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Avicennia dominated mangrove forests occur from seaward to landward sites and hence are subject to different dynamics within estuarine ecosystems. Regeneration of mangrove forests primarily depends on the extent of propagule spread and subsequent establishment in suitable habitats. The complex nature of estuarine systems induces a wide variety of local conditions for within-site propagule retention and settlement thereby allowing spontaneous regeneration of mangroves. In this study, we estimated the fine-scale spatial genetic structure (FSGS) of Avicennia populations and examined whether their position relative to the seaside or the size of mangrove patches could have influenced the extant local population genetic structure. A kinship-based FSGS was performed using microsatellite markers in 523 A. marina, 189 A. rumphiana and 60 A. alba adult trees of 24 sites in The Philippines. Transects within each estuary were taken both parallel and perpendicular to the coastline or tidal river edge. The extent of local mangrove areas and various human-induced encroachments as such did not show any trend in allele diversity, heterozygosity values or inbreeding levels. However, farther inland situated mangrove patches showed a larger FSGS extent across the neighborhood (up to 75 m) though less diversity along with inbreeding, most likely due to retention of related propagules and lowered chance of external propagule input. Estimation of connectivity along a same coastline stretch supported a unidirectional steppingstone or adjacent migration model for populations of either A. marina, A. alba or A. rumphiana. These were congruent with ocean currents across mangrove estuaries of the Tablas Strait and along Western Leyte, thereby emphasizing the relevance of coastal connectivity for long term persistence. From this study, we conclude that both proximity to open water and narrowness of mangrove patches may affect their captured diversity, inbreeding and fine-scale structure caused by propagule movement within or beyond a local mangrove fragment during recent generations. Higher levels of allele diversity for seaward sites and highest likelihood of migration for adjacent mangroves both add to the importance of coastal connectivity that is the only natural cohesive force on longer term and necessary to counteract short term effects of increasingly encroached mangrove environments.
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INTRODUCTION

Mangrove ecosystems support a wide variety of aquatic species (Gillanders, 2002; Lefcheck et al., 2019) and provide habitat connectivity to nearby coastal ecosystems of seagrass beds and coral reefs (Nagelkerken et al., 2008). Aside from habitat provisions, mangrove ecosystems also provide abundance of food sources including mangrove litters to aquatic organisms (Lee et al., 2014). Mangrove areas play an important role in the protection of shoreline communities against strong impact of waves, wind, storm and other calamities (Giri et al., 2011; Gedan et al., 2011). A protective capacity of mangrove forests appears strongly correlated with an overall quality of the mangrove vegetation such as forest density, vegetation size and type, diameter of stem and roots and soil elevation (Dahdouh-Guebas et al., 2005; Quartel et al., 2007; Alongi, 2008) to allow vertical accretion by accelerating sedimentation rates, trapping of sediments and direct organic input (Lee et al., 2014).

Despite these benefits, the mangrove ecosystem is encroached by human activities (Richards and Friess, 2016; Bryan-Brown et al., 2020). It was estimated that more than 50% of the original mangrove forests has been destroyed (Feller et al., 2010). Loss was primarily caused by urbanization, conversion of mangrove habitats into commercial and residential areas, considered as an economical form of coastal development. In addition, aquaculture activities have led to mangrove forest loss and fragmentation with shrimp farms alone accounting for a largest mangrove habitat loss globally (Ellison, 2008). Mangrove forest cover worldwide became fragmented or degraded due to over-exploitation for fuelwood and timber production (Valiela et al., 2001), pollution events such as oil spills (Burns et al., 1993), agricultural catchment runoff (Duke et al., 2005), extreme sedimentation (Ellison et al., 1999), and alteration of hydrological regimes (Gordon, 1988). Habitat fragmentation intrinsically encompasses population fragmentation, and potential loss of genetic diversity of the mangrove tree species (Giri et al., 2011; Wee et al., 2015; Hasan et al., 2018). Though continuous conservation efforts have been done, the recovery success of replanted mangrove trees appeared inadequate because factors such as changes in hydrodynamics, salt content, acidity and levels of nutrients may have prevented successful regeneration of mangroves (Sandilyan and Kathiresan, 2012). Therefore, understanding the extant natural processes of spontaneous dispersal, settlement and persistence of mangrove areas in fragmented patches can be helpful for management and conservation priority settings (Ngeve et al., 2017).

Mangrove propagules have no dormant stage and dispersal of propagules are influenced by factors including buoyancy, propagule viability and timely establishment (Rabinowitz, 1978). Population persistence thus exclusively depends on propagule formation, release, distribution and establishment, as clonal growth or vegetative dispersal is absent in mangroves. Tidal influence, ocean currents and wind action predict potential dispersal patterns and colonization of mangrove species over long oceanic distances (Clarke, 1993; Van der Stocken et al., 2015, 2019b). Many studies illustrated a long-distance connectivity of mangrove trees in relation to oceanic currents and directionality especially along coastlines (Mori et al., 2015; De Ryck et al., 2016; Ngeve et al., 2017; Hodel et al., 2018; Van der Stocken et al., 2019a). A steppingstone model of migration between estuaries was often obtained for Avicennia L. species (Do et al., 2019; Wee et al., 2020; Triest et al., 2021b). This adds to the importance of coastal connectivity through gene flow (i.e., propagule flow) that is the only natural cohesive force between estuaries on longer term for a species to maintain its evolutionary units. Barriers to genetic connectivity however may come from land masses and different migration histories (Triest, 2008; Hodel et al., 2018; Wee et al., 2020; Triest et al., 2021a), opposite ocean currents (Mori et al., 2015; Ngeve et al., 2017) or very large rivers (Triest et al., 2018). Overall, the expectation that migration routes followed major oceanic and coastal currents is largely confirmed from genetic diversity and genetic structure approaches at population level.

However, connectivity patterns of spontaneous mangrove establishment at local and fine scale level within an estuary and different habitats thereof, is more complicated. Estuarine landscapes are very diverse and unique in their complexity such that establishment of mangrove propagules depend on suitable habitats resulting from sedimentation patterns of coastal and major river systems, channels or creeks and sandbar dunes. Tidal currents and wind action allow mangrove propagules to disperse and settle in various habitats that range from most seaward protruding open systems, over mudflat areas, along dynamic riverbank systems and up to farthest inland sheltered systems that seldom experience high tide or spring tide. Spontaneous processes of propagule dispersal and formation of a mangrove vegetation are expected to result in a different neighborhood size of individual trees in e.g., exposed seaward versus sheltered landward positioned populations (Triest and Van der Stocken, 2021), depending on river flow (Ngeve et al., 2017; Chablé Iuit et al., 2020), channel structures (Triest et al., 2020), or degree of fragmentation (Hasan et al., 2018). For example, Rhizophora mangle L. along a river showed a fine-scaled genetic structure that did became extended (Chablé Iuit et al., 2020) most likely from onward carried-away propagules alongside the bank.

