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Mangrove forests are dynamic ecosystems found along low-lying coastal plains along tropical, subtropical, and some warm-temperate coasts, predominantly on tidal flats fringing deltas, estuaries, bays, and oceanic atolls. These landforms present varied hydrodynamic and geomorphological settings for mangroves to persist and could influence the extent of within-site propagule transport and subsequent local regeneration. In this study, we examined how different landform characteristics may influence local genetic diversity, kinship, and neighborhood structure of mangrove populations. To do so, we considered independent populations of Avicennia marina, one of the most abundant and widespread mangrove species, located in estuarine and coastal bay environments spread across the Western Indian Ocean region. A transect approach was considered to estimate kinship-based fine-scale spatial genetic structure using 15 polymorphic microsatellite markers in 475 adult A. marina trees from 14 populations. Elevated kinship values and significant fine-scale structure up to 30, 60, or 90 m distances were detected in sheltered systems void of river discharge, suggesting a setting suitable for very local propagule retention and establishment within a neighborhood. Slopes of a linear regression over restricted distance within 150 m were significantly declining in each sheltered transect. Contrastingly, such a spatial structure has not been detected for A. marina transects bordering rivers in the estuarine systems considered, or alongside partially sheltered creeks, suggesting that recruitment here is governed by unrelated carried-away mixed-origin propagules. South African populations showed strong inbreeding levels. In general, we have shown that A. marina populations can locally experience different modes of propagule movement, explained from their position in different coastal landforms. Thus, the resilience of mangroves through natural regeneration is achieved by different responses in coastal landforms characterized by different hydrodynamic conditions, which can be important information for their management and protection within the variety of coastal environments.
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INTRODUCTION

The ability of a species to persist in changing environments depends on the interacting effects of phenotypic plasticity, the potential to adapt to new conditions, and the capacity to disperse and colonize suitable habitats (Hampe, 2011; Reed et al., 2011; Urban et al., 2014; Fox et al., 2019). Hence, in order to predict the response of species to changing environmental conditions, it is important to understand the physical and biological processes that structure their dispersal and connectivity patterns. Such knowledge provides insight into the ecology and biogeographical ranges of species; nonetheless, it is also being increasingly used to inform their local conservation (Balbar and Metaxas, 2019).

Direct measurements of dispersal pathways and estimation of connectivity can be challenging, particularly in nearshore marine and intertidal coastal species where the transport of offspring may cover extensive distances. Gene flow in these systems is determined by the interaction of coastal topography, habitat availability, and “chaotic” flow fields (Banks et al., 2007; Johansson et al., 2008; Nicastro et al., 2008; White et al., 2010; Durrant et al., 2018), resulting in connectivity patterns that are typically stochastic in nature (Siegel et al., 2008; Williams and Hastings, 2013). As an example, erratic on-shelf currents were found to restrict dispersal and limit population connectivity in a coastal snail species with long pelagic larval duration (Teske et al., 2015). Habitat heterogeneities may influence dispersal (and establishment) and thus create distinct patterns of spatial genetic diversity. Coastal bays, for example, may act as retention zones promoting settlement and recruitment, due to reduced flow rates, recirculation, and oceanographic features such as fronts and eddies that originate from the interaction of alongshore coastal currents with headlands (Graham and Largier, 1997; Archambault and Bourget, 1999; Shanks et al., 2003; Roughan et al., 2005). Estuaries are characterized by flow dynamics at the interface between freshwater river discharge and saline coastal waters, whereas sheltered parts of coastal bays undergo circulation dynamics in the absence of river flow. Differences in genetic structure and diversity have been observed between bays and open coasts for a variety of species associated with differences in hydrodynamic stress (Nicastro et al., 2008). Similarly, evidence for genetic differentiation between estuarine and open-coast ecotypes of the seaweed Hormosira banksii has been found (Coleman et al., 2018). Despite the importance of identifying the influence of environmental settings on a species’ dispersal characteristics and the genetic structure of populations, only recently did a few studies consider potential differences in genetic structure and diversity between mangrove populations that occupy different environmental settings (Hasan et al., 2018; Chablé Iuit et al., 2020; Triest et al., 2020), whereas several fine-scale genetic structure (FSGS) analyses delivered relevant information and revealed patterns at the within-site level (Céron-Souza et al., 2012; Mori et al., 2015; Millán-Aquilar et al., 2016; Do et al., 2019).

Mangroves represent characteristic intertidal forests along the coastline of tropical, subtropical, and some warm-temperate regions. They function as important nursery habitats for a variety of fish species and invertebrates (Lefcheck et al., 2019), and they support the livelihoods of coastal human populations as a source of food (e.g., fish) and wood products (Barbier et al., 2011). Their robust and complex aerial root networks dissipate wind and swell waves and present a natural defense against coastal erosion and storm damage (Gedan et al., 2011; Temmerman et al., 2013). Moreover, mangroves have been recognized in the context of climate change mitigation through their important role in carbon sequestration (Howard et al., 2017). Despite the numerous ecosystem services that mangroves provide, they are facing a number of threats across different parts of their range, such as the conversion to aquaculture and agriculture, urban development, and pollution, driving deforestation and fragmentation (Richards and Friess, 2016; Thomas et al., 2017; Bryan-Brown et al., 2020).

