seagrasses are capable of reproduction in two different modes – via sexual reproduction when 

individuals reproduce by hydrophilous pollination to produce seeds with paternal and 

maternal genetic contribution (genets); and via asexual clonal growth by subsurface rhizome 

elongation and production of new shoots (ramets), which may eventually detach and have an 

independent life (Tavares et al., 2022).  For species with both sexual and clonal reproductive 

strategies, a biogeographical hypothesis is associated with the predominance of clonal 

reproduction patterns in geographically isolated populations (Eckert 2001); yet species with 

these patterns are more likely to be influenced by environmental gradients, in particular by 

physical stress at the margins of their distributional range (Araújo and Rozenfeld 2014; 

Diekmann and Serrão 2012). Thus, regions with geographic transitions and central patterns of 

edge distribution confront genotype richness, a parameter with the significance of sexual and 

clonal reproduction on population dynamics (Alberto et al. 2008). Nevertheless, the 

distributional patterns of genotypic richness for marine clonal organisms with both sexual and 

asexual reproductive traits need more evaluation (Arriesgado et al. 2015; J. a Coyer et al. 

2004; Olsen et al. 2004). The distributional patterns of genotypic and genetic diversities for 

marine clonal organisms are still scarce, even more in tropical seagrass species (Alberto et al., 

2006; Olsen et al., 2004). Furthermore, range edge populations decrease sexual reproductive 

activity in some seagrass species (Billingham et al. 2003; Cabaço, Ferreira, and Santos 2010; 

Eckert 2001); however, little data is reported for the tropical seagrass H. wrightii on the west 

coast of Africa (Alexandre et al., 2017; Chefaoui et al., 2021; Creed et al., 2016; Cunha & 

Araújo, 2009; Tavares et al., 2022; Santos, 2007). 

This study explores the importance of the Atlantic transition zone on the northwest and 

southwest African coast as an oceanographic barrier to current gene flow, using as our model 

the geographic range populations of the tropical seagrass Halodule wrightii. We used eight 

microsatellite markers. Our specific aims were to:  

(i) Investigate the genetic differentiation of seven groups subdivided into 20 populations 

of H. wrightii along the distribution on the western coast of Africa.  

(ii) Assess genetic differentiation along the distribution of populations in two regions: 

Banc D'Arguin (Mauritania), comparing nearshore and offshore distribution, and the 
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Bijagos Archipelago (Guinea-Bissau), comparing populations between the north and 

south. The hypothesis is to test if the genetic diversity diverges among the limit of the 

two ocean currents (CC and GB) occurring in those regions. 

(iii) Estimate genotypic richness to compare through this coastline if clonal growth occurs 

at similar levels between all 20 populations. 

(iv) Test isolation by distance (IBD) between populations and within the population in the 

core groups of Banc D’Arguin, Senegal and Bijagós Archipelago suggests long-

distance. 

This project is of essential relevance for understanding patterns of genetic diversity and 

resilience of H. wrightii along its distributional range to infer their conservation value in the 

context of a rapid-change environment. Furthermore, to tackle these issues, it is essential to 

conduct science in developing world countries that are resource-rich but highly economically 

dependent on coastal production. 

4. Materials and Methods  

4.1 Study region 
 

The west coast of Africa, a biogeographic eco-region of the Atlantic Ocean, with rich 

biodiversity along its shorelines (Duarte et al. 2008), presents a great coastal system to 

explore the processes driving population genetic structure, mainly because of its continuous 

coastline with steep environmental contrasts along geographical distances (Spalding et al. 

2007). Surface currents in the Tropical Atlantic region are driven by main currents 

predominantly powered by wind ocean gyres, with a wide range of space-time variability 

(Fig. 5). The Inter-Tropical Convergence Zone (ITCZ) presents a complex area of zonal 

currents composed of westward and eastward countercurrents (Heileman, 2008). Two broad 

currents feature the Tropical Atlantic region, the North and South Equatorial current (NEC 

and SEC, respectively, see Fig. 5), divided into north, central, and south currents (Carton and 

Huang 1994; Vilela et al. 2018). The cold equatorward coastal current features upper north 

(Mauritania and Senegal), the semi-arid coast region and the Canary Current off northwest 

Africa, related to the solid coastal upwelling among the NEC and SEC (Fig. 5) (Heileman 

2009). In the central (Guinea-Bissau) there is a transition zone with a solid offshore current to 
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a shallow ocean off a humid tropical coast, from Guinea to Gabon, featured by a seasonal 

coastal upwelling, the Guinea Current (Philander 2001). 

Further south, a subtropical coast encounters the temperate Benguela Current southwards 

(Angola), from southwest Africa featuring a critical coastal upwelling zone (Hutchings et al. 

2009; Ukwe et al. 2003). The west coast of Africa, a biogeographic eco-region of the Atlantic 

Ocean, with rich biodiversity along its shorelines (Duarte et al. 2008), presents a great coastal 

system to explore the processes driving population genetic structure, mainly because of its 

continuous coastline with steep environmental contrasts along geographical distances 

(Spalding et al. 2007). Surface currents in the Tropical Atlantic region are driven by main 

currents predominantly powered by wind ocean gyres, with a wide range of space-time 

variability (Fig. 5). The Inter-Tropical Convergence Zone (ITCZ) presents a complex area of 

zonal currents composed of westward and eastward countercurrents (Arnault & Kesternare, 

2004). Two broad currents feature the Tropical Atlantic region, the North and South 

Equatorial current (NEC and SEC, respectively, see Fig. 5), divided into north, central, and 

south currents (Carton and Huang 1994; Vilela et al. 2018). The cold equatorward coastal 

current features upper north (Mauritania and Senegal), the semi-arid coast region and the 

Canary Current off northwest Africa, related to the solid coastal upwelling among the NEC 

and SEC (Fig. 5) (Heileman 2009). Finally, in the central (Guinea-Bissau) there is a transition 

zone with a solid offshore current to a shallow ocean off a humid tropical coast, from Guinea 

to Gabon, featured by a seasonal coastal upwelling, the Guinea Current (Philander 2001). 

Further south, a subtropical coast encounters the temperate Benguela Current southwards 

(Angola), from southwest Africa featuring a critical coastal upwelling zone (Hutchings et al. 

2009; Ukwe et al. 2003). 

The present study covers the entire distributional range of H. wrightii.in Western African, 

from Banc d'Arguin National Park (Mauritania) southwards to Angola, including Cape Verde 

and São Tomé & Príncipe archipelagos. This coastline is very heterogeneous in terms of 

biodiversity, climate and pattern of currents. It encompasses the province Gulf of Guinea and 

its five eco-regions of the Tropical Atlantic biogeographic realm (sensu, Spalding et al. 2007). 

Also, it has a major biogeographic transition (WAT) zone surrounding Guinea-Bissau into the 

Temperate Northern Atlantic realm at its Lusitanian biogeographic province, where the 

geographical range of H. wrightii extends into the Saharan upwelling region (Hemingson and 

Bellwood 2018; Spalding et al. 2007). (see Fig. 5). 
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Figure 5. Distribution and sampling of seagrass meadows Halodule wrightii: (a) sample collection throughout the 
western African coast. (b) location of the four-core population examined on the Banc d’Arguin (Mauritania) and (c) 
location of the seven-core population examined on the Bijagós archipelago (Guinea-Bissau). Details of 
geographic location can be found in supplementary table 6. 

4.2 Sampling design 
 

A total of 22 populations of H. wrightii were collected in seven countries throughout ETA, 

including Mauritania, Senegal, Guinea Bissau, Cape Verde, São Tomé and Príncipe, Gabon, 

and Angola (Fig. 5). In addition, some sampling sites (e.g., JVPNB samples) were located in 

conservation hotspot areas. At each site, individual plants (between 3-25 individual shoots) of 

H. wrightii were randomly collected by snorkelling or free diving in subtidal waters (up to 5 

m depth) at a distance of 2-5 m apart to minimize sampling of genetically identical clones. 

Samples collected before 2018 were mainly retrieved from herbarium sheets (Table 1). After 

2018, targeted sampling of ≥ 15 shoots (conditional on visibility, depth, and cover area) was 

carried out randomly (Fig. 6), maintaining a minimum distance of 1-2 m between each 

sampling unit. We selected young, fresh leaves cleaned from epiphytes, dried, and stored in 

silica crystals in a zippered plastic bag at room temperature. 
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Figure 6. Fieldwork for sampling the species Halodule wrightii on Ilhéu das Cabras, north of São Tomé. 

 

4.3 DNA extraction and Genotyping 
 

DNA extraction was performed using the NucleoSpin Plant II kit (Macherey-Nagel, Duren, 

Germany) according to the manufacturer's protocol. All populations were genotyped with 

eight microsatellites. Primer sequences and microsatellite development for the eight markers 

used were found in Larkin et al. (2012) and Larkin et al. (2017) for loci Hw180, Hw188, 

Hw190, Hw196, Hw200, Hw212, Hw190b and Hw228 (Supplementary Table 7). The 

samples were PCR-amplified into two duplexes (HW190; HW190b) and (HW180; HW188) 

and four simplexes (HW196; HW200; HW212; HW228) in a GeneAmp ABI2720 Thermal 

Cycler (Applied Biosystems, Waltham, MA, USA). The volume of final amplification was 15 

µL, consisting of 1x Colorless GoTaq Flexi Buffer (Promega, Madison, WI, USA), 10 mM 

forward and reverse primers, 2 mM MgCl₂ (2.5 mM), 1   oTaq" G2 Flexi DNA Polymerase 

(Promega, USA), 0.2 mM dNTPs and 5 µL of template DNA (different dilutions for several 

populations). PCR conditions consisted of an initial denaturation step at 95°C for 5 min, 

combined with 30 cycles at 95°C for 30 s, Ta for 30 s, extension at 72°C for 30 s and a final 

extension at 72°C for 10 min (Supplementary Table 9). Amplified fragments were run on an 

ABI3130 XL automated DNA sequencer (Applied Biosystems, Waltham, MA, USA) at 

CCMAR, with 0.25 µL GeneScanTM 500" LIZ Size Standard (Applied Biosystems, UK) in 

9.75 µL of Hi-Di formamide, after denaturation at 95°C for 5 min. 
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Table 1. Locations, genotypic and genetic diversity parameters were calculated for sampled populations of H. wrightii in Western Africa. 

 

Number of ramets sampled (N); number 

of ramets used with 5 to 8 loci each (N 5-

8); number of genets found (G); 

genotypic richness (R) R = (G-1)/(N-1); 

allelic richness (±SE) estimated after 

standardising G to 6 (G = 6) and G to 3 

(G = 3) (except where G < 3) (Â₃ & Â₆); 

standardised number of private alleles 

(PÂ); gene diversity or expected 

heterozygosity (He); observed 

heterozygosity (Ho); and multi-locus 

inbreeding coefficient (Fᵢₛ).