Fine-scaled genetic structure of populations thus can be indicative of establishment events that happened during most recent generations and therefore, a comparison of mangrove patches in different positions may help in understanding whether local sheltered conditions effectively did promote internal dispersal and allowed cohorts of related propagules to settle within a neighborhood, still detectable from their genetic relatedness (Triest and Van der Stocken, 2021). Alternatively, absence of any fine-scale structure points at a more dynamic system within which mangroves of mixed kinship or unrelatedness became settled. The complexity of hydrodynamics in an estuarine system induces a wide variety of conditions for propagule retention and establishment that allow a mangrove zonation. Avicennia species are among the first to colonize new areas and are fast-growing. Avicennia marina (Forsk.) Vierh. dominated mangrove forests may occur from seaward to landward sites and hence their populations are subject to very different dynamics typical for estuarine ecosystems (Dahdouh-Guebas et al., 2004). Their zonal regeneration primarily depends on the extent of propagule spread and on subsequent establishment in suitable habitats either within close vicinity or beyond. Suffice prior knowledge of polymorphic genetic markers is available of the geographically widespread A. marina and related species (Triest, 2008) to allow resolution within an estuary and at local fine-scale level (Hasan et al.,2018; Do et al., 2019; Triest et al., 2020; Triest and Van der Stocken, 2021).

In this study, at local scale, we test the hypothesis that persistence of Avicennia trees is influenced by their positioning in coastal mangroves. These may show gradients of oceanic influences, from strongly exposed coastal-protruding into open sea-toward far pushed inland estuaries, barely subject to tidal flood. Dispersal and establishment that happened in past few-and overlapping-generations along this gradient of different tidal and sea currents, could have left traces in the locally captured amount of genetic diversity and in the fine-scale spatial genetic structure. We specifically aim to (1) analyze the genetic diversity of Avicennia populations located at different distances from the open sea or tidal influence; (2) estimate and compare the extent of a fine-scale spatial genetic structure of these differently positioned population fragments. Additionally (3), at a regional scale (up to 115 km coastline) we estimate the likelihood of different migration models between populations along a same coastline for each Avicennia species separately and test for influence of coastal currents.

We considered the fine-scale spatial genetic structure of pioneer mangrove species A. marina, A. rumphiana Hallier f. and A. alba Blume, using a linear transect approach in 24 sites of The Philippines along coastlines of Tablas Strait and Western Leyte (Eastern Visayas), representing a gradient of strongly exposed protruding mangroves up to the sheltered landward edge of the estuary. Through this study, short term processes of these populations can be assessed which may then be used in protection priorities and rehabilitation of fragmented mangrove areas.



MATERIALS AND METHODS


Study Area

For the purpose of this study, data were collected from 24 samples of mangrove populations located in The Philippines (Figure 1) with different characteristics of landward-seaward position, tidal influence, parallel or perpendicular to the coastal or estuarine river edge (Table 1), fragment sizes and of rural encroachment from roads, houses, deforestation and aquaculture (Supplementary Table 1). More specifically, eight populations were alongside Tablas Strait on Oriental Mindoro (Verde Passage, over 8 km) and Tablas Island (Romblon, over 7 km) where ocean currents are directed from East to West although circulation patterns very near to the coastline can be weaker. Another 16 populations were from Western Leyte Island (ca. 115 km) where both ocean and near coast currents are albeit weak and mostly from South to North (May et al., 2011). The ocean current that gets through the Western Leyte study areas partly comes from the North of Leyte through the San Bernardino Strait (influenced by Kuroshio current), whereas ocean currents coming along the Southern part of Leyte through the Surigao Strait (influenced by Northern Equatorial Current) may also affect coastal sites of Western Leyte.
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FIGURE 1. Overview of the studied areas in The Philippines with detailed maps of sampled Avicennia marina (AM), A. rumphiana (AR), and A. alba (AA) collection sites. Population codes are denoted as in Table 1 and in Supplementary Figure 1 with images of all estuaries. Principal ocean currents of the study area are indicated by different arrow lengths, conceptually indicating the strength of currents. Note the weak ocean currents of Western Leyte (Modified from May et al., 2011).



TABLE 1. Location details of twenty-four Avicennia sites in estuaries along Tablas Strait and Western Leyte (Philippines).
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Study Species and Sample Collection

Avicennia marina is the most widely distributed of all mangrove species, common throughout its range and found across the Indo-Pacific (Tomlinson, 2016). It grows both in the lowest and highest portions in the intertidal zone but is generally rare in the mid-intertidal areas. A. marina is shade tolerant and its saplings are often associated with gaps in the forest canopy. A. marina is a pioneer species on newly formed mudflats with a high proportion of sand and has a high tolerance to hypersaline conditions. It is a hardy species in natural conditions and regenerates quickly from coppices. It can grow at a salinity of range of 0-30 ppt (Robertson and Alongi, 1992). A. marina has aerial roots-pneumatophores-that grow up from lateral roots and can form a dense mat that extends many meters from the main stem of the plant (Kathiresan and Bingham, 2001). A. marina has crypto-viviparous propagules that do not enlarge sufficiently to rupture the pericarp while attached to the parent. The propagule is buoyant and upon release it is dispersed in the seawater. In the studied area, this mangrove species is very common. A total of 523 A. marina individual trees were sampled in sixteen locations (Figure 1, Table 1, and Supplementary Table 1). Avicennia rumphiana is endemic to south east Asia (Tomlinson, 2016). Avicennia rumphiana is one of the first to colonize new areas and fast-growing. The IUCN Red List of Threatened Species considers A. rumphiana with a vulnerable status because it has a patchy distribution, is uncommon in some areas and is in general decline. It grows in the upper part of the intertidal zone where it is most vulnerable to human activities and habitat destruction. A total of 189 A. rumphiana individual trees were sampled in six locations (Figure 1, Table 1, and Supplementary Table 1). Avicennia alba is very common and widespread in Southeast Asia, the islands of the South Pacific Ocean, and Australia. It is a pioneering species (Tomlinson, 2016). A total of 60 A. alba trees were sampled in two locations of a same large estuary solely for comparison with A. marina in that same estuary (Figure 1, Table 1, and Supplementary Table 1).