The genetic structure and diversity of mangrove populations is determined by the cumulative effect of insect, wind, and bird pollination (Hermansen et al., 2014; Wee et al., 2015) and the transport, establishment, and survivorship of water-buoyant propagules (Rabinowitz, 1978). Hence, genetic structure in these systems depends on the interaction of biological factors, such as propagule abundance, predation, and establishment (e.g., Rabinowitz, 1978; Smith, 1987; McKee, 1995; Clarke et al., 2001; Balke et al., 2011), and abiotic factors, such as the local atmospheric and oceanographic circulation regimes (including tides) (e.g., Stieglitz and Ridd, 2001; Van der Stocken et al., 2015, 2019b). The relative influence of these factors may differ strongly among the coastal settings where mangroves are found, including bays, estuaries, and atolls, and may control local establishment and forest structure (Thom, 1982; Twilley, 1995). Rhizophora mangle L. showed FSGS in different hydrological conditions of Caribbean mangroves (Yucatan, Mexico) broadly categorized as a bay, lagoon, or coast and indicated an extended structure along a river (Chablé Iuit et al., 2020). A comparison of FSGS in Avicennia and Rhizophora species from the same coastal area demonstrated a longer distance dispersal effect of the larger-sized and elongated propagules of Rhizophora. Avicennia mostly shows higher kinship values over similar within-site distances than Rhizophora (Céron-Souza et al., 2012; Do et al., 2019).

In this study, we tested the hypothesis that, through its influence on dispersal and establishment, differences in the physical nature of these coastal landforms influence the extent of within-site genetic structure in Avicennia mangrove populations. FSGS results from propagule dispersal within a neighborhood and settlement processes in the near past, of which the effects have structured populations of current adult trees. Bays are expected to harbor sheltered zones, whereas mangroves in estuarine habitats are also exposed to the hydrodynamic forces provided by river flow. More specifically, based on a genetic diversity analysis of A. marina populations positioned within a variety of coastal bay and estuarine environments, we aimed to (1) examine and compare FSGS for populations in different physical settings and (2) estimate which coastal landform would allow for a locally established structure. To do so, we examined FSGS of the pioneer mangrove species A. marina (Forsk.) Vierh., using samples from 14 populations located in different coastal settings as could be found in the Western Indian Ocean (WIO) region. To ensure a high resolution for detecting kinship-based FSGS, we selected 15 nuclear microsatellite markers that were polymorph at the within-site level.



MATERIALS AND METHODS


Study Area

We considered mangrove populations from different coastal bay and estuarine environments that are well separated geographically, an important condition to test our hypothesis by avoiding pseudo-replicates within the same local system or along the same river. We sampled either in sheltered zones without any direct influence from river discharge in the bay or in fringing tidal rivers in estuarine systems. We assume that contrasting local hydrodynamics associated with different coastal landforms will reflect different FSGSs regardless of their inter-population variability at the regional scale, as it concerns a within-site process. Data were collected from 14 different mangrove populations in the WIO region (Figure 1), located in an overarching broad category of either a coastal bay or estuarine setting, though showing important differences in their physical nature (Table 1). More specifically, sampled populations are located along the coastline of Mozambique (MOZ1–MOZ6), the Republic of South Africa (SAF1–SAF4), northwestern Madagascar (MAD1 and MAD2), and the oceanic islands Mayotte (MAY) and Europa (EUR). Eight populations are from coastal bays (of which six represent a sheltered environment void of rivers and two with tidal creeks), and six populations are bordering a river within an estuarine environment (Supplementary Figure 1 and Table 1). Variability of environmental settings could be noted. Within a broad “coastal bay” class, MOZ4 is a population along a sand bar though also expanding further across a wide creek, and MOZ6 was located along a creek, thereby exposed to hydrokinetic energy form multiple directions, in contrast to six sheltered populations void of creeks or continuous river flow (Supplementary Figure 1). In the “estuary” class, two river populations are located in an estuary with temporarily closed mouth conditions (SAF1 and SAF3), restricting tidal exchange (Supplementary Figure 1). Additionally, SAF4 consists of a small estuarine population that was sampled partly along a river and partly in a higher intertidal patch.
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FIGURE 1. Sampled Avicennia marina populations in the Western Indian Ocean Region. Population codes are denoted in Table 1. Coastal landform maps with transect details of each population are in Supplementary Figure 1. Map generated using the Quantum Geographical Information System, version 2.18.13 (www.qgis.org). Basemap source: Google Satellite. Country boundaries are from Natural Earth.



TABLE 1. Location details and coastal landform features of 14 Avicennia marina populations in the Western Indian Ocean region, considered for fine-scale genetic analysis.
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Study Species and Sample Collection

Avicennia marina is a widely distributed and pioneer mangrove species found across the Indo-Pacific, between latitudes 25°N and 38°S. In the studied area of the WIO, this mangrove species is very common. A total of 475 A. marina individual trees were sampled (Table 1). GPS coordinates of every individual tree along each transect were taken. Transect locations either were in a non-channelized, tidal-influenced sheltered area or, alternatively, were at close hydrological proximity along the edge of a river or across a creek. Transects were 200 to 4,680 m depending on the available mangrove patches within the area. Gaps between mangrove patches were included in the total distance because the fine-scale analysis focused on pairs of individual trees within short distances of 150 m, regardless of the patch where they occur. The number of sampled trees was 34 on average and ranged from 26 to 40 per transect. Short-distance intervals of at least 30 m were considered whenever A. marina trees were present over that short distance.