Code Location Country N 
N 

5:8 
G R A₆ A₃ 

P

Â₃ 
Hₑ Hₒ Fᵢₛ 

MAU-MG Mamghar Mauritania 11 10 7 0,667 1,849±0,051 1,692±0,103 0 0,2852±0,2528 0,4286±0,5043 -0,57895 

MAU-KJ Kiji Mauritania 10 10 7 0,667 1,8±0,092 1,526±0,139 0 0,149±0,2063 0,204±0,3567 -0,41209 

MAU-MD Mojd Dakhna Mauritania 12 12 6 0,455 2±0 1,68±0,151 0 0,2576±0,2834 0,4±0,5215 -0,65517 

MAU-TEI 
Teichott, Banc 
d'Arguin 

Mauritania 24 24 9 0,348 1,84±0,089 1,679±0,107 2 0,2958±0,2094 0,4306±0,3682 -0,49849 

SEN-J Joal  Senegal 22 22 6 0,238 1,75±0 1,505±0,099 0 0,133±0,2462 0,1042±0,2946 
0,28571 

       * 

SEN-SAL Saloum Senegal 16 12 11 0,909 2,136±0,228 1,834±0,293 2 0,16±0,2255 0,2272±0,3404 -0,4586 

SEN-FAD Fadioth Senegal 30 30 8 0,241 1,591±0,056 1,482±0,11 1 0,2104±0,2109 0,2813±0,3187 -0,36957 

CV 
Gamboa, Praia 

(Santiago) 
Cape Verde 21 21 9 0,400 1,601±0,049 1,508±0,083 1 0,2239±0,2162 0,3056±0,3293 -0,39683 

GB-ME Meio – Este Poilão  Guinea-Bissau 14 11 9 0,800 1,891±0,128 1,649±0,156 0 0,1035±0,1964 0,131±0,263 -0,29412 

GB-MO Meio - Oeste Poilão Guinea-Bissau 23 16 6 0,333 1,75±0 1,521±0,149 0 0,1083±0,2076 0,1417±0,2905 -0,36 

GB-S João Vieira - Sede  Guinea-Bissau 15 14 7 0,462 1,978±0,048 1,762±0,144 0 0,1273±0,236 0,1833±0,3413 -0,51724 

GB-ANC Ancante Guinea-Bissau 29 29 10 0,321 1,969±0,135 1,686±0,171 0 0,1253±0,1949 0,1747±0,3073 -0,43305 

GB-CAN 
Ilha do Unhocomo, 

Canneronho 
Guinea-Bissau 30 30 10 0,310 1,9±0,119 1,599±0,148 0 0,1291±0,2122 0,1906±0,3556 -0,5641 

GB-JV Ilha João Vieira Guinea-Bissau 29 29 11 0,357 1,95±0,169 1,674±0,19 1 0,1781±0,1835 0,2363±0,3015 -0,35348 

GB-UNH 
Acampamento, 

Unhocomo 
Guinea-Bissau 26 26 15 0,560 2,018±0,203 1,695±0,187 2 0,2555±0,2203 0,325±0,3642 -0,28471 

STP-ABA-PRI 
Abade beach, Pagué, 
Principe 

STP 5 4 4 1,000 NA 1,712±0,058 1 0,3438±0,2926 0,4688±0,4105 -0,45161 

STP-CAB Cabras Islet STP 33 31 27 0,867 2,192±0,239 1,764±0,241 2 0,2205±0,1878 0,2232±0,1629 -0,01217 

STP-SAN Santana STP 6 6 5 0,800 NA 1,644±0,096 0 0,2778±0,2648 0,4±0,4276 -0,52381 

GAB Corisco Bay Gabon 3 3 3 1,000 NA 1,625±0 1 0,2667±0,2417 0,3333±0,3563 -0,33333 

ANG Mussulo Bay Angola 39 39 4 0,079 NA 1,651±0,106 0 0,3036±0,2361 0,4375±0,4173 -0,55556 
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Alleles sizes were scored manually in STRAND analysis software (Veterinary Genetics 

Laboratory, University of California, Davis; http://www.vgl.ucdavis.edu/STRand) and 

binned using the R package 'MsatAllele' (Alberto, 2009). Samples with missing 

amplifications or ambiguous peaks for all microsatellite loci were removed.   

A comprehensive and complete manual revision of microsatellite amplification and 

scoring consisted of positive and negative controls and controls testing allele 

amplification in various African samples. The final genotyping scores were taken from 

each sample after a double-check reading process to reduce scoring errors and guarantee 

that the peaks were accurately interpreted. 

4.4 Statistical analyses 
 

When analyzing partially clonal organisms, it is important to discriminate ramets from 

genets. Ramets are the modular units of the same genetic individual (N), while genets 

are distinct genetic individuals originating from different sexual recombination events 

(G), which can be composed of several ramets. The analysis is done by identifying 

genets based on Multi-Locus Genotypes (MLGs) (Arriesgado et al. 2015) using the 

software GenClone v 2.0 (Arnaud-Haond et al. 2007). In addition to the number of 

distinct genotypes (genets), clonal diversity was calculated as R = (G-1)/(N-1), ranging 

from one single clone (R = 0) to a different genet (R = 1) (Dorken and Eckert 2001).  

Prior to comparing the mean number, the amount of microsatellite genetic diversity 

within each group was measured to standardise sample size with a small genet number 

of alleles (A) per locus and estimation among populations with the package 

StandArich2 (http://alberto-lab.blogspot. nl/p/code.html#!/p/code.html) in Rstudio 4.1.3 

(Alberto et al. 2006). The adjustment for the sample size was standardized for private 

alleles (PÂ) A3 and A6 as the minimum values of each sampled population. To calculate 

observed heterozygosity (Ho) and expected heterozygosity (He), the mean number of 

alleles per locus (A), the number of private alleles (PÂ) and The Fis estimator of 

departure from Hardy-Weinberg expectation, we used GENETIX 4.052 software 

(Belkhir et al., 1996).  
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4.5 Population differentiation 
 

The relationship of genetic divergence between sites over geographic distance is known 

as isolation by distance (IBD). We regressed genetic differentiation (Fst and Jost’D) 

against geographical distance to investigate a putative IBD relationship. To estimate 

how genetic variance was portioned between countries, populations within countries, 

and within populations, we ran an AMOVA implemented in Arlequin 3.5.2.2 (Excoffier 

et al., 2010).  

The measurement of the geographic distance of the sampling site was performed with 

Google Earth Pro 7.3.4.8642 software through the geographic coordinates of sampled 

sites without crossing the land (Table 4). To determine IBD, we performed it for core 

populations, where we compared groups (countries) and among and within populations 

on the northwest African coast (Mauritania, Senegal, and Guinea-Bissau). 

Subsequently, we conducted a Mantel test using the Rstudio package ncf (Bjornstad 

2009), and the matrices were resampled 10,000 times with a significance level of 0,05. 

Finally, estimates of Pairwise differentiation (Fst and Jost’D) using Keenan et al. (2013) 

methodology were calculated with the R package diveRsity 1.9.  

The genetic structure across the entire range of H. wrightii was investigated using a 

Factorial Component Analyses (FCA) as implemented in the software GENETIX. This 

analysis spreads individual genotypes in a bi-dimensional plane according to their 

similarity/differences, allowing the detection of genotypic clusters. 

Genetic structure was also investigated through Bayesian analysis using STRUCTURE 

2.3.2 (Pritchard et al., 2000; http://pritchardlab.stanford.edu/structure.html). This 

software aims to find the most probable number of genetic clusters K that minimize 

Hardy-Weinberg and linkage disequilibria. Finally, STRUCTURE HARVESTER web 

v0.6.94 (http://taylor0.biology.ucla.edu/structureHarvester/) was used to summarize 

STR CT R  results and infer, based on values of ΔK, the most likely number of 

genetic clusters (Earl et al., 2012).   

5. Results  
 

A total of 398 sampling units (seagrass shoots) were collected for 20 populations from 7 

countries along the Western African coasts and genotyped for eight microsatellite loci. 

http://taylor0.biology.ucla.edu/structureHarvester/
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Unfortunately, the loci Hw196 and Hw190b could not be obtained for the populations 

of Mamghar, Kiji and Modj Dakhna in Mauritania. Therefore, individuals with missing 

data in at least four loci were removed from the dataset, with the trimmed dataset 

consisting of 380 individuals. The final dataset consisted of 174 individual genets or 

MLGs (G), many of which were shared between populations. Allelic diversity was 

overall low, the number of alleles per locus ranging from 2 (in locus Hw190) to 7 (in 

locus Hw212), the mean number of alleles per locus is 4.25 and the allelic richness (A), 

1.779.  Genclone analyses showed that the probability that individuals with the same 

MLG occurred by chance was low (P < 0.01). Therefore, the criteria to consider or not 

the same genet was assumed with the Psex value.  

  

5.1 Genetic diversity  
 

Genclone revealed variable levels of genotypic diversity (0.2 < R < 1) within 

populations throughout the range of H. wrightii, but no obvious G pattern (Table 3). 

Notably, clonal richness (R) was very low in Angola (R= 0.079), as this population 

revealed only 4 MLGs in 39 samples.   

All microsatellite loci revealed some insight into the genetic variability of this Halodule 

taxon. Although several genotypes were detected, these contained only a few mixtures 

of alleles typical of the western Atlantic (Tavares et al., 2022). On the other hand, 

several unique alleles were present for the region (Fig. 7). Besides, all loci (except for 

loci Hw196 in Senegal) were present in every population, often with high frequency. 

However, not all microsatellite markers displayed two loci (e.g., Hw180, Hw196, 

Hw200), or when they did, the numbers were deficient (e.g., Hw188, Hw212), 

demonstrating the possibility of low diversity in those regions (Fig. 7).
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Figure 7. Allele frequency plots per population for all loci. Sample size was standardized, and samples are sorted from north to south of western Africa starting with 
the samples from the Mauritania followed by the southern west Africa. The number of samples for each analysed population is indicaded on table 1. 
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Within populations, the standardized allelic richness (based on the smallest common 

sample sizes N = 3 and N = 6) varied significantly but was always very low (A3/6 < 3; 

mean Â3 = 1,6625 and mean Â6 = 1,8955) (Fig. 8; Table 3).  

Private alleles (PÂ) were found in nine populations, with the highest values (PÂ = 2) on 

the northern samples in Mauritania (Teichott), Senegal (Saloum) and Guinea Bissau 

(Unhocomo), again without a clear geographical pattern. Genetic diversity within 

populations was overall low (He < 4), with the highest values in Princípe island - São 

Tomé and Princípe (He = 0,3438) and Mussulo bay – Angola (He = 0,3036).  