Transects were taken both parallel and perpendicular to the coastline or estuarine river as replicates for capturing variability of the local environmental setting. The 24 transect locations were in a variety of estuarine environments though the majority was encroached by human activities. Transect lengths ranged from 59 to 496 m depending on the narrowness of the mangrove plot (Table 1). Distances were taken between each consecutive individual in each transect. The number of sampled trees was 30 on average per transect though ranged exceptionally from 15 to 52 for few A. rumphiana sites (Table 2). Shortest distance intervals between neighboring trees were considered and mostly were within less than 10 m. Eventual gaps between mangrove patches were included in the total distance because a fine-scaled analysis focuses on pairs of individual trees within distance classes below 100 m, regardless the patch where they occur. At regional level, this sampling resulted in 16 A. marina, 6 A. rumphiana and 2 A. alba populations that allowed for an intra-species analysis along each specific stretch of island coastline.


TABLE 2. Population genetic variables of Avicennia transects in mangrove areas along Tablas Strait and Western Leyte (Philippines).
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DNA Extraction and Microsatellite Primers

Genomic DNA was extracted from approximately 20 mg of dried leaf tissue using the E.Z.N.A. SP plant DNA Mini kit (Omega bio-tek, Norcross, GA, United States). The multiplexed polymerase chain reactions (PCR) consisted of thirteen microsatellite markers of which for A. marina twelve were chosen for their allele polymorphism within a population (Avma1, Avma02, Avma03, Avma05, Avma6, Avma8, Avma9, Avma10, Avma14, Avma17, Am81, Am40), hence suitable for fine-scaled analysis. For A. rumphiana, seven microsatellite markers (Avma1, Avma05, Avma8, Avma10, Avma14, Am64, Am81) and for A. alba, ten microsatellite markers cross-amplified (Avma1, Avma02, Avma05, Avma6, Avma8, Avma10, Avma14, Avma17, Am3, Am81). Avma markers were previously developed by Geng et al. (2007) and Am markers by Maguire et al. (2000).

Primers were fluorescence-labeled with 4 different dye-labels (6FAM/VIC/NED/PET) and a primer mix was made by mixing 0.2 μM of each primer together. Multiplex PCR reactions consisted of 6.25 μl master mix (Qiagen Multiplex PCR kit), 1.25 μl primer mix, 2.5μl H2O and 2.5μl of 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, United States).



Genetic Analyses

Prior to population and individual-based data analysis we tested for genotypic disequilibrium, presence of potential null alleles and overall resolution of the selected microsatellite markers for either A. marina. A. rumphiana or A. alba. A linkage test between all pairs of loci (1000 permutations) gave no genotypic disequilibrium at the 0.05 level using FSTAT (v.2.9.3) (Goudet, 2001) for any of the three species. 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 6.6 10–3 on average in A. marina and 2.4 10–2 in A. rumphiana thereby providing good resolution. This was only 0.2 for the limited samples of A. alba and therefore were excluded from comparative analyses except for estimate of fine-scale genetic structure.

Basic population genetic variables were measured separately for each species and site: total number of alleles (A), mean number of alleles (AM), effective number of alleles (AE), observed heterozygosity (HO), expected heterozygosity (HE), population inbreeding coefficient (FIS) – with 1000 permutations test – using FSTAT and GenAlEx. The genetic structure among sites (FST), inbreeding within sites (FIS), overall inbreeding (FIT) and a pairwise genotypic differentiation matrix (FST) of each species was calculated via AMOVA-FST at 999 random permutations using GenAlEx, thereby allowing to estimate overall connectivity levels as Nm = FST/(1-4FST) under the assumption of an island migration model, most likely to be violated. Therefore, specific hypotheses to estimate gene flow were tested with Migrate-n (Beerli, 2006; Beerli and Palczewski, 2010) from the mutation-scaled population sizes (Theta) and immigration rates (M). The Brownian model was tested locus by locus along with the product of all distributions of all loci. Uni- and bidirectional historical migration/expansion models were tested. Uniform prior distribution settings (min, max, delta) were as follows for Theta = 0.0, 10.0, 0.1 and for M = 0.0, 100, 10.0. The number of recorded steps was 106 at a sampling frequency of 103 after an initial burn-in. The effective number of immigrants per generation (Nem) was calculated as [Theta × M]/4. Specific hypotheses testing on directionality were considered in panmixia, source-sink, adjacent or steppingstone models for the migration between the most seaward located plots of mangrove estuaries situated along a same coastline. The most seaward transect of the replicates from each estuary was used. More precisely, we considered six A. marina populations along Western Leyte, two A. marina populations near the Verde Passage on Oriental Mindoro and two A. rumphiana populations in Tablas Strait on Romblon. The Brownian motion mutation model within each case was adopted for randomly generated subsamples of 20 individuals in a transect, following the above mentioned settings, computing two replicate chains (with different seed), and using the Bezier thermodynamic integration (Beerli and Palczewski, 2010) for calculation of the Bayes factors from marginal likelihoods giving model probabilities.

A Bayesian clustering analysis at individual level for 16 A. marina populations of Western Leyte was carried out in STRUCTURE version 2.3.4 (Pritchard et al., 2000) using an admixture model with correlated allele frequencies. The model ran 10 iterations for each K-value from 1 to 13; the burn-in period was 50,000 with 500,000 Markov chain Monte Carlo (MCMC) repeats. The optimal K was inferred with the ΔK statistic (Evanno et al., 2005) and LnPK using Structure Harvester (Earl and von Holdt, 2012) calculated with StructureSelector (Li and Liu, 2018). We tested for recent bottlenecks in each site under the two-phase model (TPM) with 95% single-step mutations and 5% multiple-step mutations (Wilcoxon’s test 1-tailed) using bottleneck 1.2.02 (Piry et al., 1999).