DNA Extraction and Microsatellite Primers

Genomic DNA was extracted from approximately 20 mg of dried leaf tissue using the EZNA SP plant DNA Mini Kit (Omega Bio-Tek, Norcross, GA, United States). Two multiplex polymerase chain reactions (PCRs) consisted of 15 microsatellite markers in total, chosen for their allelic polymorphism within a population, hence suitable for fine-scale analysis (Supplementary Table 1). Seven markers for A. marina were previously developed by Geng et al. (2007), three by Maguire et al. (2000), one by Teixeira et al. (2003), and four by Triest et al. (2020). Primers were fluorescent-labeled with four different dye labels (6FAM/VIC/NED/PET), and a primer mix was made by mixing 0.2 μM of each primer together. Multiplex PCRs consisted of 6.25 μl Master Mix (Qiagen Multiplex PCR Kit), 1.25 μl primer mix, 2.5 μl H2O, and 2.5 μl genomic DNA. PCR was performed in a thermal cycler (Bio-Rad MyCycler) with the following conditions: an initial denaturation of 95°C for 15 min followed by 35 cycles of 30 s denaturation at 95°C, 90 s annealing at 57°C, and 80 s elongation at 72°C followed by a final extension of 30 min at 60°C. PCR products were separated on an ABI3730xl sequencer (Macrogen, Seoul, South Korea), and allele sizes were determined with GeneMarker V2.60 (SoftGenetics LLC, State College, PA, United States).



Genetic Analyses

Prior to population- and individual-based data analyses, we tested for genotypic disequilibrium, potential null alleles, and overall resolution of the 15 microsatellite markers in A. marina. A linkage test between all pairs of loci (1,000 permutations) gave no genotypic disequilibrium at the 0.05 level using FSTAT (v.2.9.3) (Goudet, 2001). No scoring errors, large allele dropouts, or null alleles were indicated using MICRO-CHECKER (van Oosterhout et al., 2004). The probability of identity (PI), namely, whether two individuals could share an identical multilocus genotype by chance using GenAlEx (v.6.5; Peakall and Smouse, 2012), gave a cumulative probability of identity for all polymorphic loci in each site of 1.7 × 10–2 to 7.9 × 10–9, thereby providing ample resolution, even for siblings, potentially present in our fine-scale sampling design, which reached a PI of 1.2 × 10–2 to 4.2 × 10–4.

Basic descriptive population genetic variables of A. marina were measured for each site: total number of alleles (A), mean number of alleles (AM), effective number of alleles (AE), allelic richness (AR) for 17 diploid samples, observed heterozygosity (HO), unbiased expected heterozygosity (uHE), and population inbreeding coefficient (FIS)—with a 1,000-permutation test—using FSTAT and GenAlEx. The descriptive genetic structure among sites (FST), inbreeding within sites (FIS), overall inbreeding (FIT), and a pairwise genotypic differentiation matrix (FST) were calculated via AMOVA-FST at 999 random permutations using GenAlEx v.6.5. The overall FIJ kinship coefficient (Loiselle et al., 1995) for all pairs of individuals of within-site comparisons was tested as a first exploratory approach and obtained for an equal number of pairwise comparisons (in casu 825 pairs) within each class. These were generated at 10 distance classes of 0.04, 0.08, 0.14, 0.22, 0.31, 0.45, 0.77, 1.20, 1.95, and 4.68 km, as obtained by SPAGeDi 1.5a (Hardy and Vekemans, 2002) and using the within category as a reference. On the basis of that overall outcome and obtained significant kinship values, we then subsequently tested the FIJ kinship coefficient again for all within-site comparisons using five shorter equal distance classes within 0.5 km (0–0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4, and 0.4–0.5 km) and within 0.15 km (0–0.03, 0.03–0.06, 0.06–0.09, 0.09–0.12, and 0.12–0.15 km). The latter distance classes yielded the best resolution and were considered throughout this study to estimate the fine-scale spatial autocorrelation of individuals of mangrove populations for each transect level (N = 14). We computed the slope (-b) of linear regressions between pairwise genetic coefficients and geographical distance over the restricted distance of 0.15 km, using SPAGeDi with 1,000 permutations. The Sp-statistic which is proposed as an informative parameter about survival strategy for diploids was calculated as Sp = −blog/(1 − F1) (Vekemans and Hardy, 2004), where blog is the slope of the ln regression and F1 represents the average kinship coefficient (FIJ) between neighboring individuals in the first distance class (0–30 or 0–60 m in this study).