 

Figure 8. Allelic richness, shown as points (Â), is the mean number of alleles per locus standardized for 
the number of genets G = 6 and genotypic richness (R), shown as grey bars, found for all sampled 
populations of Halodule wrightii. Samples with < 6 genets are shown with open symbols to indicate that Â3 
are the observed values in the sample, as these could not be standardized to G = 6 (see Table 1). 

The Mauritania populations contained 6-9 genets out of 10-24 ramets genotyped. The 

average genotypic richness (R) across the area sampled was 0.56 (ranging from 0.3 to 

0.67). Mean clonal richness (R) was highest in Mamghar and Kiji region in the north, 

followed by Mojd Dakhna and Teichott in the PNBA in south Mauritania (Table 2). On 

the other hand, the Guinea-Bissau populations revealed 6-15 genets out of 11-30 ramets. 

Few genets were detected in most Bijagós populations, with R ranging from 0.310 to 

0.800 (Table 2), indicating a predominance of clonal growth in the Poilão island 

(JVPNB) and Unhocomo and Canneronho region in the north Bijagós.  
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Table 2. Standardized allelic richness means Mauritania's core populations (blue) and Guinea-Bissau 

(green).  

Code Mean A6 Mean A3 

MAU-MG 

1,8445 1,6795 MAU-KJ 

MAU-MD 

MAU-TEI 

GB-ME 

1,95 1,674 

GB-MO 

GB-S 

GB-ANC 

GB-CAN 

GB-JV 

GB-UNH 

 

Allele richness in the nearshore and offshore regions of the Gulf of Arguin showed 

similarity between their populations, except for the highest value in the Teichott (Banc 

d'Arguin) population, while genotypic richness was more evident in Mamghar and Kiji 

populations (Fig. 9a; Table 3). A comparison of the Northern limit and Southern limit 

range edge populations of the Bijagós archipelago showed similar gene diversity values 

(Acante – north and João Vieira Sede – south) (Fig. 9b). However, the allelic richness 

(A₆) and the number of private alleles (PÂ₃) were higher in the northern islands 

(Unhocomo and Canneronho, PÂ₃ = 2) than in the southern island (Sede, Meio-Este and 

Meio-Oeste, PÂ₃ = 0). On the other hand, genotypic richness showed more substantial 

evidence on Meio-Este island in the southern (Fig. 9b; Table 3).  
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Figure 9. Genetic diversity for the core populations highlighted on the northwest African coast a) 
Mauritania and b) Guinea-Bissau. Allelic richness (Â) is represented with blue bars; Genotypic diversity (R) 
is shown with blue circles. 
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Table 3. Central genetic diversity values for the two study sites in question that compare with each other 
are the zones of nearshore vs offshore (Mauritania) and Northern vs Southern (Guinea-Bissau) (within 
populations). 

 

 

 

 

 

 

 

 

 

  

 

Code Location Region Country 
N 

G R A₆ A₃ PÂ₃ Hₑ Hₒ Fᵢₛ 
05:08 

MAU-
MG 

Mamghar 

Banc 

d’Arguin 

nearshore 

Mauritania 

10 7 0,667 1,849±0,051 1,692±0,103 0 0,2852±0,2528 0,4286±0,5043 
-

0,57895 

MAU-

TEI 

Teichott, Banc 

d'Arguin 

Banc 
d’Arguin 

nearshore 

24 9 0,348 1,84±0,089 1,679±0,107 2 0,2958±0,2094 0,4306±0,3682 
-

0,49849 

MAU-

KJ 
Kiji 

Banc 
d’Arguin 

offshore 

10 7 0,667 1,8±0,092 1,526±0,139 0 0,149±0,2063 0,204±0,3567 
-

0,41209 

MAU-

MD 
Mojd Dakhna 

Banc 
d’Arguin 

offshore 

12 6 0,455 2±0 1,68±0,151 0 0,2576±0,2834 0,4±0,5215 
-

0,65517 

GB-

UNH 

Island 

Unhocomozinho 
- Acampamento 

Bijagós 

North 

Guinea-

Bissau 

26 15 0,560 2,018±0,203 1,695±0,187 2 0,2555±0,2203 0,325±0,3642 
-

0,28471 

GB-

ANC 
Ancante 

Bijagós 

North 29 10 0,321 1,969±0,135 1,686±0,171 0 0,1253±0,1949 0,1747±0,3073 
-

0,43305 

GB-
CAN 

Ilha do 

Unhocomo, 

Canneronho 

Bijagós 

North 30 10 0,310 1,9±0,119 1,599±0,148 0 0,1291±0,2122 0,1906±0,3556 -0,5641 

GB-
ME 

Meio – Este 
Poilão 

Bijagós 

South 11 9 0,800 1,891±0,128 1,649±0,156 0 0,1035±0,1964 0,131±0,263 
-

0,29412 

GB-

MO 

Meio - Oeste 

Poilão 

Bijagós 

South 
16 6 0,333 1,75±0 1,521±0,149 0 0,1083±0,2076 0,1417±0,2905 -0,36 

GB-S 
João Vieira - 

Sede 

Bijagós 
South 14 7 0,462 1,978±0,048 1,762±0,144 0 0,1273±0,236 0,1833±0,3413 

-

0,51724 

GB-JV Ilha João Vieira 
Bijagós 
South 29 11 0,357 1,95±0,169 1,674±0,19 1 0,1781±0,1835 0,2363±0,3015 

-

0,35348 
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5.2 Genetic differentiation and population structure 
 

The FCA analyses showed two genetic clusters with a clear spatial signal (Fig. 10). One 

comprised the northern populations from Mauritania, Cape Verde, Senegal, Guinea-

Bissau, and Principe Island near the equator. In contrast, the other comprised equatorial 

populations of São Tomé Island and Gabon as Angola further south. The Cabras islet 

area, just north of São Tomé Island, showed genotypes from the two clusters and 

intermediate genotypes. (Fig. 10). Consequently, the relationship of these populations 

does not reach a gradual increase in gene enlargement with increasing geographical 

distance. However, it is mainly motivated by the difference in genetic differentiation 

estimates at a tiny scale (within Sao Tomean regions) vs a considerable scale (among 

regions). No such relationship is observed at a small scale (among islands), and there is 

an apparent lack of relationship when comparing large-scale differentiation, with 

northern being much less genetically differentiated than Southwestern or Northwestern 

African populations at similar geographical scales. 

 

Figure 10. Genetic differentiation of Halodule wrightii is illustrated by factorial correspondence analysis 
(FCA). 
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Unlike the FCA, the STRUCTURE analyses did not recover any spatial pattern of 

genetic structuring (Fig. 11). The model evaluation with the ΔK method (Evanno, 

Regnaut, and Goudet 2005) showed consistently low values of ΔK < 3 for K= 2-5, 

failing to support any K in particular.  

 

 

 

Figure 11. Delta K of cluster number K in genetic clustering analysis using STRUCTURE HARVESTER (linkage 

disequilibrium (LD)-based pruning was used for K from 1 to 10. The delta K analysis suggests K = 2, K = 3 and K = 

4 as the most likely number of distinct genetic ancestries among the 10 Ks (delta K = 2.5). 

 

Highlighting these results, Structure plots for K = 2-5 showed that all individuals of H. 

wrightii possessed even assignments to every genetic cluster considered. In contrast, no 

individual was recovered as having “pure” reference genotypes (Fig. 12). They 

demonstrated no spatial or incipient population divergence that could result from recent 

colonization or settlement.   
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Figure 12. Genome constitution of the 378 genotypes inferred by STRUCTURE to 2 and 5 inferred the best number of 

clusters based on 8 microsatellite loci of Halodule wrightii individuals (k estimated under STRUCTURE 

HARVESTER). A column represents each individual; different colours within columns indicate the maximum 

likelihood probability of belonging to a different cluster. Population codes are in Table 1. 

The results obtained of population differentiation due to genetic structure from fixation 

index (Fst) and the molecular analysis of variance tested here assessed results between 

the two core regions of this study: Mauritania and Guinea-Bissau. The results were 

compared within populations in each country. Pairwise Fst ranged from 0.003 (Modji vs 

Sede, Mauritania, and Guinea-Bissau, respectively) and 0.3556 (Meio Este and Guinea-

Bissau, respectively). As measured by Jost’D (Supplementary Table 12), absolute 

population differentiation ranged substantially, much lower when compared with Fst 

(Table 4). Within regions, pairwise population differentiation was higher in Mauritania 

than in Guinea-Bissau (Fig. 13). The significant signal of differentiation-by-distance in 

the northwest African coast (P = 0.01). 

 

 

 

 

     

     



60 
 

Table 4. Pairwise genetic differentiation among Halodule wrighti sampling sites (Mauritania and Guinea-Bissau). 

Values below the diagonal represent FST values, estimated with diveRsity. Values above the diagonal represent the 

distance (km) measured with Google earth. See Table 1 for site abbreviations. 

 

 

 

Figure 13. Heatmaps of pairwise differentiation between Halodule wrightii populations. Lighter tones 
indicate more robust genetic differentiation. Left: Fst; Right: Jost’s D data. 

Analysis of Isolation by Distance (IBD) correlated the “marine geographic distances” 

between populations and their degree of genetic differentiation. Distances between 

populations ranged from ~6.3 (GB_ANC to GB_CAN) to ~1,508 km (MAU_MD to 

GB_S). Furthermore, The variation in pairwise Fst was conducted by a lack of IBD 

among the Mauritania sites (R² = 0.0052). Population assignment results supported this 

finding (Fig. 14). 

  mau_mg mau_kj mau_md mau_tei gb-me gb-mo gb-s gb-anc gb-can gb-jv gb_unh 

mau_mg - 57.48 56.28 17.65 1263.04 1289.48 2410.63 1152.21 1229.47 1353.54 1465.31 

mau_kj 0,072 - 17.75 43.93 1465.31 1558.19 1774.04 1399.24 1252.2 1470.84 1218.5 

mau_md -0,0156 0,0787 - 44.34 1446.43 1502.3 1508,09 1113.52 1244.38 1331.13 1125.04 

mau_tei 0,0827 0,0581 0,0403 - 1284.92 1357.49 1346.46 1143.39 1165.55 1363.47 1194.59 

gb-me 0,1704 0,1095 0,1242 0,1204 - 8,3 9.89 113.1 115.4 6.98 114.55 

gb-mo 0,1684 0,1335 0,1211 0,1224 -0,0975 - 9.63 104.7 120.72 8.94 101.8 

gb-s 0,1134 0,0789 0,056 0,0812 -0,0286 -0,0313 - 111.67 117.23 2.50 104.2 

gb-anc 0,1413 -0,0093 0,1658 0,1455 0,11 0,174 0,1268 - 6.3 110.6 5.98 

gb-can 0,1594 -0,003 0,1815 0,163 0,1403 0,2193 0,1481 -0,0215 - 127.5 8.9 

gb-jv 0,1044 0,0153 0,1119 0,0958 0,1117 0,1193 0,076 0,0244 0,047 - 103.14 

gb_unh 0,1546 0,0307 0,1604 0,0889 0,1027 0,1499 0,106 0,0235 0,0235 0,0614 - 
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Figure 14. Isolation by distance (IBD) between sites within selected countries (Mauritania and Guinea-
Bissau). Linearized FST (i.e., Fst/(1-Fst)) values were regressed against geographic distance (in 
kilometers). The linear relationship and R2 are shown. In addition to populations within clusters 
(blue circle= Mauritania, blue rhombus = Guinea-Bissau), populations belonging to different clusters were 
regressed separately and are depicted in three different shades. Jost’s D is on the secondary axis and 

demonstrated no significant values. 