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 using the longest transect of 450 m (AM5), obtained for an equal number of pairwise comparisons within five classes as well as obtained for three distance class scenarios (5-10-25-50-100 m;10-20-30-40-50 m; and 10-25-50-75-100 m) by SPAGeDi 1.5a (Hardy and Vekemans, 2002) and using the whole sample as a reference. On basis of that comparison of classes and the obtained significant kinship values, we then finally tested the FIJ kinship coefficient again for all within-site comparisons using distance classes up to 10 m, 25 m, 50 m, 75 m, and 100 m and beyond for A. marina and A. alba populations and up to 50 m, 100 m, and 200 m and beyond for A. rumphiana populations. The latter were considered throughout this study to estimate the fine-scale genetic structure (FSGS), i.e., the spatial autocorrelation of individuals of populations, which were all tested for significance with 1000 permutations using the total sample within each species as a reference. We computed the log-slope (-b) of linear regressions between pairwise genetic coefficients and geographical distance over restricted distance with 1000 permutations.



Environmental Data

From google earth images we calculated the proximity of each transect to the open water edge (coastal or tidal riverine), the approximate size of the estuary as could be delineated from the landward contours of high intertidal mangrove fragments (surface area of polygons). We identified the extent (using polygons) of main forms of human-mediated encroachment (roads and houses, cleared and deforestation, aquaculture ponds), the percentage of human altered area, the remaining mangrove forest size (ha) and narrowness at position of Avicennia transects taken (Supplementary Figure 1 and Supplementary Table 1). Spearman rank correlations were estimated between the genetic structure variable (FSGS extent, i.e., the farthest distance of detectable kinship within a transect) and the eight abovementioned estuary features (across species, N = 24). Spearman rank correlations of A. marina populations (N = 16) were additionally estimated between four genetic variables (AE, HE, FIS, FSGS) and eight estuary features using SPSS statistics 27.0.1. Thus, the FSGS correlations were done for all 24 sites of the three species and the genetic diversity variables only for the 16 A. marina mangroves. This choice is justified because FSGS can be used among species, regardless of the amount of diversity, whereas diversity is not comparable between species due to their different microsatellite loci and number of alleles.

To test for an effect on allelic diversity, inbreeding or detectable FSGS distances over which propagules once became established in either a hydrodynamic open habitat or sheltered inland sites, a generalized linear model (GLZ) was performed on 24 sites (including three Avicennia species). This GLZ considered FSGS as a response variable and eight habitat features as predictor variables (Distance to sea, Estuary size, houses/roads surface, deforestation area, aquaculture area, mangrove area, percentage anthropogenic modification in land use, and the narrowness at position of transect). An additional GLZ was performed on 16 sites of A. marina with AE, HE, FIS and FSGS as response variables and the same abovementioned eight habitat features as predictor variables. GLZ models were performed with SPSS statistics 27.0.1.

The genetic variables (AE, HE, FIS) and the extent (mean distance within significant and farthest class) of detectable FSGS were linearly regressed to predictor variables, namely to the distance of sea or tidal river edge (m), to the mangrove surface area (ha) and to the narrowest strip (m) of the mangrove patch due to any encroachment. Both Spearman rank (RS) and Pearson’s r were calculated and tested for significance at p < 0.05. The interaction between two habitat variables (Distance to sea and narrowness) was tested for significance with the genetic variables AE, HE, FIS and with the extent of FSGS.



RESULTS


Basic Allele and Gene Diversity

For A. marina populations, the mean number of alleles (AM) was 2.5 and ranged between 1.4-3.1; an effective number of alleles (AE) reached an overall 1.6 and ranged between 1.2-1.9 (Table 2). A. rumphiana populations showed AM = 2.6 (from 1.9 to 3.5) and AE = 1.7 (from 1.3 to 2.1) and A. alba populations showed AM = 1.4 and AE = 1.1 (Table 2). The overall observed heterozygosity (HO = 0.235) was lower than the expected heterozygosity (HE = 0.282) for A. marina, A. rumphiana (HO = 0.186, HE = 0.307) and A. alba populations (HO = 0.024, HE = 0.075) The within-population inbreeding of A. marina (mean FIS = 0.178; p < 0.001) ranged from 0.041 to 0.736 and was significant for six transects (Table 2). The within-population inbreeding of A. rumphiana (mean FIS = 0.345; p < 0.001) and A. alba (mean FIS = 0.515; p < 0.001) were mostly significant (Table 2).

AMOVA results of A. marina revealed that 45% of the genetic variation was explained among populations, 14% among individuals and 42% within individuals, giving an estimate of FST = 0.445, FIS = 0.248 and FIT = 0.583 (Table 3). AMOVA of A. rumphiana and A. alba gave an estimate of FST = 0.287 and FST = 0.189, respectively (Table 3). Pairwise genetic differentiation FST was significantly different for nearly all population pairs except those within close vicinity in a same seaward protruding mangrove, namely AM7-AM8 and AR3-AR4 (Supplementary Table 2). For both A. marina and A. rumphiana, estimates of genetic divergence were largest between Tablas Strait and Western Leyte populations (Supplementary Table 2).


TABLE 3. Summary of AMOVA and F-statistics of Avicennia marina, Avicennia rumphiana and Avicennia alba mangrove fragments along coasts of Oriental Mindoro, Romblon, and Western Leyte (Philippines).
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Coastal Connectivity

The specific testing with migrate-n on directionality for A. marina across mangrove estuaries located along a 115 km stretch of Western Leyte, indicated that panmixia or bidirectional stepping-stone models (from South to North as well as from North to South), appeared less likely than a customized stepping-stone model that considered a South to North migration as well as a local bidirectionality between AM10 and AM11 located in the Ormoc Bay at about 4 km distance within a historically single large mangrove area (Table 4 and Supplementary Figure 1). Highest estimated gene flow values were from AM10 toward AM7 (Nem = 1.44) and from AM16 toward AM14 (Nem = 1.17), at a distance of ca. 18 km and 13 km, respectively. Lowest gene flow estimate was toward a fragmented mangrove area AM10 (Nem = 0.45). Migration of A. marina across mangrove estuaries located along Verde Passage in Oriental Mindoro and of A. rumphiana on Tablas Island were both supported by a unidirectional adjacent model (and both gene flow estimates of Nem = 0.84), respectively from South to North over 8 km and North to South over 7 km, following the main ocean current directionality going through Tablas Strait (Figure 1 and Table 4).


TABLE 4. Comparison of migration models on the directionality for Avicennia populations across mangrove estuaries of the Tablas Strait (Verde Passage and Romblon) and of Western Leyte (Philippines).