A Fisher exact test for a 2 × 2 contingency table was obtained for the presence/absence of FSGS and for two scenarios with the predictor groups “bay” (N = 8) versus “estuary” (N = 6) and the predictor groups “sheltered” (N = 6) versus “exposed” (N = 8) (see Table 1 for these categories of each population). Additionally, a Mann–Whitney U-test was performed for the same two scenarios using three informative variables of an FSGS: the Fij kinship values of the significant distance class (zero in case of no FSGS), the b-slope values, and the Sp-statistic value. Two groups of sites classified under “sheltered” (N = 6) or “exposed” (N = 8) were each considered for a spatial autocorrelation within 0.15 km (0–0.03, 0.03–0.06, 0.06–0.09, 0.09–0.12, and 0.12–0.15 km) and tested for significance with 1,000 permutations using each within category as a reference. The same two groups (sheltered and exposed) were tested for differences in their AR, HO, HE, FIS, and FST using 1,000 permutations in FSTAT.



RESULTS


Genetic Diversity Levels and Overall Structure

A total of 92 (22–65 per population) alleles were observed in the 15 loci considered, with a mean number of alleles (AM) ranging between 1.5 and 4.3, an effective number of alleles (AE) between 1.2 and 2.6, and an adjusted allelic richness (AR) between 1.4 and 3.9 (Table 2). The overall observed heterozygosity (HO = 0.251) was lower than the expected heterozygosity (uHE = 0.315). The within-population inbreeding (mean FIS = 0.232; p < 0.001) ranged from 0.094 to 0.642 and was significant for eight transects, of which the South African estuarine mangrove populations showed the highest level of inbreeding (Table 2). Overall, we observed very similar amounts for basic population genetic variables for A. marina populations in the different coastal landforms. The lowest allele and gene diversities, coinciding with the highest inbreeding values, were observed in two South African estuarine populations (SAF1 and SAF2). However, low but significant levels of inbreeding could also be observed in the highly diverse coastal bay populations of MOZ1, MAY, and EUR.


TABLE 2. Population genetic variables of 14 Avicennia marina populations in the Western Indian Ocean region and used for fine-scale genetic structure analysis.

[image: Table 2]AMOVA results revealed that only 16% of the genetic variation was explained among individuals, whereas 54% of A. marina genetic variation came from within individuals and 30% was explained among the different populations (Table 3). Pairwise genetic differentiation ranged from 11% to 65% with all populations being significantly different at p < 0.001 (Supplementary Table 2). Estimates of genetic divergence were lowest along the coastline of Mozambique (e.g., FST = 0.109 between MOZ3 and MOZ5; FST = 0.100 between MOZ2 and MOZ3) and highest along the South African coast (e.g., FST = 0.648 between SAF1 and SAF2, Supplementary Table 2).


TABLE 3. Summary of AMOVA and F-statistics of Avicennia marina for 14 populations in the Western Indian Ocean region.
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Fine-Scale Genetic Structure

The overall FIJ kinship coefficient for all within-site comparisons considering even sample sizes in 10 distance classes revealed positive kinship values within the shortest distance classes of 0.04 km (FIJ = 0.023; p < 0.001) and of 0.08 km (FIJ = 0.009; p = 0.015; Figure 2). The kinship value (FIJ) decreased significantly over the full distance (slope of a linear regression b = −0.009 at p = 0.007). A detailed analysis of FSGS for each separate A. marina transect revealed an intra-individual kinship ranging from FIJ = 0.087 to FIJ = 0.649, the latter being in agreement with the population inbreeding values (Table 4). When considering distance classes of 30, 60, 90, 120, and 150 m, in order to detect a spatial structure from the autocorrelation of individuals within each transect separately (N = 14), most of the significant elevated kinship values appeared within 30 and 60 m, and once at 90 m (Table 4). The following populations showed a significant FSGS up to 30 m (MAY and EUR), up to 30 and 60 m (MAD1 and MAD2), up to 60 m (MOZ3), or up to 90 m (MOZ1). In fact, these six sheltered populations showed FSGS, not only for the multiple loci but also for several (three to five) single loci (Table 4). The slopes of the linear regressions (over restricted distance within 150 m) were all declining and ranged from b = −1.223 (p = 0.002) in MAD2 to b = −0.154 (p = 0.054) in MAY (Table 4). The regression slope was not significant when higher kinship values were further at 60 or 90 m. Most estuarine populations along the African coast did not show any sign of spatial structure (MOZ2, MOZ4, MOZ5, MOZ6, SAF1, and SAF3) for multiple loci and were not informative for any single locus (Table 4). Only SAF2 and SAF4 showed higher kinship values at 30 m, though only for one or two loci, which coincides with homozygosity, fixed loci, and pronounced inbreeding (Table 2). The outlier value for SAF2 (Table 4) should be interpreted cautiously because of a limited number of pairwise comparisons giving a coefficient of variation lower than 50%, which is considered insufficient. SAF4 consists of a small estuarine population that was sampled partly along a river and partly in a higher intertidal, but sample numbers were too low to analyze both conditions separately.


[image: image]

FIGURE 2. Fine-scale genetic structure of Avicennia marina populations (N = 14) from mangroves in the Western Indian Ocean region, using even sample size over 10 distance classes. Significant elevated kinship (FIJ) values were only within the shortest distance classes of 41 m (***p < 0.001) and 84 m (*p < 0.05) though not observed beyond hundreds of meters or a few kilometers. The slope of the regression over the full distance was b = –0.009 (p < 0.01).