Concerning the hierarchical AMOVA analyses, when populations were grouped 

according to country (Mauritania and Guinea-Bissau), approximately 89% of genetic 

variation was contained within populations (as inter-individual differences), whereas 

only a trivial amount of genetic variation was found between groups (5%): Fst = 0.11 

(Table 4) among populations within groups (5.47%; Fst = 0.08) (Table 5).   

Table 5. Hierarchical analysis of molecular variance (AMOVA) of spatial genetic structure for the 14 
populations of H. wrightii based on six microsatellite loci. 95% confidence interval of F-statistics were 
obtained through bootstrapping over loci with 10,000 iterations. 

Source of Variation Sum of squares Variance Components Percentage Variation 

Among groups                     6.844              0.03570                      5.14095 

Among Populations 

Within groups      12.815              0.03798                       5.46953 

Within populations            117.266            0.62077                       89.38953 

Total 136.924              0.69445   
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6. Discussion 
 

Our results showed little genetic connectivity and structure between all populations, so 

we can assume that hypothesis (i) of influences on the oceanic currents between the 

divergent zones is not significant to demonstrate genetic connectivity in the species H. 

wrightii. Nevertheless, the genetic differentiation presented diversity among the 

northern (Mauritania to Principe Islands) and southern groups (São Tomé islands to 

Angola), with the most significantly differentiated group sharing both genetic diversity 

located at the range limit of central western Africa (Cabras islet – São Tomé and 

Princípe). Thus, we can assume the hypothesis of rafting drift among short distances 

and independent colonization with predominance coming from islands.  

We investigated hypothesis (ii) of the influence of ocean currents (CC and GC) on 

genetic variation in two hotspot zones: in the Gulf of Arguin along nearshore and 

offshore zones; and in the northern and southern Bijagós Archipelago. Our results 

showed that the populations from these regions form distinct groups (topologically 

separated). However, the comparison within populations demonstrated similar levels of 

genetic variation, with few differences, so we cannot assume the hypothesis of ocean 

currents as the primary mechanism of seed dispersal. 

We found somewhat divergent results between clonal richness across all populations, 

ranging from minimal values to high ones. Thus, hypothesis (iii) of clonal richness 

having similar levels was not supported. However, the IBD within populations on the 

core zones highlighted in this study (iv) expecting seed dispersal across regional scales 

supports the hypothesis of seed dispersal through ocean currents.  

6.1 Dispersal and recruitment dynamics 
 

The results obtained in this study show that populations of H. wrightii near the Northern 

limit of distribution are characterized by low genetic diversity at microsatellite loci, 

high levels of inbreeding and high genetic divergence. In addition, the number and 

frequency diversity distribution of alleles revealed low levels of heterozygosity and 

allelic richness for both distributional limits, lower in both Northern (Northwest Africa 

coast) and Southern (Southwest Africa coast) limits compared with core populations 

from all locations.  
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In general, a non-significant allelic diversity towards the edge of the regional 

distribution margin was detected among populations (Fig. 10). These patterns support 

the formerly reported general tendency for lower allelic diversity in populations at 

distributional limits, mainly observed with the spatial modelling distributional of 

propagules by ocean currents (Tavares et al. 2022) in contrast to the highly structured 

intraspecific biodiversity by habitat connectivity driven by ocean currents and barriers 

along the coastlines of southwestern Africa. (Assis et al. 2021; Ovenden et al. 2011). 

Differences between the sampling schemes of populations could have impacted the 

results. Random samples in Senegal, São Tomé and Príncipe and Gabon, with small 

numbers of shots collected, may show divergent values compared to those populations 

with a more significant sampling effort, both in area and quantity. Samples with small 

numbers sampled (Gabon) showed higher diversity than those populations with larger 

numbers (Angola), but this may have been due to erroneous numbering probabilities 

(e.g., clonal richness). 

The result indicated that dispersal does not affect genetic drift and gene flow in H. 

wrightii populations. There is likely strong limation to dispersal without an actual 

pattern of IBD, as shown by the lack of significance of spatial patterns of genetic 

structure found for the seagrass in the ETA range (~6250 km). Consequently, we did not 

support our central hypothesis (i) of ocean currents as the main dispersal vectors 

facilitating MPC between sites on the PNBA in Mauritania and the Bijagós archipelagos 

in Guinea-Bissau. The genetic results revealed no significant population differences, 

with a few exceptions for nearby sites and a general genetic decoupling between the 

equatorial line (north and south). Furthermore, the results showed that the equator line 

(São Tomé and Princípe) populations were genetically distinct although close, referring 

to origination from independent colonisation events through seeds from origins 

genetically differentiated. This dysfunction among the predicted connectivity patterns 

expected and the observed genetic structure, if dispersal was based on ocean currents, 

infers that biotic transportation (i.e., seed dispersal via marine species) may perform an 

essential function in the dispersal and establishment of the species rather than ocean 

currents. However, more research is necessary to study the hypothesis mentioned. 
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6.2 Genetic diversity based on allelic richness and heterozygosity 
 

Populations of H. wrightii had low genetic diversity on the Western African coast 

(mean A6 = 1.89 and A3 = 1.66). The results from this project were similar to other 

seagrass studies with microsatellite markers (Tavares et al., 2022). However, compared 

to studies previously made with the same species in the western Atlantic, we had 

different values (3.26 in Reynolds et al., 2019 and 4.08 in Larkin et al., 2017), 

presenting a variation in the species-specific traits. With that, hypothesis (i) of the 

connectivity between the northwest regions (Mauritania and Guinea-Bissau) being 

genetically divergent due to the oceanic currents passing through the regions does not 

support our results. Indeed, these patterns may be supported by the hypotheses of low 

genetic variation lost over time, where uncontrolled use of coastal areas could directly 

impact these alterations. 

The potential to adapt to an environment is directly related to genetic diversity; thus, a 

decrease in genetic diversity could lead to an accelerated chance of biodiversity loss. 

For example, the genetic diversity among seagrass populations in São Tomé and 

Principe, and Senegal was significantly higher than in the other groups (comparison 

includes A6 and A3 due to the sample size). This significant genetic variation could 

indicate that Principe and Senegal's populations demonstrate more influence on gene 

flow and resilience to anthropogenic impacts on coastal disturbances. Consequently, the 

richer diversity in those places increases the genetic diversity of those populations, 

becoming more diversified compared to other regional locations. However, the high 

value seen needs to be considered due to the low sample size sampled and tested with 

standardized alleles.  

As clonal plants, seagrass meadows in decline form clonal aggregations, reducing their 

genetic variability when declining. Moreover, the species H. wrightii, by forming seed 

banks and not being free-floating, could also form isolated aggregations since 

germination would take longer to start, and there would be no genetic admixture in the 

long term. Moreover, depending on the distance the pollen disperses, this would result 

in inbreeding and genetic drift when a microevolutionary mechanism randomly 

modifies the allele frequencies over time, increasing the Fst values (genetic drift).  

However, there are not many studies related to H. wrightii pollen dispersal yet, needing 

more accessibility on the subject to be tested. 
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The low genetic diversity at higher latitudes is also seen in mangroves and coral studies 

(e.g., Arnaud-Haond et al., 2006; Ridgway et al., 2008). Thus, coastal species can 

support the low genetic diversity event on seagrass meadows. Generally, the average 

value of allelic richness among seagrass meadows is low (e.g., Jahnke et al., 2019; 

Nguyen et al., 2014: Tanaka et al., 2011), although the value found in our project is 

among the lowest in the world. When genetic variation is very low (e.g., Arriesgado et 

al. 2015; Becheler et al. 2010; Olsen et al. 2004), the populations have been colonised 

recently. Consequently, with our low genetic variability, we can say that the populations 

sampled on the West African coast may have been recently colonised. Furthermore, the 

seagrass H. wrightii is the only taxonomic group suggesting to happen on both sides of 

the Atlantic (Tavares et al. 2022). 

The proportion of variance in the subpopulation in individuals (Fis) exhibited a small 

degree of inbreeding. Thus, it is possible to say that the low inbreeding coefficient 

means that our populations have higher observed heterozygosity than expected (Ho > 

He). This phenomenon could be due to bottleneck effects caused by decreased 

population sizes and random environmental events based on the observed allele number 

at the Hardy-Weinberg Equilibrium (Guo et al., 1992). Consequently, we do not assume 

the Hardy-Weinberg Equilibrium with our negative results. With the results obtained 

about the coefficient of inbreeding, it is possible to state that there is an unbalanced 

coming from external factors affecting the West African H. wrightii populations, such 

as environmental disturbances or anthropogenic threats, declining the species, and 

leading to a loss of biodiversity. 

Since tropical areas influence genetic diversity, which has a high biodiversity with 

different environmental and ecological interactions, we can assume that sites with 

various organisms interacting with each other tend to have greater diversity. An 

example of this interplay is the hotspot we are investigating in the Bijagós archipelago. 

The islands of this archipelago have shown a higher value of genetic diversity than 

other populations and are a centre of hotspots due to their high migration of marine 

species. This pattern could hypothesize the interrelationship between different trophies. 

Animals such as grazers or seabirds migrate every season for breeding and feeding, 

carrying particles and fragments of organisms. Thus, by interacting with different 

organisms, they transfer genetic material, tending to increase the genetic richness 

interaction of this ecosystem. Furthermore, investigating genetic diversity in hotspot 
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areas is crucial in seagrass conservation and fit and acts as an experimental model of 

biodiversity monitoring for integrating coastal dynamics to mitigate anthropogenic 

threats and climate change (Olsen et al. 2004). 