[image: Table 4]A Bayesian clustering analysis of individual A. marina trees of Western Leyte performed in STRUCTURE indicated a gradient of admixed clusters (Figure 2). Delta K was high for K = 2 (usually this is the case because of large difference with K = 1), very low for all other inferred clusters except for K = 4 (Supplementary Figure 2), referring to a regional substructure of most northern populations (AM5, AM6) and of southern populations (AM12, AM14, AM15, AM16). However, this K = 4 value must be regarded as an estimation relevant for a coastal stretch of Western Leyte with limited cases of assignment of an individual to but a single gene pool. The STRUCTURE outcome at K = 4 was supported from each iteration (low standard deviation), is much closer to the LnP(K) plateau and corresponds to the abovementioned Migrate-n supported models. A significant bottleneck could be detected in few sites of A. marina (AM12, AM13) and A. rumphiana (AR3, AR4).
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FIGURE 2. STRUCTURE results for K = 4 with pie charts for Avicennia marina populations AM5 to AM16 of Western Leyte showing a South-North gradient.




Fine-Scale Genetic Structure

We tested at first an equal number of pairwise comparisons within five classes as well as obtained for three distance class scenarios (5-10-25-50-100 m;10-20-30-40-50 m; and 10-25-50-75-100 m) by SPAGeDi 1.5a (Hardy and Vekemans, 2002) and using the whole sample as a reference. The kinship within each transect reached FIJ = 0.48 in A. marina, FIJ = 0.25 in A. rumphiana and FIJ = 0.16 in A. alba. We then subsequently tested FIJ kinship coefficients for all within-site comparisons using distance classes up to 10 m, 25 m, 50 m, 75 m, 100 m and beyond for A. marina and A. alba populations and up to 50 m, 100 m, 200 m and beyond for A. rumphiana populations. These were considered throughout this study to estimate the fine-scale spatial autocorrelation of individuals of populations, which were all tested for significance with 1000 permutations using the total sample within each species as a reference.

The overall FIJ kinship coefficient for all within-site comparisons of A. marina revealed positive kinship values within distance classes of 10 m (FIJ = 0.072; p < 0.001), 25 m (FIJ = 0.075; p < 0.001), 50 m (FIJ = 0.065; p < 0.001), 75 m (FIJ = 0.055; p < 0.001), and 100 m (FIJ = 0.017; p < 0.001) (Figure 3A). The kinship value (FIJ) decreased significantly over the full distance (b-log slope of regression = −0.051 at p < 0.001). The overall FIJ kinship coefficient for all within-site comparisons of A. rumphiana revealed positive kinship values within shortest distance classes of 50 m (FIJ = 0.033; p < 0.001) and 100 m (FIJ = 0.037; p < 0.001) though not beyond (Figure 3B). The kinship value (FIJ) decreased significantly over the full distance (b-log slope of regression = −0.027 at p < 0.001). The two A. alba populations of a same large estuary showed positive kinship values within distance classes of 25 m (FIJ = 0.034; p < 0.05) though not beyond (Figure 3C). The kinship value (FIJ) decreased significantly over the full distance (b-slope of regression = −0.0007 at p < 0.05).
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FIGURE 3. Fine-scale genetic structure within transects for panel (A) Avicennia marina populations (N = 16); (B) Avicennia rumphiana populations (N = 6) and (C) Avicennia alba populations (N = 2) from mangroves in The Philippines. Distance classes showed significant kinship (FIJ) values to 100 m in A. marina and 60 m in A. rumphiana (*** for p < 0.001; * for p < 0.05). The log-slope of the regression over full distance was b = −0.050 (p < 0.001), -0,028(p < 0.001), and -0,019 (p < 0.05) respectively for the three species.


A detailed analysis of the fine-scale genetic structure of each Avicennia transect separately, revealed a range of outcomes with significant positive kinship values over the considered distance classes (Table 2; FSGS Distance class in m). The maximum distance of detectable FSGS (Table 2), i.e., corresponding to the extent of the FSGS (ranging from 0 m to 61 m), was obtained for each transect from the mean distance between individual pairs from that largest distance class as could be generated from SPAGeDi.



Association With Habitat Features

Among the genetic diversity variables, AE and HE were strongly correlated, whereas among the environmental variables, the estuary size was strongly correlated to the various types of disturbances (Supplementary Table 3). From the genetic variables, the FSGS extent (namely the farthest distance of detectable kinship within a transect) was strongest and positively correlated to the ‘distance to sea’ either when considering all 24 populations of the three species or when restricted to 16 A. marina populations only (Supplementary Table 3). FSGS and FIS were positively related to the ‘distance to sea,’ whereas AE and HE were negatively related to the ‘distance to sea.’ AE and HE were negatively related to the ‘narrowness’ of the transect (Supplementary Table 3). The generalized linear model (GLZ) resulted in a similar outcome and supported the ‘distance to sea’ as a significant predictor for the FSGS of both cases (N = 24 and N = 16) and as a significant predictor for all other tested genetic variables AE and HE and FIS of A. marina (N = 16) (Supplementary Table 4). Additionally, the GLZ indicated ‘Aquaculture’ and ‘Percentage anthropogenic disturbance’ as a marginally significant predictor of FSGS across the three species (N = 24). For the case of A. marina (N = 16) also the ‘narrowness’ appeared as a significant predictor for the dependent genetic variables AE and HE (Supplementary Table 4). Linear regression of the relevant genetic variables to the ‘distance from coast’ and ‘narrowness of mangrove fragment’ illustrated that the FSGS appeared more elevated at inland sites than at seaward sites (rs = 0.81, p < 0.001 and r(22) = 0.79, p < 0.001; y = 0.031x + 0.008) across the populations of three Avicennia species (N = 24). For A. marina populations (N = 16), the distance to sea was positively correlated to the within-population inbreeding FIS (rs = 0.60, p = 0.013 and r(14) = 0.62, p = 0.011; y = 0.0003x + 0.1) though not with any other basic genetic variable (Figure 4). However, the narrowness, i.e., width of mangrove patch at the smallest position of the sampled transect (Figure 4), was negatively correlated to the diversity variables namely the number of effective alleles AE (rs = −0.56, p = 0.024 and r(14) = 0.58, p = 0.018; y = −0.002x + 1.9), and heterozygosity HE (rs = −0.49, p = 0.05 and r(14) = 0.55, p = 0.028; y = −0.0007x + 0.37). The test of interaction between two relevant habitat variables (Distance to sea and narrowness) gave non-significance for the genetic variables AE, HE, FIS though a positive interaction for the extent of FSGS (p = 0.01).
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FIGURE 4. Relationship of the position (distance to coastline) of Avicennia populations (N = 24) and (A) the extent of their fine-scale genetic structure, (B) the within-population inbreeding (FIS). Association between the narrowness of a mangrove patch, and (C) effective number of alleles and (D) expected heterozygosity.