TABLE 4. Kinship values for five distance classes and linear slope b over 0–150 m for 14 Avicennia marina populations in the Western Indian Ocean region (***p < 0.001; **p < 0.01; *p < 0.05); Sp-statistic as an informative parameter for survival strategy; (°) FIJ of Mayotte within 15 m; NA, not applicable because of the too low proportion of individuals represented in the interval; N loci, the number of single loci out of 15 that showed significant higher kinship values for at least one of the distance classes.

[image: Table 4]A Fisher exact test of the presence/absence of FSGS for the predictor groups “bay” versus “estuary” was non-significant, whereas it was found significant (p < 0.01) for the predictor groups “sheltered” versus “exposed.” A Mann–Whitney U-test for comparison of the same abovementioned groups for their b-slope (of the FSGS) appeared non-significant for the groups “bay” versus “estuary” in contrast to the groups “sheltered” versus “exposed” which were found to be different at p = 0.04. A similar Mann–Whitney U-test for kinship value was not significant for “bay” versus “estuary,” whereas “sheltered” versus “exposed” was different at p = 0.02.

The Sp-statistic was zero or extremely low (Sp = 0–0.007) for five “exposed” sites fringing a river (MOZ4, MOZ5, MOZ6, SAF1, and SAF3) but were most elevated (Sp = 0.010–0.098) for six “sheltered” sites (MOZ1, MOZ3, MAD1, MAD2, MAY, and EUR). Within the “estuary” category, MOZ2 and SAF4 had an intermediate value (Sp = 0.015 and 0.028, respectively), whereas SAF2 showed an outlier value (Sp = 0.384). The latter outlier corresponds to the site with the lowest allelic richness (AR = 1.4), highest inbreeding levels (FIS = 0.642), and a coefficient of variation < 50%, hence uninformative. A Mann–Whitney U-test showed that the Sp-value was significantly higher for the category “sheltered” (N = 6) than for “exposed” (N = 8; p = 0.02).

Based on these findings, we considered “sheltered” versus “exposed” systems for further fine-scale spatial autocorrelation estimates beyond the site level. The analysis of FSGS within the six populations of the category “sheltered,” considering five distance classes of 30 m interval (Figure 3), revealed significant kinship values for the shortest distance classes at 30 m (FIJ = 0.031, p < 0.001; N pairs = 455) and 60 m (FIJ = 0.017, p = 0.002, N pairs = 450). The linear slope of the regression over 150 m was b = −0.561 (p < 0.001). The eight “exposed” sites (Figure 4) showed no significant FSGS with weak kinship values at 30 m (FIJ = 0.015, p > 0.05, N pairs = 140). The linear slope of the regression over 150 m was b = −0.350 (p > 0.05). A comparison of population genetic variables between the two groups of coastal settings considered in this study revealed no significant (p > 0.05) differences in their levels of AR, HO, HE, FIS, or FST, thereby indicating the local effect of coastal landforms on FSGS, regardless of the basic diversity of populations from independent systems.
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FIGURE 3. Fine-scale genetic structure of Avicennia marina populations (N = 6) from sheltered mangroves in bays in the Western Indian Ocean region. Five distance classes of 30 m interval showed significant kinship (FIJ) values for the first distance classes (***p < 0.001; **p < 0.01). The slope of the regression over 150 m was b = –0.56 (p < 0.001).
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FIGURE 4. Fine-scale genetic structure of Avicennia marina populations (N = 8) along exposed mangroves bordering estuarine rivers and creeks in the Western Indian Ocean region. Five distance classes of 30 m interval showed no significant kinship (FIJ) values. The slope of the regression over 150 m was b = –0.35 (non-significant).




DISCUSSION

Mangroves typically thrive in low-energy coastal habitats, such as tidal flats fringing estuaries and coastal bays. The geophysical energies in these environments still may differ strongly. Estuaries are characterized by flow dynamics at the interface between freshwater river flow and saline coastal waters, whereas coastal bays undergo circulation dynamics where river discharge may be absent. In this study on the widely distributed mangrove species A. marina, we estimated the potential effect of different coastal landforms on the fate of propagule dispersal and establishment of populations, as indicated from their FSGS. Since local hydrodynamics control the within-site distribution of mangrove propagules and influence seedling establishment, variations in hydrodynamic forces between these environments resulted in observable variations of FSGS.