6.3 Genotypic diversity 
 

Elongation through horizontal rhizomes is essential for population maintenance in 

seagrasses (van Dijk and van Tussenbroek 2010). In dioecious species such as H. 

wrightii, maintaining a diverse genotypic population is also important for mating chance 

and breeding performance. Monoclonal populations of dioecious herbaria exist and can 

persist for thousands of years (Alberto et al. 2008), though only by clonal reproduction, 

as a single male or single female could not form seeds sexually. Therefore, the 

genotypical richness and genetic diversity may also play a significant role in the 

resilience of seagrass ecosystems to maintain recruitment functions (Massa et al., 2013). 

The genotypic richness observed on the western African coast (R = 0.45) is quite 

variable among sites (R ranges from 0.07 to 1) (see Larkin et al., 2017) and presented 

similar genotypic richness to previous studies of H. wrightii in the WAT (R = 0.46 

Tavares et al., 2022). As the genetic analysis of our study showed different levels of 

genotypic richness occurring along the coastline of the WAT, the results do not support 

our hypotheses (iii) of similar levels of clonal richness. The heterogeneity of clonal 

richness values for locations in WAT indicates a notable variation in the investment 

pattern in sexual vs clonal reproduction at the regional scale. Clonal richness was less 

relevant in some groups, such as Angola (R = 0.07; Fis = -0.55) and Senegal (R = 0.2; 

Fis = 0.28). Furthermore, clonal diversity was higher in the northwestern populations 

(Senegal = 0.9, Guinea-Bissau = 0.8) and the central/southwest populations (Gabon = 1, 

São Tomé and Principe = 1), suggesting that sexual reproduction is enhanced. However, 

the results must be evaluated carefully with the predictions due to the low availability of 

samples in Gabon.  

Bijagós archipelago revealed low values, similar to the islands' north and south (Acante, 

Meio Oste, Canneronho). The low clonal richness can also indicate low genetic 

diversity, which does not support our hypothesis (ii) of genetic diversity diverging 

among the limits between the ranges of those places. However, the patterns still need 

more evaluation and investigation to understand better clonal diversity patterns and their 

fitness to predict where greater sexual reproduction occurs in different regional 
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populations than outlying populations. While the core populations of Banc d’Arguin 

demonstrate lower clonal richness in the nearshore zone (Teichott population). 

Nevertheless, the four core populations shared similar clonal richness values ranging 

from 0.3 to 0.66 (Manghar population); Consequently, clonal richness indicated slight 

divergence among nearshore and offshore zones.  

Seagrass beds typically exhibit highly variable levels of clonal richness in separate 

populations within the same species; thus, it is not a species-specific trait. (Arnaud-

Haond et al. 2007; Boyé et al. 2022). Concerning levels of genotypic diversity and the 

number of adverse events within a population, seagrass recovery can occur through 

sexual or asexual reproduction when a disturbance of their habitats occurs (Boyé et al., 

2022; Jarvis, Moore, and Kenworthy, 2012).  

Clonal populations commonly comprise genotype variations (Ellstrand and Roose 

1987), where most (terrestrial) populations present intermediate levels of genotypic 

diversity. In a recent study of H. wrightii in Florida Bay, Larkin et al. (2020) conducted 

a research where clonal diversity was analysed, taking into account the richness, 

evenness and architecture based on the plant’s clonal growth. The study has found that 

there is variation in clonal diversity between areas, i.e., clone richness varying between 

small and large scales. In this context, the study revealed that asexual reproduction 

plants broadly vary in clonal size and growth pattern (Eckert, Dorken, and Barrett 

2016). Furthermore, Ruggiero et al. (2005) found high clonal richness and biased 

distribution of clones’ length among Cymodocea nodosa populations in the 

Mediterranean Sea. It hypothesized that these clonal processes could be associated with 

a balance among genets and sexual recruitment, low seed dispersal, and guerrilla 

enlargement strategy. With these two species sharing similarities, particularly the low 

seed dispersal (Darnell et al. 2015), the pattern seen with Cymodoceae nodosa could be 

applied to H. wrightii too. Thus, it is possible to say with our results that clonal diversity 

can vary over space and that we must consider the whole context of clonal diversity and 

not only its richness, which increases the need for greater overall insight into the 

relationship between area and species diversity (Rosenzweig, 1995). 

Another hypothesis regarding genotypic diversity is the traits of the biological specie. 

H. wrightii carries seed bank characteristics, and their density differs among sites. The 

locations examined in nearshore and offshore zones (Banc d’Arguin) demonstrated a 

low level of variety, although it is predictable to consider the spatial scale of those 
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regions and the relationship of seed bank density they present. Consequently, it could 

determine where recruitment could increase under the pressure of seagrasses, even more 

in areas of decline due to climate change (Chefaoui et al., 2021). Another hypothesis 

regarding genotypic diversity is the traits of the biological specie. H. wrightii carries 

seed bank characteristics, and their density differs among sites. The locations examined 

in nearshore and offshore zones (Banc d’Arguin) demonstrated a low level of variety, 

although it is predictable to consider the spatial scale of those regions and the 

relationship of seed bank density they present. Consequently, it could determine where 

recruitment could increase under the pressure of seagrasses, even more in areas of 

decline due to climate change (Chefaoui et al., 2021).  

6.4 Genetic Structure and Differentiation 
 

Despite the substantial link between populations demonstrated by low population 

genetic divergence, H. wrightii is believed to have poor dispersal ability due to its non-

floating basal seeds. In this study, we show non-significant genetic structure among 

most of the sampled H. wrightii meadows and find a relation between genetic 

differentiation (Fst and Jost’D) and increasing geographic distance.  

The initial expectation was that the linear distribution, physical separation, and 

distances among sites would result in significant genetic structure and IBD along the 

western African coast; however, this was not expected, thus not supporting the 

hypothesis of oceanographic influences by divergent ocean currents. Large-scale 

currents in the area play a minor role in the observed genetic differentiation and the 

three different clusters suggested by analysis. Therefore, we hypothesized that the 

limited range of strong currents, CC, GC, and BC, should influence the divergence of 

genetic structure from Mauritania to Angola (20 populations), leading to genetic 

admixture.  

In fact, the sites from the northwest coast of Mauritania and to the central west coast of 

Angola are significantly differentiated from each other and show non-admixture levels, 

indicating that they do not receive propagules from their sites.  São Tomé and Principe, 

on the other hand, revealed an admixture in the genetic differentiation, where Cabras 

Islet shared genetic richness among the two sites (Fig. 10).  
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Another factor suggesting the non-significance of our hypothesis is that the 

microsatellite markers used in the region do not have high variability, demonstrating 

difficulty in predicting seed dispersal via abiotic mechanisms since they can detect only 

genetic differentiation of high magnitude (Tavares et al., 2022). Furthermore, it is 

imperative to consider the unknown seagrass meadows that could exist along the 

coastline of evaluated sites, predicting high stepping-stone connectivity.  

Our results are in line with the recent study of Tavares et al. (2022), which suggested 

that populations of São Tomé and Principe play a role in rare stochastic colonization of 

seagrass meadows since this genetic differentiation is located nearby more assigned to 

distinct northern and southern groups demonstrating little correlation with either 

oceanographic distance or geographic distance. Furthermore, different reports revealed 

independent colonisation of islands, although different traits and life stages must be 

considered (de Souza et al., 2017; Teschima et al., 2021). With this, we suggest that 

new colonisations of marine plants could be formed independently of their geographical 

location, although it is necessary to know the mechanisms that lead a species to insert 

itself in a new habitat and its attributes to this. Our results are in line with the recent 

study of Tavares et al. (2022), which suggested that populations of São Tomé and 

Principe play a role in rare stochastic colonization of seagrass meadows since this 

genetic differentiation is located nearby more assigned to distinct northern and southern 

groups demonstrating little correlation with either oceanographic distance or geographic 

distance. Furthermore, different reports revealed independent colonisation of islands, 

although different traits and life stages must be considered (de Souza et al. 2017; 

Teschima, Zilberberg, and Nunes 2021). With this, we suggest that new colonisations of 

marine plants could be formed independently of their geographical location, although it 

is necessary to know the mechanisms that lead a species to insert itself in a new habitat 

and its attributes to this. Our results are in line with the recent study of Tavares et al. 

(2022), which suggested that populations of São Tomé and Principe play a role in rare 

stochastic colonization of seagrass meadows since this genetic differentiation is located 

nearby more assigned to distinct northern and southern groups demonstrating little 

correlation with either oceanographic distance or geographic distance. 

Furthermore, different reports revealed independent colonisation of islands, although 

different traits and life stages must be considered (de Souza et al., 2017; Teschima et al., 

2021). With this, we suggest that new colonisations of marine plants could be formed 
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independently of their geographical location, although it is necessary to know the 

mechanisms that lead a species to insert itself in a new habitat and its attributes to this. 

Our results are in line with the recent study of Tavares et al. (2022), which suggested 

that populations of São Tomé and Principe play a role in rare stochastic colonization of 

seagrass meadows since this genetic differentiation is located nearby more assigned to 

distinct northern and southern groups demonstrating little correlation with either 

oceanographic distance or geographic distance. Furthermore, different reports revealed 

independent colonisation of islands, although different traits and life stages must be 

considered (de Souza et al. 2017; Teschima, Zilberberg, and Nunes 2021). With this, we 

suggest that new colonisations of marine plants could be formed independently of their 

geographical location, although it is necessary to know the mechanisms that lead a 

species to insert itself in a new habitat and its attributes to this. 

By structure analysis of Halodule wrightii in the Gulf of Mexico (Texas, USA), Larkin 

(2017) conducted that significant genetic structure separates two different geographic 

spaces, suggesting distinctions between these locations. However, in the same study, 

greater genetic strength was found in tidal range sites than in sites with geographical 

barriers or more distant ones. Halodule wrightii could then reproduce and migrate via 

drafting vegetative fragments since some models seen cannot be related between 

distance and expansion via clonal growth. Furthermore, the mechanisms for genetic 

structure exhibit barriers, such as water temperature and reduced habitat area, which 

need to be considered (Arriesgado et al., 2015). Therefore, vegetative dispersal could 

account for the pattern of genetic structure.  

We discovered no pattern of genetically similar populations at the ends of the range. 

Therefore, we could hypothesize a non-significant gene flow between the regions 

without breaks between populations. To this end, it is essential to highlight the 

importance of more samples per site, more sampling sites in a larger area and deeper 

seagrass genetics to forward step in population genetics of the seagrasses from north to 

south of the western African coast. 