DISCUSSION


Overall Consideration of Estuaries and Hydrodynamics

Avicennia dominated mangrove forests occur within a gradient ranging from strongly exposed protruding vegetations up to the most sheltered landward edge and hence are subject to different dynamics in estuarine ecosystems. Encroachment and fragmentation usually start from landward sides. Knowing that the regeneration of mangrove forests primarily depends on the available propagule pool and their opportunity to establish in suitable habitats, it is expected that this complex nature of estuarine tides and currents will create a variety of conditions for their spread, conservation and establishment of such propagules (Triest et al., 2020). Spontaneous regeneration of Avicennia mangroves may occur either from a propagule pool of related genotypes within close vicinity (Ngeve et al., 2017) or might result from a mixed migrant pool of unrelated origin (Hasan et al., 2018; Do et al., 2019). We considered the fine-scale spatial genetic structure (FSGS) of pioneer mangrove species A. marina, A. rumphiana and A. alba, using a transect approach in 24 sites distributed in The Philippines along coastline stretches of Tablas Strait and Western Leyte. These are representing a series of both open coastal mangroves and sheltered landward edges of the estuaries, though mostly encroached by roads, houses, deforestation and aquaculture ponds. However, neither human-induced changes such as the proportion of aquaculture ponds, deforested areas or hardened structures of roads and houses showed a link to genetic diversity variables of Avicennia populations, nor did the sizes of mangrove fragments. Only the FSGS appeared marginally affected by aquaculture or overall anthropogenic modifications within the estuary. Therefore, perpetual natural forces such as the tidal sea or river influence, of which ‘distance to sea/tidal river’ was used as a proxy in this study, have clearly offset the potential side-effects that could result from proper habitat fragmentation. Dispersal and establishment, which took place over the past few, though overlapping, generations under different degree of tidal and sea currents, could have left detectable traces in the current amount of trapped genetic diversity but especially in the fine-scale spatial genetic structure (Hasan et al., 2018). Overall, levels of allele and gene diversities within populations of A. marina were higher along Western Leyte than along Tablas Strait and were more elevated than in A. rumphiana or A. alba. Therefore, evidence could be obtained from sixteen A. marina populations as much as from the twenty-four populations of three species. We considered the full data of 24 sites of three species mainly to interpret the distance over which an FSGS was apparent, whereas other genetic variables were tested separately for each species, even so for testing migration models.



Connectivity Along Same Coastline

Long-distance dispersal characteristics of A. marina can be attributed to buoyant characteristic of the propagules and the action of hydrodynamic forces, i.e., tidal inundation regimes (Breitfuss et al., 2003) and ocean currents (Steinke and Ward, 2003). Wind may play a lesser part in the dispersal of Avicennia propagules, as their propagules show low surface water contact which reduces the drag force needed to move the propagule (Van der Stocken et al., 2015). Propagules mainly strand and establish close to their parent, although also dispersed over longer distances (Clarke, 1993) and are in fact the only responsible source of historically accumulated gene flow between populations (Duke et al., 1998). Factors such as propagule buoyancy, propagule viability and other environmental influences like tidal influence, ocean currents and wind action determine the success of dispersal and establishment of mangrove species (Rabinowitz, 1978; Clarke, 1993; Van der Stocken et al., 2015). In A. marina, within days upon the release of crypto-viviparous propagule in the seawater, the buoyant pericarp is shed and the seedling sinks. The propagule has an obligate dispersal phase of several weeks before the radicle extends sufficiently for roots to develop. If seedlings do not touch a sediment these may remain viable in seawater for several months (Clarke, 1993) thereby guaranteeing a long-distance dispersal between geographically disjunct estuaries. A. marina propagules may float and remain viable for several days to weeks (Steinke, 1986; Clarke and Myerscough, 1991; Clarke et al., 2001), but floating periods of several months have been reported in other Avicennia species (Rabinowitz, 1978; Alleman and Hester, 2011) though vary among estuaries (Steinke, 1986).

Our estimation of connectivity along a same coastline through comparison of migration models for seaward located A. marina and A. rumphiana populations supported a putative unidirectional dispersal route that was congruent with prevailing ocean currents (May et al., 2011) across mangrove estuaries of the Tablas Strait (northward in Verde Passage and southward along Tablas) and of Western Leyte (northward except for bidirectionality in Ormoc Bay), thereby emphasizing the relevance of coastal connectivity for persistence of mangroves (Van der Stocken et al., 2019b) but also highlighting the importance of proximity of apparently discrete estuaries, even when only over few km distance, e.g., about 7 -18 km as encountered for estuaries in our study. Although an overall outcome pointed at restricted connectivity along a 115 km stretch of Western Leyte, namely the significant pairwise differentiation FST-values and a STRUCTURE analysis giving at least a few gene pools, the connectivity between adjacent mangroves was supported by the steppingstone migration model.

Several studies suggest that dispersal in Avicennia species is likely restricted to a few tens of kilometers (e.g., Clarke, 1993; Duke et al., 1998; Melville and Burchett, 2002). Binks et al. (2018) found evidence for occasional long-distance dispersal up to 100 km, which is comparable to the distance (ca. 115 km when following coastal distance) between the southernmost and northernmost population of Western Leyte considered in this study. Our data clearly demonstrate connectivity within less than 10 km for population pairs of Tablas Strait and indicate the connectivity between populations along Western Leyte, most evidently in a stepping-stone manner though not exclusively, e.g., bidirectional in a historically large mangrove area of the sheltered Ormoc Bay. Our results on A. marina and A. rumphiana add to the emerging evidence that Avicennia species in general tend to follow an adjacent migration, such as the unidirectional way obtained for A. alba in the western part of the Malaysian Peninsula (Wee et al., 2020) and bidirectional ways of A. germinans along each of the Caribbean and Pacific coasts of central America (Ochoa-Zavala et al., 2019). A continuous distribution model instead of steppingstone might even be applicable for individuals of populations that still are physically connected (e.g., genuinely coastal mangroves of AM7-AM8 and AM14-AM15) or that once were distributed over a large extended estuarine landscape without discrete subpopulations, despite the nowadays very visible encroachment and fragmentation (e.g., AM9-AM10).