Our results revealed a clear tendency for FSGS over short distances of 30 to 60 m in the sheltered populations considered in our study. These environmental settings are presumed to be of lower hydrodynamic energy, such as found in high intertidal A. marina zones (Triest et al., 2020). Obviously, when sheltered conditions are prevailing throughout the life span of an A. marina patch, an FSGS may remain detectable. Of the high propagule load that can be expected from the high fecundity values observed for A. marina (Clarke, 1992), only a reduced proportion may viably reach a suitable habitat, anchor, and develop into fully grown adult trees (Dahdouh-Guebas et al., 1998; Balke et al., 2011). Reduced flow rates may restrict dispersal and promote local establishment and regeneration, with the established trees thus leaving a trace of elevated kinship values compared to the population’s average kinship value. Such traces have also been detected in other studies within spatial stretches of a few meters up to several hundreds of meters (Mori et al., 2015; Do et al., 2019; Chablé Iuit et al., 2020; Triest et al., 2020), and it has been shown that kinship can also be enhanced when populations became severely fragmented and confined within artificial dikes (Hasan et al., 2018). Sp-values for A. marina, whenever showing FSGS, are among the ranges reported for mixed mating systems in general (Vekemans and Hardy, 2004) and, more importantly, a dispersal mode suggesting local conditions of retention. FSGS detectable up to distances of 30 m (or 60 m) corresponded to more sheltered environmental settings that are void of large rivers. The Sp-values that we obtained for A. marina in sheltered sites (Sp = 0.010–0.098, average Sp = 0.053) are mostly higher than the Sp-values previously reported for Avicennia germinans (L.) Stearn populations from Northwestern Mexico, which ranged from Sp = 0.002 to 0.015 in adult trees, although these could increase for saplings up to Sp = 0.035 (Millán-Aquilar et al., 2016).

In contrast, our findings showed that dynamic conditions for non-sheltered areas, resulting from the interplay of physical forces such as river flow, tides, and winds, left no trace of FSGS. Reduced levels or absence of FSGS can be expected particularly for lower-intertidal mangroves fringing the same water channel (e.g., MOZ5, SAF1, and SAF3), where longer hydroperiods and the interaction of river flow and tides may promote high longitudinal (i.e., along-channel) connectivity. This is consistent with recent findings from a study exploring the FSGS along eight A. marina transects, in relation to the local water channel network structure (Triest et al., 2020). In that study, admixed gene pools without any FSGS were found in mangrove sites located along an estuarine river channel that runs near parallel to the directionality of the tidal currents. In addition, the lack of a clear genetic structure for most along-channel sites, even at distances as short as 5–20 m, resulted in a very low Sp-statistic (Sp = 0.001–0.008; Triest et al., 2020) that is within the low range of Sp-values that we found in this study for non-sheltered sites. An overall estimate of Sp = 0.019 was obtained for A. germinans in Caribbean and Pacific estuaries of Panama (Céron-Souza et al., 2012). The first distance classes considered in each of these studies and our study are comparable, being 0–30 or 0–60 m (this study), 0–50 m (Millán-Aquilar et al., 2016), and 0–100 m (Céron-Souza et al., 2012). However, despite comparable minimal distances, the range of Sp-values for these Avicennia species is only comparable for the non-sheltered systems considered in this study, whereas Sp-values for our “bay” systems are among the highest and correspond to gravity dispersal (hence a very restricted/short-distance dispersal).

Avicennia trees produce water-buoyant propagules that consist of a single embryo surrounded by a thin pericarp (Tomlinson, 2016). As these propagules are rather small, “resembling flattened olives” (Rabinowitz, 1978), retention rates during dispersal through the forest’s root and stem network are expected to be low, compared to propagules from other mangrove species (Van der Stocken et al., 2019b). Several studies on A. marina have reported propagule floating and viability periods of several days to weeks (Clarke et al., 2001; Clarke and Myerscough, 1991; Steinke, 1986), but floating periods of several months have been reported in other Avicennia species (Alleman and Hester, 2011; Rabinowitz, 1978) and may vary greatly among estuaries (Steinke, 1986). Gene dispersal of A. germinans and R. mangle was considered to remain usually limited within estuaries (Céron-Souza et al., 2012). A comparison of FSGS in Avicennia and Rhizophora species from the same coastal site allows us to examine the potential effect of the larger-sized and elongated propagules of Rhizophora. Avicennia mostly shows higher kinship values over similar distances than Rhizophora (Céron-Souza et al., 2012; Do et al., 2019). R. mangle showed an FSGS up to 90 m in different hydrological conditions of Caribbean mangroves (Yucatan, Mexico) such as a bay, lagoon, or coast and up to 240 m along a river (Chablé Iuit et al., 2020). These most likely reflect lower hydrodynamic energy when compared to the Cameroon estuary complex in a high-rainfall area where Rhizophora racemosa showed no or only limited autocorrelation within 25 m (Ngeve et al., 2017).

