
MANGROVES IN CHANGING ENVIRONMENTS

Hidden founders? Strong bottlenecks and fine-scale genetic
structure in mangrove populations of the Cameroon Estuary
complex

Magdalene N. Ngeve . Tom Van der Stocken . Dimitris Menemenlis .

Nico Koedam . Ludwig Triest

Received: 18 November 2016 / Revised: 22 August 2017 / Accepted: 24 August 2017 / Published online: 5 September 2017

� Springer International Publishing AG 2017

Abstract Fine-scale genetic structure (FSGS) is

common in plants, driven by several ecological and

evolutionary processes, among which is gene flow.

Mangrove trees rely on ocean surface currents to

spread their hydrochorous propagules through space.

Since pollen dispersal is generally restricted to local

scales, high level of short-distance propagule dispersal

is expected to result in FSGS in Rhizophora spp. We

investigated FSGS, recent bottleneck events, as well

as historical and contemporary expansion patterns in

Rhizophora racemosa populations from the entire

coast of Cameroon, using 11 polymorphic microsatel-

lite markers. Populations of the Cameroon Estuary

complex (CEC) showed significant FSGS and

significant reduction in effective population sizes

(recent bottlenecks), compared to the other areas.

Additionally, our results indicate stark differences

between historical and contemporary expansion mod-

els. These suggest that contemporary processes such

as restricted propagule dispersal, bottleneck events

from high indirect and direct anthropogenic pressure,

and recolonization by founders from ancient local

pockets/refugia most plausibly shape the patterns of

FSGS in the CEC.
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Introduction

Dispersal plays an integral role for the persistence of

populations and in shaping plant communities

(Trakhtenbrot et al., 2005). It influences extinction

and colonization events, controls patterns of gene

flow, population regeneration and stability, as well as

range dynamics (Peakall et al., 2003). Understanding

the mechanisms of dispersal can provide insight into

how landscapes are being (or have been) colonized by

plants and predict range dynamics under future

environmental changes (Nilsson et al., 2010). Hydro-

chory, i.e., dispersal of propagules via water currents,
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has been reported as an efficient dispersal mechanism

over others, evidenced from lower differentiation in

riparian meta-populations compared to terrestrial

counterparts (Kinlan & Gaines, 2003; Chen et al.,

2007). It has been hypothesized that hydrochorous

plant populations show reduced genetic structure due

to high gene flow (Kudoh & Whigham, 1997; Nilsson

et al., 2010).

In mangroves, which occur in intertidal areas along

tropical, subtropical, and warm temperate coastlines,

dispersal distance and directionality of propagules is

determined mainly by the interaction of ambient ocean

surface currents and winds (Van der Stocken et al.,

2013, 2015a; also, see Pil et al., 2011;Wee et al., 2014;

Mori et al., 2015). The spatial extent of dispersal,

however, may complicate or prevent direct observa-

tion of dispersal patterns, rendering quantification of

propagule dispersal between mangrove populations

difficult. Dispersal distances generally describe a

leptokurtic distribution (Nathan et al., 2008), the

minority of propagules actually dispersing over long

distances. In mangroves, the short-distance compo-

nent of the dispersal kernel may be due partly to the

densely rooted areas in mangrove forests, which may

obstruct the transport of propagules to the open sea

(Van der Stocken et al., 2015b). It has been shown that

restricted pollen and propagule dispersal may result in

fine-scale genetic structure (FSGS) (Nilsson et al.,

2010; Cerón-Souza et al., 2012; Jalonen et al., 2014;

Mori et al., 2015), i.e. the non-random spatial distri-

bution of genetic variation at fine scale. FSGS is

generally explained by ecological drivers such as

limited gene flow, adult population density, thinning

among cohorts (fragmentation), breeding systems,

spatio-temporal patterns of seedling colonization,

disturbance history, as well as evolutionary processes

such as local adaptation (Loveless & Hamrick, 1984;

Vekemans & Hardy, 2004; Chung & Chung, 2013,

Millán-Aguilar et al., 2016), of which gene flow

remains the most widely studied factor (Wells &

Young, 2002; Hardy et al., 2004; also see Cerón-Souza

et al., 2012; Mori et al., 2015).