Repeated bottlenecks or founder effects of the pioneering Avicennia species may have caused the differentiation of populations, similar as noted for A. marina (Maguire et al., 2000; Arnaud-Haond et al., 2006) although we noticed only limited evidence of recent bottlenecks in the study region. In addition, reduced variance between A. rumphiana populations (FST = 0.287) could be the result of both restricted gene flow between remote islands and especially of inbreeding events (Islam et al., 2015). The latter is supported by the within-population inbreeding for A. rumphiana populations (FIS = 0.455). Giang et al., 2003 suggested that low variation of populations could be affected by topography and hydrology, but for our A. rumphiana populations the effect of topography was unlikely since the sites allow favorable dispersal of mangrove propagules within the estuary.



Distance to Sea vs. Human Induced Ecosystem Changes

The extent of mangrove areas (8 – 99 ha) within each estuary as such showed no relationship to allele diversity, heterozygosity values or inbreeding levels. However, the narrowness (20 – 310 m) of the mangrove area where transects were taken, showed a trend of increasing diversity and decreased inbreeding. This seems counter intuitive as one would expect more diversity and less inbreeding in large-sized wide patches. The latter can be explained from the proximity of a given transect to the open sea or river edge where unrelated mixed-origin propagules (i.e., zero FSGS) may establish as well as outbred cohorts within shortest distance near to mother trees (FSGS < 10 m). Farther inland or wider mangrove patches showed a larger FSGS extent across the neighborhood (mostly within 10-25 m and occasionally up to 75 m) though less diversity along with inbreeding, most likely due to a lowered chance of external propagule input when remote from tidal influence. More precisely, when considering FSGS as a proxy for past events of dispersal and propagule establishment, those mangrove patches close to the open water showed higher diversity levels. These coastal sites also showed no or a very local kinship structure that was restricted to the immediate neighborhood (0-10 m). In the contrary, more distant landward sites (>500 m) showed lower allele diversity, more inbreeding though with a kinship structure spreading out over a wider neighborhood (up to 75 m).

Even when an estuary is open for exchanges between the sea and a river or creek, then weak currents might slow down movement of propagules thereby increasing the risk of entrapment to mangrove roots. The restriction on successful dispersal of Avicennia propagules may be attributed to retention of propagules in the pneumatophores of the trees themselves, however low or absent tidal currents of fragmented mangrove patches are primary causes of leaving a trace of elevated kinship values. Such FSGS traces in other studies also estimated 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 when populations are sheltered (Triest and Van der Stocken, 2021) or severely fragmented and confined within artificial dikes (Hasan et al., 2018), these kinship values may become enhanced. Rhizophora mangle showed a fine-scale spatial genetic structure up to 90 m in different hydrological estuarine conditions of Caribbean mangroves (Yucatan, Mexico), although up to 240 m along a river (Chablé Iuit et al., 2020). In a high rainfall area of the Cameroon Estuary Complex, Rhizophora racemosa showed no or only limited autocorrelation within 25 m due to strong hydrodynamic situations (Ngeve et al., 2017). Nonetheless, one may not forget that the fine-scale genetic structure and diversity of mangrove populations is also determined by the cumulative effect of insect, wind, and bird pollination (Hermansen et al., 2014; Wee et al., 2015) and not solely by propagule dispersal patterns. The flowers of Avicennia are visited by many species which comprise largely by insects (i.e., honeybees – one of the frequent visitors), bats and birds (Clarke and Myerscough, 1991) showing possibility for cross-pollination and mating of siblings. The elevated levels of inbreeding in many sites should be explained also from a lack of pollen flow and from non-random mating, hence this requires a different design to study.



Fragmentation Context of the Philippines

While gene flow is driven by pollen and propagule dispersal, habitat fragmentation on the other hand limits the process of connectivity. In local isolated patches, void of suffice tidal currents, species dispersal and migration can be hindered, thereby disrupting the gene flow across a landscape. Therefore, it must be suggested to remove the hindrances, e.g., abandoned aquaculture ponds and dikes, that limit the successful dispersal of mangrove propagules to maintain connectivity in the area. Moreover, programs such as establishment of nursery sites for mangrove reforestation and annual planting activities may help to sustain gene flow of the mangrove species in the area. Emerging initiatives on reverting abandoned aquaculture ponds into reforestation sites could also be explored to potentially address increasing habitat fragmentation as the country is among the top ten nations globally with higher mangrove forest fragmentation rates (Bryan-Brown et al., 2020). In these programs, sources of propagules from mangrove stands with high genetic diversity should be considered. In our study, the narrowness of mangrove fragment patches was associated to higher allele and gene diversity caused by several small protruding coastal sites (AM7 and AM8) that apparently harbored more diversity in such open system. AM7 and AM8 were also well-connected and such situations could be suggested as source areas of planting materials. Narrowness or small patches did not cause inbreeding and as such indicated that the fragmentated areas considered were either too recent (a very likely hypothesis that merits testing) or simply not really small enough to have an effect.

In the Philippines, mangrove populations decreased primarily because of pond and shrimp pond conversions (Walters et al., 2008). Because of this, mangrove replanting programs have been initiated through community initiatives, government-sponsored projects and large-scale international development assistance programs. Rehabilitation programs have been especially intensive in the Visayas region where importance of mangrove forests for coastal protection to typhoons are most realized. However, despite the massive rehabilitation programs, the long-term survival rates of mangroves are generally low at 10–20% (Primavera and Esteban, 2008). Site selection and planting materials has been reported to be the crucial component in the success or failures of the rehabilitation activities. The continued disturbance by typhoons affects and degrades the mangrove forests and may represent an overlooked stochastic factor in a search of relationships between population genetic and estuarine habitat features. Recent mangrove reforestation programs working on reversion of disused fishpond lease agreement (FLA) are met with challenges as many disused FLA areas were in the lower intertidal zone or foreshore area with sub-optimal hydrological conditions and frequent occurrence of typhoons disrupting the spontaneous establishment or growth of replanted mangroves (Buitre et al., 2019).