Propagule loads that encounter no or few nearby physical barriers while being transported away from the location of the parent tree may become in a sense diluted and mixed with unrelated propagules from other local provenances and settle as a mixture from different cohorts at suitable locations. For mangrove patches resulting from the establishment of such “mixed” propagule cohorts, the kinship value becomes very low or is usually absent and shows no relationship with the neighborhood, hence no FSGS. The Sp-values (often 0 but up to Sp = 0.028) that we found for A. marina in sites bordering a river or a creek is among the ranges reported for outcrossing trees in general (Vekemans and Hardy, 2004) and of dispersal over considerable distances beyond the near surroundings of the parent tree. While most sites fringing a river were clearly without FSGS, two sites (SAF2 and SAF4) showed elevated kinship values at the shortest distance class considered (30 m). This involved methodological constraints due to high levels of inbreeding with fixed loci and only one variable microsatellite locus contributing to kinship estimation. An aberrant outlier value of Sp = 0.384 for SAF2 (Mlalazi River) far outside ranges reported by Vekemans and Hardy (2004) points at a methodological issue as it is not based on evidence of congruent polymorphism and thus remains uninformative to reflect a local structure. The identified pressures in SAF2 are sedimentation of a river mouth that is kept open to allow expansion and that in SAF4 are harvesting, trampling, and sand extraction for the same locations mentioned under Mlalazi and Mngazana by Adams and Rajkaran (2020). The South African estuarine populations SAF1 and SAF3 also showed strong inbreeding levels that are most likely due to the recurrent closing of the river mouth, lowering the chance of external propagule input as discussed by De Ryck et al. (2016) in comparison to East African Avicennia populations. The pressures in mangrove areas of SAF1 and SAF3 are related to mouth restriction such as freshwater inflow and siltation of these same locations mentioned under St. Lucia and Mngeni by Adams and Rajkaran (2020). However, these estuary types did not render a detectable FSGS, suggesting that wind action or temporal interaction of river flow and tides during open-mouth conditions may be sufficient to mix propagules before their establishment. Additionally, during closure periods with freshwater floods, there could be sufficient mixing of propagules, however associated with a die-back of A. marina (Adams and Rajkaran, 2020).

Overall, our findings provide evidence that coastal regions, characterized by different “energy signatures” (sensu Twilley, 1995), can be an important variable to consider in (mangrove) dispersal and connectivity studies that aim to explain local patterns of genetic structure. Large-scale patterns of dispersal and population connectivity in mangroves have been estimated using Lagrangian particle-tracking methods in combination with output from ocean general circulation models (e.g., Van der Stocken et al., 2019a), whereas other studies have used maps and general descriptions of large-scale ocean surface currents to explain observed mangrove population genetic structure (e.g., De Ryck et al., 2016; Wee et al., 2020). While such studies become increasingly possible due to the continuous efforts to increase the availability of oceanographic data and information products, estimating local- and regional-scale dispersal and connectivity patterns within and among mangrove areas in close proximity (a few km to tens of km) remains challenging (Chablé Iuit et al., 2020; Triest et al., 2020). In contrast to large-scale data products, high-resolution input data required for local simulations (e.g., topography, time series of water level, and discharge) are seldom readily available and often require complex and expensive field measurement campaigns. Very important pressures on mangrove areas are the estuary mouth dynamics and anthropogenic-induced habitat removal or freshwater inflow reduction causing a change in population structure and overall degradation with eventual die-back of Avicennia trees and shrubs (Adams and Rajkaran, 2020). From our study, we can put forward that the resilience of mangroves through natural regeneration is achieved by different responses for settings with different hydrodynamic conditions, which can be important information for their management and protection within the variety of coastal environments. Hence, examining the genetic structure of mangrove species in different coastal and marine landforms can be considered an important step toward a more comprehensive understanding of the influence of different coastal settings on patterns of dispersal and establishment in mangrove forests. Indeed, environmental conditions may have changed from the moment of propagule establishment and during the time of development into the mature stands that are usually being sampled in genetic studies. Highly polymorphic genetic data at the individual mangrove tree level, such as used in this study, therefore may shed light on how mangrove trees—once at the seedling stage—became established in mangrove patches through hydrochorous dispersal that may have happened over various distances ranging from the shortest distances near the parent tree neighborhood (i.e., gravity dispersed) up to greater distances within or beyond the coastal landform harboring mangrove areas.
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Code Country Location N Latitude Longitude Coastal landform features
Bay/estuary Sheltered/exposed to channelized flow

MOZ1 Mozambique Pemba; Pemba Bay 31 —13.00238304 40.51284897 Bay Sheltered

MOZ2 Mozambique Quelimane; Bons Sinais Estuary 30 —17.87254597 36.85639501 Estuary Exposed: Cuacua River and Licuari River
with highly seasonal, torrential flow regime

MOZ3 Mozambique Vilankulo; Vilanculos Bay 27 —22.15755 35.44130278 Bay Sheltered

MOZ4 Mozambique Miramar; Inhambane Bay 35 —23.809925 35.50176389 Bay Exposed (to a wide creek) and partially
sheltered (along a sand bar dune);
Mutamba River further south, though no
direct influence

MOZ5 Mozambique Limpopo River Estuary 36 —25.18706667 33.52033889 Estuary Exposed (~0.5-km-wide channel)

MOZ6 Mozambique Inhaca: Maputo Bay 32 —26.00185999 32.91781004 Bay Exposed (to a wide creek)

SAF1  Republic of South Africa  St. Lucia Estuary 32 —28.38088889 32.42183056 Estuary Exposed (~0.25-km-wide channel; closed
river mouth)

SAF2  Republic of South Africa  Mlalazi Estuary 29 —28.95485833 31.77525 Estuary Exposed (~0.15-km-wide channel)

SAF3  Republic of South Africa Mgeni Estuary 33 —29.80233056 31.04266389 Estuary Exposed (probably limited; samples along a
~0.01-km-wide creek near the temporarily
open/closed river mouth)