6.5 Isolation by distance 
 

The method of IBD revealed that genetic connectivity, based on Wright’s fixation index 

(Fst), tends to differ from demographic connectivity as it correlates with the effects of 

migration, selection, and genetic drift. Translating genetic connectivity into 
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demographic estimates of dispersal is not straightforward (Becheler et al., 2010). We 

can argue that the practical estimation of the population with genetic models can be 

unrealistic in real-world situations (Manel, Loiseau, and Puebla 2019). In addition, gene 

flow over long geographical distances might result from stepping-stone dispersal over 

multiple generations without implying direct long-distance dispersal events (Saura, 

Bodin, and Fortin 2014). Isolated populations may not have the gene flow to create high 

enough levels of variation to adapt to new environments (Zimmerman et al. 1991). 

Our results showed a relatively close geographical distance between some populations 

of Guinea Bissau and Mauritania (see Fig.14), which, apart from geographical 

similarity, share similar Fst values. Therefore, the relationship between the close genetic 

diversity between these two groups can be hypothesized as areas which are not isolated 

from each other and which, therefore, may present similar genetic variation. 

IBD previously studies on different seagrasses (Zostera marina, Posidonia oceanica 

and Zostera noltii) revealed an indication of breakpoints of dispersal at a scale of < 250 

km and 50 to 100 km, respectively (Arnaud-Haond et al. 2007; Reusch, and Olsen 2000; 

Coyer et al. 2004b), inferring that below such a distance, geneflow effectively prevents 

genetic differentiation among populations (Olsen et al., 2004). Seeds' low distance 

travel underwater (Orth et al., 1994) makes gene flow by rafting fruiting shoots possible 

(Harwell and Orth 2002; Harwell & Orth, 2002). That shoot dispersal represents a new 

genotype location of new populations and has been studied under genetic markers using 

assignment tests (see Reusch, 2002). One interpretation of such a new genotype is that 

clonal reproduction is likely greater than sexual reproduction, leading to lower genetic 

diversity; this gene exchange is seen in South Portugal (Billingham et al. 2003). 

Another zone is applied for the exact inference to a lesser extent in the Black Sea, where 

IBD relationships immediately increase with geographic distance, contrasting the north 

of Europe (Coyer et al. 2004b). As inferred from IBD graphs, population connectivity 

may differ among regions and is crucial to understanding the study area's location. On 

the other hand, the seagrass studied, H. wrightii, is a subtropical and tropical marine 

plant that needs to be interpreted differently. 

This study showed that H. wrightii from the Western African coast are not as closely 

related. IBD estimates for H. wrightii are influenced by barriers to oceanographic 

currents in the core zones (Arnaud-Haond et al., 2007). Within each zone (Mauritania 

and Guinea-Bissau), geographic and genetic distance correlations are distinct, 
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suggesting stochasticity in gene flow and dispersal patterns at hundreds of kilometres. 

McMillan (1987) studied seagrass movement and revealed a latitude gradient when 

comparing northern populations of H. wrightii to southern populations. However, it 

highlighted their biological traits' influence and persistence to remain in seed banks.  

Complex circulation patterns may also be inferred in enclosed basins, life history, and 

potential for seed recruitment. Thus, the biology of H. wrightii also impacts their 

dispersal due to its non-buoyant basal seed. Similarly, there is no correlation between 

gene flow and geographic distance within the region. With that, it is imperative to 

increase the model tests in regions less studied, such as the western African coast, to 

understand these patterns.  

7. Conclusions and potential for future work 
 

In this thesis, the study aimed to assess genetic data to interpret population connectivity 

and structure of relatively isolated and fragmented seagrass populations along tropical 

and subtropical coastlines. We tested three hypotheses with our data: connectivity along 

the West African coast, connectivity between tidal zones in the Gulf of Arguin, and 

connectivity between the north vs south islands of the Bijagós Archipelago. Thus, we 

explored the genetic structure and differentiation through different habitats between the 

sampled locations. It is expected that H. wrightii populations share genetic similarities 

that may be triggered by the transport and dispersal of fragments via abiotic 

mechanisms, such as the oceanographic currents of the region. We also expected that 

the populations of seagrass meadows in migratory regions of megaherbivores might also 

impact them to transport seeds or fragments. Thus, we estimated a range of genetic and 

genotypic diversity and isolation by distance approaches amongst H. wrightii 

populations exhibiting possibly seagrass population routes  

Our results discovered that the genetic diversity is very low between those regions and 

within populations. We found low allelic diversity and integration of this data origin 

distinguished that genotypic rather than genetic diversity may be the appropriate level of 

genetic organisation for clonal organisms. Furthermore, the results exhibited genetic 

divergence among populations in the Northwest and Southwest Equatorial Atlantic 

(NEC and SEC). A particularly interesting result discovered in this study is the genetic 

differentiation in the islands of São Tomé and Príncipe, each displaying either 

genotypes of NEC or SEC. However, comparisons are necessary since central edge 
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populations could encounter unique biotic and abiotic pressures and have a varied set of 

reproductive responses. Genetic mosaicism was present in H. wrightii clones, and while 

the processes underlying transport via oceanographic currents and IBD have been 

investigated, the fitness consequences remain unclear. 

Our results do not emphasise the impact of oceanographic currents passing through and 

diverging in the West African coastal transition zone as an effective dispersal 

mechanism. Additionally, the poor genetic data do not reinforce the mechanism of 

biotic transport via megaherbivores in the migratory zones of green sea turtles.  On the 

other hand, we support the hypothesis of connectivity within the population of the Gulf 

d’Arguin (Mauritania nearshore and offshore areas). 

The relationship between dispersal versus abiotic and biotic mechanisms has been 

predicted by theory (Boulangeat et al., 2015) and supported empirically by various 

species and ecosystems (Spielman et al., 2004). Nevertheless, the exact resolution of 

individual case studies has led to scale-dependent findings. Furthermore, we undertook 

this at a location under short-term monitoring known to suffer localised declines 

(Chefaoui et al., 2021; Tavares et al., 2022). Seagrass's natural survival approach is an 

ideal model for testing ecological and population genetics hypotheses. This model has 

shown informative in both population genetics and population dynamics studies 

(Connolly et al. 2018; Lobelle et al. 2013), even if this is rarely related. 

The sequencing of H. wrightii populations for the next generation is valuable for 

exploring the drivers of mechanistic transport and recruitment, genetic diversity, and 

gene flow in H. wrightii. Dispersal is a particularly important question for Halodule due 

to discussions over the Atlantic Ocean (Brazil, Florida, Bermudas) (De Oliveira et al., 

1983; Murdoch et al., 2007; Phillips, 1967). Genetic comparisons are unreliable for 

distinguishing Halodule connectivity. Therefore, sequencing of species lineages may be 

integrated for more accurate population distribution. 

By presenting these findings, we hoped to shape source data on genetic diversity and 

motivate future research on causal relationships between population genetics and 

abundance routes. We performed our research in one of the largest and pristine seagrass 

meadows in western Africa, around the Banc d'Arguin. Our results demonstrated that an 

extensive and sustained seagrass population could persist with low overall genetic 

diversity. Thus, the study inserts into the growing body of evidence that identifying 
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ecological and genetic indicators based on evolutionary mechanisms is vital for the 

management and conservation genetic test model. Our research also aids in addressing 

the urgent need to create integrated ecological frameworks to discuss the evidence based 

on the planning of this significantly large but threatened group linked to coastal 

management to lessen core endangered areas. 
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1. Supplementary material 
 

Table 6. Code for each population sampled in this study, integrating geographical locations, location per 

country, year of collection and geographic coordinates. 

Codes Population Location Country 

Year of 

collection Lat Long 

MAU-MG MR-MG Mamghar 

Mauritania 

- 19,373004 -16,534773 

MAU-KJ MR-KJ Kiji - 19,73805 -1649369 

MAU-MD MR-MD Mojd Dakhna - 19,84629 -16,61804 

MAU-BA 
MR-BA 

Teichott, Banc 

d'Arguin 
2018 19,48 -16,445 

SEN-J SN Joal 

Senegal 

2022 14,159683 -16,860533 

SEN-SAL SN Saloum 2022 13,758469 -16,667205 

SEN-FAD SN Fadioth 2017 14,156 -16,841 

CV 
CV 

Gamboa, Praia 

(Santiago) 
Cape Verde 2015 14,912 -23,508 

GB-ME 

GNB 

Meio - Este 

(Parque 

Nacional 

Marinho João 

Vieira-Poilão) 

Guinea-Bissau 

2022 10,967711 -15,657463 

GB-MO 

GNB 

Meio - Oeste 

(Parque 

Nacional 

Marinho João 

Vieira-Poilão) 

2022 10,972948 -15,676269 

GB-S 

GNB 

João Vieira - 

Sede (Parque 

Nacional 

Marinho João 

Vieira-Poilão) 

2022 11,051591 -15,645064 

GB-ANC GNB Ancante 2021 11,3048 -16,398387 

GB-CAN 

GNB 

Ilha do 

Unhocomo, 

Canneronho 

2021 11,317862 -16,455539 

GB-JV GNB Ilha João Vieira 2021 11,0317 -15,645437 

GB-UNH 
GNB 

Acampamento, 

Unhocomo 
 11,281 -16,382 

STP-ABA/PRI 
ST-ABA 

Abade beach, 

Pagué, Principe 
São Tomé and 

Principe 

2013/2017 1,633 7,455 

STP-CAB/GIC ST-CAB Cabras Islet 2017, 2021 0,414 6,656 

STP-SAN ST-SAN Santana 2017 0,255 6,747 

GAB GB Corisco Bay Gabon 2015 0,594 9,307 

ANG AO Mussulo Bay Angola 2018 -9,006 13,064 
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Table 7. Primer pairs and characteristics of eight polymorphic microsatellite loci developed from Halodule 

wrightii. 

Locus                 Primer sequence (5' – 3') 

Size 

range 

(bp) 

Reference 

Hw180 
F: GTGGAGGCCGAACTGTATCT        

R: CGACCTTCATCCTAATCATCG  
232-250 Larkin et al., 2012 

Hw188  
F: ACCTTCATAAATGGCAACTTG  

R: CAACTTGGTTCTGGTAGTCATC 
109-135 Larkin et al., 2012 

Hw190  
F: ATGACGAATCCCGAGGTAT 

R: CCAGGTATTGTCGCTTTCA 
266-276 Larkin et al., 2012 

Hw190b 
F: ATGACGAATCCCGAGGTAT    

R: GTTTCACCCACGTTAAAGCACAAT         
120-147 Larkin et al., 2017 

Hw196 
F: ACAACCTAGATCATCCTCACAC    

R: AGCAGGAAGTCAAGAGATAGG     
178-187 Larkin et al., 2012 

Hw200  
F: TTATGGGATCTATTTGTGGTCT 

R: TTTTGCTTTGTAGTCTTGGTG 
237-277 Larkin et al., 2012 

Hw212 
F: ATGGATGTTCATTGAGTTTGAC      

R: CAAGGCTAAGGTAGTGGACC 
280-298 Larkin et al., 2012 

Hw228 
F: AAGACGGCATTGGAAAATAAG  

R: GTTTGGTATCATCGGAAGCACTGT      
266-290 Larkin et al., 2017 
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Table 8. Concentrations and volume of PCR reagents for the microsatellite markers. The composition of 

PCR reagents concentration final concentration Volume (μL) in 15 μL reaction. 