From this study, we conclude that the proximity to the open sea or tidal water rather than the size and type of mangrove fragmentation may affect the captured diversity, inbreeding and fine-scale structure caused by propagule movement within or beyond the mangrove fragment. Higher levels of allele diversity for seaward sites and a highest likelihood of migration for adjacent mangroves both add to the importance of coastal connectivity that is the only natural cohesive force on longer term and necessary to counteract short term effects of increasingly encroached mangrove environments. Therefore, it must be a priority to preserve the exposed coastal mangroves as a diverse source of propagules for connecting estuaries along a coastline. The increasing activities of human-induced encroachment most likely were too recent to show clear effects on genetic variables, but it can be expected that more inbreeding and a hampered propagule flow will lead to depauperated landward mangrove areas for coming generations.
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Code Location Latitude Longitude Habitat features of transect position Transect Distance to
length (m) sea (m)
Avicennia marina
AM1  San José, Tablas Strait, Oriental 13°17/10"N 121°21'8"E  Across small creeks, parallel to 90 m wide river and 264 420
Mindoro tidal influence
AM2  San José, Tablas Strait, Oriental 13°1710"N 121°21’3"E  Perpendicular to river and coastline and across 450 420
Mindoro small creeks, tidal influence
AM3  Naujan, Tablas Strait, Oriental 13°20'4"N 121°17'52"E  Landward, parallel to 50 m wide river, limited tidal 496 1050
Mindoro influence
AM4  Naujan Tablas Strait, Oriental 13°20'4”"N 121°17'52"E  Landward, perpendicular to river and across 15 m 359 1200
Mindoro wide creek, limited tidal influence
AM5  Tabuk Islet, Palombon, Leyte 110 2/832.57"N  124°22'35.34"E Parallel to estuary, island open to direct tidal 450 240
influence
AM6  Parilla, Palombon, Leyte 1059'39” N 124 24’ 44.6" E Perpendicular to sea, parallel along creek with tidal 102 30
influence
AM7  Apale, Isabel, Leyte 10°51'54.77"N  124°29'5.38"E  Parallel to coastline direct tidal influence 91 45
AM8  Calunangan, Merida, Leyte 10°562/12.29"N  124°30'40.77"E Parallel to small estuary, lowered tidal influence 86 250
AM9  Puertobello, Merida, Leyte 10°59'16.98"N  124°31/59.57"E Landward part of estuary, parallel to road, limited 134 1250
tidal influence
AM10 Puertobello, Merida, Leyte 10°569'16.98"N  124°31/59.57"E Landward part of estuary, perpendicular to road, 59 1050
limited tidal influence
AM11 Lao, Ormoc City, Leyte 11°0'9.68"N  124°33'54.10"E Parallel to wide estuarine river, tidal and river current 80 90
influence
AM12 Naungan, Ormoc city, Leyte 11°0'15.65"N  124°33'53.74"E Parallel to large estuarine river, tidal and river 7 20
current influence
AM13 Palhi, Baybay City, Leyte 10°38'57.16"N 124°47'54.17"E Perpendicular to estuary, tidal influence 134 350
AM14  Palhi, Baybay City, Leyte 10°38'28.33"N  124°47'40.38"E Parallel to estuary, tidal influence 62 45
AM15 Punta, Baybay City, Leyte 10°38/22.50"N 124°46'39.50"E Perpendicular to estuary, tidal influence 68 10
AM16 Esperanza, Inopacan, Leyte 10°31/12.758"N 124°45'17.22"E Landward, perpendicular to estuary, limited tidal 89 250
influence
Avicennia rumphiana
AR1  Linawan, San Andres, Romblon, 12032745"N 122°0'36"E  Parallel to temporary sandbar changing seasonally, 282 120
Tablas Strait 30 m wide creek, tidal influence, though sheltered
AR2  Linawan, San Andres, Romblon, 12082/45"N 122°0'36"E  Perpendicular to sandbar and creek, sheltered 397 240
Tablas Strait landward part, limited tidal influence
AR3  Matatuna, San Andres, Romblon, 12°28'59"N 122°0'31"E  Parallel to open sea, exposed and protruding 230 150
Tablas Strait mangrove, landward side, tidal influence
AR4  Matatuna, San Andres, Romblon, 12°28'59"N 122°0'31"E  Perpendicular to open sea, tidal influence 413 80
Tablas Strait
AR5  Esperanza, Inopacan, Leyte 10°31/14.70"N 124°45'18.50"E Parallel to small river of protruding mangrove area, 178 10
limited tidal influence
AR6  Conalum, Inopacan, Leyte 10°31/16.59"N  124°45'19.54"E Parallel along creek of protruding mangrove area, 115 15
limited tidal influence
Avicennia alba
AA1  Lao, Ormoc City, Leyte 11° (0'35.80”"N 124°33'45.30"E Parallel along 30 m wide river, river current and tidal 147 1500
influence
AA2  Lao, Ormoc City, Leyte 11°0'9.68"N  124°33'54.10"E Perpendicular to wide estuarine river, tidal influence 82 600
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Model Directionality Connected populations Bezier log marginal-likelihood Model choice Model probability

(a) Western Leyte Six seaward located populations

Panmixia All All: AM5 AM7 AM10 AM11 AM14 AM16 —783,168.51 5 0

Steppingstone Bidirectional AM5 «<——AM7 «~—AM10«+—AM11 <~ —>AM14 «—AM16 —476,845.33 4 0

Steppingstone Unidirectional from North to South AM5—AM7—AM10—AM11—AM14—AM16 —319,793.87 3 0

Steppingstone Unidirectional from South to North AM5«AM7 «~AM10«+AM11«AM14«—AM16 —305,365.49 2 0

Steppingstone Unidirectional from South to North and AM5 «~AM7 <~ AM10<«—>AM11«AM14 «AM16 —212,983.73 1 1

partly bidirectional Nem = 1.0«-1.4<-0.7—0.5<+1.0«1.2

(b) Tablas Strait Two seaward located populations

(Oriental Mindoro)

Panmixia All (bidirectional) All: AM1 «<——AM4 —370,731.37 3 0

Adjacent Unidirectional from North to South AM1—AM4 —339,398.80 2 0

Adjacent Unidirectional from South to North AM1 «AM4 —319,5657.37 1 1l
Nem =0.8

(b) Tablas Strait Two seaward located populations

(Romblon)

Panmixia All (bidirectional) All: AR2 «——AR4 —390,532.65 3 0

Adjacent Unidirectional from North to South AR2—AR4 —317,227.53 1 il
Nem = 0.8

Adjacent Unidirectional from South to North AR2<«AR4 —351,463.04 2 0

The model with highest support is highlighted in gray with Nem included. Connected populations with <—— referring to bidirectional and — or < to unidirectionality.
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