Gene flow is inferred from population genetic

differentiation (genetic structure), since direct mea-

surements are not feasible. However, in areas where

anthropogenic pressure results in continuous re-ex-

pansion/recolonization of species following destruc-

tion, inferring gene flow from population structure is

not straightforward. Strong anthropogenic pressure

such as fragmentation due to wood extraction can

negatively affect gene flow, resulting in strong pop-

ulation differentiations both at fine andmedium scales.

Several estimators of population differentiation exist,

with different critics on their applicability and their

interpretation. F-statistics and R-statistics are the most

widely used, probably due to their estimation of the

number of migrants (Nm), although both can be

criticized in a number of ways (Balloux & Lugon-

Moulin, 2002). Therefore, careful interpretation of

both (F- and R-) statistics may provide the most

valuable insights on genetic structure of populations

(Balloux & Lugon-Moulin, 2002), as well as the levels

of gene flow among populations. Also, spatial genetic

autocorrelation analyses allow for meaningful esti-

mates of (fine-scale) spatial genetic differentiation

(Peakall et al., 2003), even in cases where genetic

structure is low (Epperson & Tianquan, 1996).

Specieswith high dispersal abilities andweak habitat

specificity are expected to show little population genetic

differentiation (Latch et al., 2014). It is hypothesized

that FSGS is unlikely to occur in widely dispersing

species and in outcrossing taxa (Peakall et al., 2003;

Epperson, 2007). Although Rhizophora propagules

have a high probability to be retained, they are

potentially capable of long distance dispersal due to

their long viability and flotation periods (see De Ryck

et al., 2012; Tonné et al., 2016, 2017). Additionally,

preliminary findings suggest pollen dispersal to be

highly restricted in the (self-compatible and partially

protandrous) Rhizophora racemosa G. Mey. popula-

tions in the Cameroon Estuary, and these populations

were only moderately outcrossing, indicating a mixed

mating system of both outcrossing and geitonogamous

selfing (unpublished data). Apart from pollen and

propagule dispersal limitation, FSGS is expected to be

higher in ‘‘recent’’ populations such as those in the

periphery of a range, rather than in core populations, due

to higher pressure from genetic drift, reduced effective

population sizes, founder effects, and restricted gene

flow (Pandey & Rajora, 2012). However, the same can

occur even in core populations that persist, due to

repeated re-expansion/recolonization in certain areas

that are highly disturbed, yet contain pockets of original

forest or remain conducive for colonization.

Mangrove populations of the Cameroon Estuary

complex (CEC) are among the most genetically

diverse along the Cameroonian coastline (see Ngeve

et al., 2016a, b). Ngeve et al. (2016a) found that
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(recent) colonization patterns in this estuary might

have followed the migrant pool model for most

populations, and the propagule pool model for some

others. Additionally, gene flow within the CEC was

observed to be high such that all individuals make up a

single genetic cluster, while propagule dispersal

covered several kilometres within the estuary (Ngeve

et al., 2016b). However, high levels of gene flow (low

differentiation) among populations and seemingly

successful establishment of genetically rich founder

populations do not prevent the build-up of strong,

rather persistent spatial genetic structure within pop-

ulations (Helsen et al., 2015). Since the seed dispersal

curve tends to be leptokurtic, local (re-) expansion into

degraded gaps and new patches, as well as the growth

of new cohorts, occurs from local more ancient

pockets. Therefore, genetic structure at small spatial

scales (within population/mangrove forest patch)

amidst low differentiation between populations, and

high genetic diversity, suggests ‘‘hidden founders’’

(sensu Helsen et al., 2015). ‘‘Hidden’’ refers to the fact

that, besides high genetic variability and reduced

differentiation among populations, some small

patches within the whole are made of founders from

colonists of local origin, resulting in the build-up of

genetic structure at very small spatial scales (a few

tens of metres). Studies assessing FSGS in (Rhi-

zophora) mangroves are rare (but see Cerón-Souza

et al., 2012; Mori et al., 2015). While for mangroves

along the Cameroonian coast, earlier work assessed

genetic differentiation at the inter-population scale

(cf., Ngeve et al., 2016a, b), no data are as yet available

on the within-population differentiation, i.e., at much

smaller geographical scales (e.g.\200 m). Figure 1

provides a conceptual framework of the links and

differences of this current study and our two previous

studies.