Simplex   10ul mix+ 5µl DNA   

        

  [ ] final 1x 32x 

Buffer (5x) 1x 3 96 

MgCl2 (25mM) 2 mM 1,2 38,4 

dNTPs (2mM each) 0,07 mM each 1,5 48 

Forward (10 uM) 0,05 uM 0,6 19,2 

Reverse (10 uM) 0,05 uM 0,6 19,2 

Taq (5U/µL) 1 U 0,2 6,4 

H2O - 2,9 92,8 

    

Duplex   10ul mix+ 5ul DNA   

        

  [ ] final 1x 32x 

Buffer (5x) 1x 3 96 

MgCl2 (25mM) 2 mM 1,2 38,4 

dNTPs (2mM each) 0,07 mM each 1,5 48 

Forward (10 uM) 0,05 uM 0,6 19,2 

Reverse (10 uM) 0,05 uM 0,6 19,2 

Forward (10 uM) 0,05 uM 0,6 19,2 

Reverse (10 uM) 0,05 uM 0,6 19,2 

Taq (5U/µL) 1 U 0,4 12,8 

H2O - 1,5 48 
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Table 9. PCR conditions for the 8 microsatellite markers used during this project performed during 

laboratory work. The conditions were used for simplex and duplex with previous studies with H. wrightii. 

SIMPLEX           

Cycle step TºC Time  Nº cycles  Primer Ta 

Initial desnaturation 95 5 min       

Desnaturation 95 30 sec 

35 

Hw 212 57 

Annealing Ta 30 sec Hw 228 55 

Extention 72 30 sec     

Final Extention 72 10 min       

            

Cycle step TºC Time  Nº cycles  Primer Ta 

Initial desnaturation 95 5 min   Hw 196 56 

Desnaturation 95 1 min 

35 

Hw 200 57 

Annealing Ta 1 min     

Extention 72 1 min     

Final Extention 72 10 min       

Note: deixar maq a 10 C           

DUPLEX   
 

   

Cycle step TºC Time  Nº cycles  Primer Ta 

Initial desnaturation 95 5 min   Hw 180 

53 

First desnaturation 95 30 sec 

5 

Hw 188 

Annealing Ta 30 sec Hw 190 

Extention 72 30 sec Hw 190b 

Second desnaturation 95 30 sec 

30 

  

Annealing Ta 30 sec   

Extention 72 30 sec   

Final Extention 10 ∞     
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Figure 15. PCR shots of Halodule wrightii sampled in São Tomé and Prícinpe (Cabras islet - STP_GIC) 
during the laboratory work. The red box highlighted the fragments of subsequent loci, starting above left: 
HW190 and HW190B; HW 180 and HW188; HW196; HW200; HW228; HW196. Some PCR replications 

were made to ensure that the markers were highlighted. Note: HW212 missing PCR picture. 
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Table 10. colour scheme copy for each allele inserted with the specific microsatellite marker with the LIZ 500 on Strand. Note that the numbers in the first column represent where the 
reads are in the base pairs (bp). 

110 120 130 140 150 170 180 230 240 250 260 270 280 290 

              180         

188                       

                    190     

          196               

              200 200     

                        212 

  190b                   

                    228 
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Figure 16. Genotypic richness (R) in bar graphs for the two core populations (Mauritania and Guinea-
Bissau). Note that the values did not vary along the divergent places compared (Nearshore vs Offshore; 
Northern vs Southern). The highest clonal richness is seen in the Southern zone in Meio-Este zone in 
Guinea-Bissau. 

 

Table 11. quantification of number of Genet (G) to standardize population sample size with a low genet 
number before comparing the mean number of alleles (A) per locus and estimation among populations 

with the package StandArich2 in Rstudio 4.1.3. 

 CODE  G HW180 HW188 HW190 HW196 HW200 HW212 HW190b HW228 

MAU_MG 1 234 253 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU_MG 2 999 999 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU_MG 3 253 253 199 199 260 296 999 999 197 212 307 307 999 999 276 276 

MAU_MG 4 253 253 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU_MG 5 999 999 199 199 260 296 999 999 212 212 999 999 999 999 276 276 

MAU_MG 6 253 253 199 199 260 296 999 999 999 999 307 307 999 999 259 276 

MAU_MG 7 253 253 199 199 260 296 999 999 999 999 999 999 999 999 276 276 

MAU_KJ 1 253 253 199 199 260 260 999 999 999 999 999 999 999 999 276 276 

MAU_KJ 2 253 253 199 199 260 296 999 999 212 212 307 307 999 999 276 276 

MAU_KJ 3 253 253 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU_KJ 4 253 253 999 999 260 296 999 999 212 212 999 999 999 999 276 276 

MAU_KJ 5 253 253 199 199 260 296 999 999 999 999 999 999 999 999 276 276 

MAU_KJ 6 253 253 199 199 260 296 999 999 212 212 999 999 999 999 276 276 

MAU_KJ 7 253 253 199 199 260 296 999 999 212 212 999 999 999 999 999 999 
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MAU_MD 1 253 253 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU_MD 2 253 253 199 199 260 296 999 999 212 212 307 307 999 999 259 276 

MAU_MD 3 253 253 199 199 260 296 999 999 212 212 999 999 999 999 999 999 

MAU_MD 4 253 253 199 199 260 296 999 999 197 212 307 307 999 999 276 276 

MAU_MD 5 253 253 999 999 260 296 999 999 999 999 307 307 999 999 259 276 

MAU_MD 6 999 999 199 199 260 296 999 999 197 212 307 307 999 999 259 276 

MAU 1 234 253 199 199 260 296 184 198 212 212 307 307 112 120 276 276 

MAU 2 253 253 199 199 260 296 184 198 212 212 307 307 112 120 259 276 

MAU 3 253 253 199 199 260 296 198 198 212 212 307 307 112 120 276 276 

MAU 4 253 253 199 199 260 296 184 198 212 212 307 307 120 120 259 276 

MAU 5 253 253 199 199 260 296 198 198 212 212 307 307 112 120 259 276 

MAU 6 253 253 199 199 260 296 184 198 212 212 288 307 112 120 259 276 

MAU 7 253 253 199 203 260 296 184 198 212 212 307 307 112 120 259 276 

MAU 8 244 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

MAU 9 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

SEN-J 1 253 253 199 199 260 260 198 198 212 212 310 310 120 120 259 276 

SEN-J 2 253 253 199 199 260 260 198 198 212 212 307 307 120 120 259 276 

SEN-J 3 253 253 199 199 260 260 999 999 999 999 999 999 120 120 276 276 

SEN-J 4 253 253 199 199 260 260 198 198 999 999 999 999 120 120 259 276 

SEN-J 5 253 253 199 199 260 260 198 198 212 212 999 999 120 120 259 276 

SEN-J 6 999 999 199 199 260 260 198 198 212 212 307 307 120 120 259 276 

SEN-SAL 1 999 999 999 999 999 999 198 198 212 216 307 307 999 999 259 276 

SEN-SAL 2 253 253 199 199 260 260 198 198 212 212 307 307 120 120 259 276 

SEN-SAL 3 253 256 199 199 260 260 999 999 999 999 999 999 120 120 999 999 

SEN-SAL 4 253 256 199 199 260 260 198 198 212 216 999 999 120 120 259 276 

SEN-SAL 5 253 256 199 199 260 260 198 198 212 212 999 999 120 120 259 276 

SEN-SAL 6 253 253 199 199 260 260 198 198 212 212 999 999 120 120 259 276 

SEN-SAL 7 253 253 199 199 260 260 999 999 212 212 999 999 120 120 259 276 

SEN-SAL 8 253 253 199 199 260 260 198 198 212 216 999 999 120 120 259 276 

SEN-SAL 9 253 256 199 199 260 260 999 999 999 999 999 999 120 120 259 276 

SEN-SAL 10 253 253 199 199 999 999 999 999 999 999 999 999 120 120 276 276 

SEN-SAL 11 253 256 199 199 999 999 198 198 999 999 999 999 120 120 999 999 

SEN-FAD 1 253 253 199 199 260 296 184 198 212 212 307 307 112 120 259 276 

SEN-FAD 2 253 253 199 199 260 296 198 198 212 212 291 307 120 120 276 276 

SEN-FAD 3 253 253 199 199 260 260 198 198 212 212 307 307 120 120 276 276 

SEN-FAD 4 253 253 199 199 260 296 198 198 212 212 307 307 112 120 259 276 

SEN-FAD 5 253 253 199 199 260 296 198 198 212 212 307 307 112 120 276 276 

SEN-FAD 6 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

SEN-FAD 7 253 253 199 199 260 296 198 198 212 212 291 307 112 120 259 276 

SEN-FAD 8 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

CV 1 246 253 199 199 260 296 198 198 212 212 307 307 112 120 259 276 

CV 2 253 253 199 199 260 296 198 198 212 212 307 307 112 120 259 276 

CV 3 246 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

CV 4 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

CV 5 246 253 199 199 260 260 198 198 212 212 307 307 120 120 276 276 
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CV 6 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