SAF4  Republic of South Africa  Mgaleni; Mngazana Estuary 40 —31.69288333 29.413875  Estuary Exposed (~0.12-km-wide channel; transect
partly along river and partly in higher
intertidal zone)

MAD1 Northeast Madagascar ~ Ramena; Androvobazaha Bay 31 —12.25759722 49.34206111 Bay Sheltered

MAD2 Northwest Madagascar ~ Andilana 29 —13.25263056 48.18172778 Bay Sheltered (slightly and next to sandy beach)

MAY  Mayotte Island Malamani; Boeni Bay 60 —12.92137648 45.15335278 Bay Sheltered

EUR Europa Island Grand Lagoon 30 —22.38205833 40.36659167 Bay Sheltered

Maps of coastal landform and transect details of each population are provided in Supplementary Figure 1.
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CODE NAME N A Ay Ar Ap Ho uHg Fis

MOZ1  Pemba 31 59 39 21 35 0308 0.393 0.221*
MOZ2 Quelimane 30 65 43 26 39 0418 0457 0.087
MOZ3 Vilanculos 26 44 29 18 28 0.348 0.386 0.100

MOzZ4  Barra 35 45 30 18 27 0307 0.344 0.109
MOZ5  Limpopo 36 48 32 19 29 0313 0.345 0.094
MOZ6  Inhaca 32 40 27 18 25 0263 0.305 0.141

SAF1 St. Lucia 32 31 21 12 19 0048 0.111 0.572*
SAF2  Mialazi 29 22 15 13 1.4 0051 0.140 0.642*
SAF3  Mgeni 33 39 26 1.7 23 0.182 0.294 0.386*

SAF4  Mngazana 40 41 27 16 25 0.162 0.270 0.404*
MAD1  Ramena 29 49 33 19 30 0356 0411 0.137
MAD2  Andilana 27 41 27 17 25 0226 0315 0.288*
MAY Mayotte 60 52 35 18 28 0313 0.361 0.134*
EUR Europa 30 50 33 1.7 29 0227 0.279 0.190"
MCA  Total/mean 34 92 3.0 18 39 0251 0315 0.232"*

N, Average number of samples; A, total number of alleles; Am, mean number of
alleles; Ag, effective number of alleles; AR, allelic richness at k = 17; Hp, observed
heterozygosity; uHg, unbiased expected heterozygosity; Fis, inbreeding coefficient.
Significance levels are indicated as follows: ***significant at p < 0.001, **significant
atp < 0.01, “significant at p < 0.05, and ns: not significant.





OPS/images/fmars-08-617855-t003.jpg
No regions df SS MS Est % F- p-value
Var. statistics

Among Populations 13 957,375 73,644 1.045 30% Fst =0.299 0.001
Among Individuals 461 1,393,102 3,022 0.568 16% Fjs =0.232 0.001
Within Individuals 475 895,500 1,885 1.885 54% F;r =0.461 0.001
Total 949 3,245,978 3.499 100%

df, degrees of freedom,; SS, sum of squares; MS, mean of squares;% Est. Var,
estimated variance.
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POP CODE POP NAME Kinship 1st 2nd 3rd 4th 5th slope b slope b p-value Sp-statistic N loci (total 15)
intraindividual 30 m 60 m 90 m 120m 150m 0-150 m

MOZA Pemba 0.221 NA 0.075  0.146™* 0.053 0.042 —1111 0.079 0.098 4
MOz2 Quelimane 0.087 NA 0.041 0.027 0.044 0.088 —0.197 0.405 0.015 0
MOZ3 Vilanculos 0.090 —0.067 0.100™ 0.057 -0.017 0.011  -0.775 0.078 0.052 3
MOz4 Barra 0.109 —-0.024 -0.052 0.08 —-0.023 -0.039 —0.231 0.378 0.007 0
MOZ5 Limpopo 0.094 —-0.114 0235 -0.024 -0.024 —0.01 0.544 0.782 0 0
MOZz6 Inhaca 0.142 NA —0.013  0.096 0.009 0.026 0.139 0.545 0 0
SAF1 St. Lucia 0.577 —0.007 0.008 —-0.009 -0.098 -0.008 —0.528 0.212 0.005 1
SAF2 Mialazi 0.649 0.416* —-0.041 -0.172 -0.218 -0.122 —-2.689 0.044 0.384 1
SAF3 Mgeni 0.388 —0.09 0.004  0.067 0.087 —-0.023 0.287 0.742 0 1
SAF4 Mngazana 0.397 0.049* -0.02 -0.008 -0.012 -0.011  —-0.389 0.088 0.028 2
MAD1 Ramena 0.109 0.136"* 0.058™ —0.016 0.014 0.009 —0.853 0.003 0.076 4
MAD2 Andilana 0.264 0.055** 0.030* 0.009 -0.09 —-0.057 —1.223 0.002 0.055 5
MAY Mayotte 0.134 0.024*(°) 0.001 0.007 0.018 -0.02 —0.154 0.054 0.010 4
EUR Europa 0.191 0.036™* 0.017  0.008 -0.018 —-0.0569 —0.688 0.004 0.029 3
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