CV 7 253 253 199 199 260 260 198 198 212 212 307 307 120 120 259 276 

CV 8 253 253 199 199 260 296 184 198 212 212 307 307 120 120 259 276 

CV 9 246 253 199 199 260 296 184 198 212 212 307 307 120 120 259 276 

GB-ME 1 253 253 199 199 260 260 198 198 212 212 999 999 120 120 259 276 

GB-ME 2 253 253 199 199 999 999 999 999 212 212 999 999 120 120 259 276 

GB-ME 3 253 253 199 199 999 999 198 198 212 212 999 999 120 120 259 276 

GB-ME 4 253 253 199 199 999 999 198 198 999 999 999 999 120 120 999 999 

GB-ME 5 253 253 199 199 999 999 198 198 212 212 999 999 999 999 259 276 

GB-ME 6 253 253 199 199 999 999 198 198 212 212 999 999 999 999 276 276 

GB-ME 7 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

GB-ME 8 253 253 199 199 999 999 198 198 999 999 999 999 999 999 276 276 

GB-ME 9 253 253 199 199 260 260 999 999 999 999 999 999 120 120 999 999 

GB-MO 1 253 253 199 199 260 260 198 198 212 212 307 307 120 120 276 276 

GB-MO 2 253 253 199 199 999 999 999 999 212 212 999 999 120 120 999 999 

GB-MO 3 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

GB-MO 4 253 253 199 199 999 999 198 198 212 212 999 999 120 120 259 276 

GB-MO 5 253 253 199 199 260 260 198 198 212 212 307 307 120 120 259 276 

GB-MO 6 253 253 199 199 999 999 198 198 212 212 307 307 120 120 259 276 

GB-S 1 253 253 199 199 260 296 198 198 212 212 307 307 999 999 259 276 

GB-S 2 253 253 199 199 260 296 198 198 212 212 307 307 120 120 259 276 

GB-S 3 253 253 199 199 999 999 999 999 212 212 999 999 999 999 276 276 

GB-S 4 253 253 199 199 260 296 198 198 212 212 999 999 120 120 259 276 

GB-S 5 253 253 199 199 260 260 999 999 999 999 999 999 120 120 999 999 

GB-S 6 253 253 199 199 260 296 198 198 999 999 307 307 120 120 999 999 

GB-S 7 253 253 199 199 260 260 198 198 212 212 999 999 120 120 259 276 

GB-ANC 1 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-ANC 2 999 999 999 999 999 999 198 198 212 212 307 307 999 999 276 276 

GB-ANC 3 253 253 199 199 260 296 198 198 212 212 307 307 120 120 999 999 

GB-ANC 4 253 253 199 199 260 296 198 198 212 212 307 307 999 999 999 999 

GB-ANC 5 234 253 199 199 260 296 198 198 212 212 307 310 999 999 276 276 

GB-ANC 6 234 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-ANC 7 253 253 999 999 260 296 198 198 212 212 307 307 999 999 999 999 

GB-ANC 8 253 253 199 199 260 296 198 198 212 212 307 310 120 120 276 276 

GB-ANC 9 253 253 199 199 999 999 198 198 212 212 307 307 999 999 999 999 

GB-ANC 10 253 253 199 199 260 260 198 198 999 999 307 310 999 999 999 999 

GB-CAN 1 253 253 199 199 999 999 198 198 212 212 307 310 120 120 276 276 

GB-CAN 2 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-CAN 3 234 253 199 199 260 296 198 198 212 212 307 307 999 999 276 276 

GB-CAN 4 253 253 199 199 260 296 198 198 212 212 307 310 120 120 276 276 

GB-CAN 5 253 253 199 199 999 999 198 198 212 212 307 310 120 120 999 999 

GB-CAN 6 999 999 999 999 999 999 198 198 212 212 307 307 999 999 276 276 

GB-CAN 7 253 253 199 199 260 296 198 198 212 212 307 313 120 120 276 276 

GB-CAN 8 253 253 199 199 999 999 198 198 212 212 307 307 999 999 276 276 
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GB-CAN 9 999 999 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-CAN 10 253 253 199 199 999 999 198 198 212 212 307 307 120 120 276 276 

GB-JV 1 999 999 999 999 999 999 198 198 212 212 307 307 999 999 276 281 

GB-JV 2 253 253 199 199 260 296 184 198 212 212 307 307 120 120 276 281 

GB-JV 3 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-JV 4 234 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-JV 5 253 253 199 199 260 260 198 198 212 212 307 307 120 120 276 281 

GB-JV 6 253 253 199 199 260 296 198 198 197 212 307 307 120 120 276 276 

GB-JV 7 234 253 199 199 260 296 198 198 212 212 307 307 112 120 276 276 

GB-JV 8 253 253 199 199 260 296 198 198 212 212 307 307 999 999 276 276 

GB-JV 9 999 999 999 999 999 999 198 198 212 212 307 307 999 999 276 276 

GB-JV 10 253 253 199 199 260 296 198 198 212 212 307 307 999 999 276 281 

GB-JV 11 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 281 

GB-ACP 1 253 253 199 199 260 296 198 198 212 212 300 307 120 120 276 276 

GB-ACP 2 253 253 199 199 260 296 184 198 212 212 307 307 120 120 276 276 

GB-ACP 3 253 253 199 199 260 296 198 198 212 212 307 307 120 120 273 276 

GB-ACP 4 234 253 199 199 260 296 184 198 212 212 307 310 100 100 276 276 

GB-ACP 5 253 253 199 199 260 296 198 198 212 212 307 310 120 120 273 276 

GB-ACP 6 253 253 199 199 260 296 184 198 212 212 307 310 120 120 276 276 

GB-ACP 7 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-ACP 8 253 253 199 199 260 296 198 198 212 212 307 310 120 120 276 276 

GB-ACP 9 234 253 199 199 260 296 198 198 212 212 307 310 120 120 276 276 

GB-ACP 10 253 253 199 199 260 296 184 200 212 212 300 307 120 120 276 276 

GB-ACP 11 253 253 199 199 260 296 198 198 212 212 307 313 120 120 276 276 

GB-ACP 12 253 253 199 199 260 296 198 198 212 212 288 307 120 120 276 276 

GB-ACP 13 253 253 199 199 260 296 184 198 212 212 307 313 112 120 273 276 

GB-ACP 14 253 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

GB-ACP 15 253 253 199 199 260 296 184 198 212 212 288 307 120 132 276 276 

STP-PRI 1 253 253 199 199 260 296 184 198 212 212 307 307 112 120 259 276 

STP-PRI 2 253 253 196 199 260 296 184 200 212 212 307 307 120 120 276 276 

STP-PRI 3 253 253 196 199 260 296 184 198 212 212 307 307 112 120 259 276 

STP-PRI 4 253 253 196 199 260 296 198 198 212 212 307 307 120 120 259 276 

STP-CAB 1 253 253 199 199 260 296 184 198 212 212 300 307 112 120 259 276 

STP-CAB 2 253 253 199 199 260 296 198 198 212 212 307 313 120 120 276 276 

STP-CAB 3 253 253 199 199 260 296 198 198 212 212 300 307 120 120 259 276 

STP-CAB 4 253 253 199 199 260 296 184 198 212 212 303 307 112 120 259 276 

STP-CAB 5 253 253 194 199 260 296 184 198 212 212 303 303 112 120 259 276 

STP-CAB 6 253 253 194 199 260 296 198 198 212 212 307 307 112 120 259 276 

STP-CAB 7 253 253 199 199 260 296 184 198 212 212 307 307 112 120 259 276 

STP-CAB 8 253 253 199 199 260 296 198 198 212 212 307 307 120 120 273 276 

STP-CAB 9 234 253 199 199 260 296 198 198 212 212 307 307 120 120 276 276 

STP-CAB 10 253 253 199 199 260 260 999 999 999 999 999 999 120 120 999 999 

STP-CAB 11 253 253 199 199 260 260 198 198 999 999 303 307 120 120 276 276 

STP-CAB 12 253 253 199 199 260 260 198 198 212 212 303 303 120 120 276 276 

STP-CAB 13 253 253 193 199 260 260 198 198 212 212 307 307 120 120 276 276 
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STP-CAB 14 253 253 199 199 260 260 198 198 212 212 300 303 120 120 276 276 

STP-CAB 15 999 999 999 999 260 260 198 198 212 212 303 307 120 120 276 276 

STP-CAB 16 253 253 199 199 260 260 198 198 212 212 300 307 120 120 276 276 

STP-CAB 17 999 999 199 199 260 260 198 198 212 212 303 303 120 120 276 276 

STP-CAB 18 253 253 193 199 260 260 198 198 999 999 303 307 120 120 276 276 

STP-CAB 19 253 253 193 199 260 260 198 198 212 212 999 999 120 120 276 276 

STP-CAB 20 253 253 199 199 260 260 198 198 212 212 307 307 120 120 276 276 

STP-CAB 21 253 253 193 199 260 260 198 198 212 212 999 999 120 120 276 276 

STP-CAB 22 253 253 199 199 260 260 198 198 212 212 303 307 120 120 276 276 

STP-CAB 23 253 253 199 199 260 260 198 198 212 212 307 307 120 120 999 999 

STP-CAB 24 253 253 199 199 260 260 198 198 212 212 999 999 120 120 999 999 

STP-CAB 25 253 253 199 199 260 260 198 198 212 212 999 999 120 120 276 276 

STP-CAB 26 253 253 193 199 260 260 198 198 212 212 303 307 120 120 276 276 

STP-CAB 27 999 999 999 999 260 260 198 198 212 212 300 300 120 120 276 276 

STP-SAN 1 253 253 194 194 260 296 198 198 212 212 300 307 120 120 276 276 

STP-SAN 2 253 253 194 194 260 296 184 198 212 212 300 307 112 120 259 276 

STP-SAN 3 253 253 194 194 260 296 198 198 212 212 300 307 112 120 259 276 

STP-SAN 4 253 253 194 194 260 296 198 198 212 212 300 307 120 120 259 276 

STP-SAN 5 253 253 194 194 260 296 198 198 212 212 288 300 120 120 276 276 

GAB 1 253 253 190 199 260 296 198 198 212 212 300 300 120 120 276 276 

GAB 2 253 253 190 199 260 296 184 198 212 212 300 300 120 120 276 276 

GAB 3 253 253 199 199 260 296 198 198 212 212 300 307 120 120 259 276 

ANG 1 234 253 194 199 260 296 198 198 212 212 300 307 120 120 276 276 

ANG 2 253 253 194 199 260 296 198 198 212 212 300 307 120 120 276 276 

ANG 3 253 253 194 199 260 296 198 198 212 212 307 307 120 120 276 276 

ANG 4 253 253 194 199 260 296 198 198 212 212 300 307 112 120 259 276 

 

Table 12. Pairwise Jost’D differentiation index values. The abbreviations are the same as in the Table 6.  

Jost’D mau_mg mau_kj mau_md mau_tei gb-me gb-mo gb-s gb-anc gb-can gb-jv gb_unh 

mau_mg                       

mau_kj 1e-04                     

mau_md -0.0094 0                   

mau_tei 1e-04 1e-04 -2e-04                 

gb-me 0.004 0.0025 6e-04 0.0051               

gb-mo 0.0037 0.0029 2e-04 0.0041 -0.0048             

gb-s 4e-04 1e-04 -1e-04 5e-04 -0.0032 -0.0035           

gb-anc 0.0022 -7e-04 0.003 0.0082 0.0025 0.0056 0.0011         

gb-can 0.0015 -0.001 0.0017 0.0063 0.0035 0.0086 0.0016 -0.0027       

gb-jv 0.0011 -2e-04 0.0014 0.0041 0.0046 0.0049 8e-04 0 0     

gb_unh 0.0061 0 0.007 0.0049 0.0092 0.0215 0.0099 1e-04 0 0.0015   

 