In this study, we assess the FSGS hypothesis for

mangrove populations along the Cameroonian coast-

line, which are under varying degrees of anthropogenic

pressures. The most disturbed are those on the

Cameroon Estuary complex (Corcoran et al., 2007;

Nfotabong-Atheull et al., 2011, 2013; Ngeve et al.,

2015). Anthropogenic pressures range from encroach-

ment by local people, deforestation via illegal logging,

sediment/sand extraction (personal observation; Cor-

coran et al., 2007; FAO, 2011; Nfotabong-Atheull et al.,

2009, 2011, 2013), and pollution (Alemagi et al., 2006,

Ngeve et al., 2015). Despite converging ocean currents

offshore at the CEC, the overall genetic diversity of this

estuary was not significantly higher than others (Ngeve

et al., 2016a). Although this could result from the

Fig. 1 Conceptual framework of the links and differences of this current study and our two previous studies
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westward jets created by converging currents, trans-

porting propagules seaward rather than landward

(Ngeve et al., 2016a); it could also result from natural

river-estuary dynamics or high levels of anthropogenic

pressure as reported in this area (see Ngeve et al.,

2016b). Firstly, we hypothesize that FSGS is high in

Rhizophora mangrove areas due to the high propagule

retention potential in such forests with a dense stilt

root structure (see Sousa et al., 2007; Van der Stocken

et al., 2015b; Gillis et al., 2016) as well as restricted

pollen dispersal (see Cerón-Souza et al., 2012; Mori

et al., 2015). To test this, we evaluate comparative

FSGS of the different mangrove areas in Cameroon.

Secondly, we hypothesize the mangroves in the CEC,

being the most disturbed along the Cameroonian

coastline, show stronger patterns of FSGS and reduced

effective population sizes (bottlenecks), compared to

more pristine areas such as the Rio del Rey Estuary.

Therefore, we investigate populations for recent

reduction in effective population size to assess

whether these have any relationship with FSGS.

Additionally, we investigate the expansion pathway

(historical migration/dispersal) of mangroves along the

entire coastline of Cameroon to test for recent

expansion/recolonization of this mangrove area. That

is, whether the present mangroves of the CEC were the

last to be established by colonization due to the

present-day ocean surface current patterns that char-

acterize this coastline, flowing northwards and south-

wards and converging offshore the CEC (see Ngeve

et al., 2016a). This will provide more information as to

whether patterns of recent bottleneck events are carry-

overs of historical founders or result from recent

(anthropogenic) pressure, or both. Thirdly, we hypoth-

esize that due to the differences in the degree of

anthropogenic pressures among the 4 different man-

grove estuaries, estuarine-scale genetic differentiation

would be different. Therefore, we compared the

overall genetic structure within the four studied

estuaries to elucidate the influence of anthropogenic

on genetic differentiation.

Materials and methods

Description of the study area

Mangroves of the Cameroonian coastline are primar-

ily distributed along four estuarine areas—the Rio del

Rey Estuary in the north (most pristine), the Cameroon

Estuary complex (CEC) (most anthropized), and the

more (naturally smaller) southerly mangrove areas—

the Lokoundje and Ntem estuaries (Fig. 2). The

nation’s overall mangrove cover declined from ca.

1119 km2 in 2000 to ca. 1113 km2 in 2014 (Hamilton

& Casey, 2016), with the CEC being the most

impacted (Corcoran et al., 2007; Nfotabong-Atheull

et al., 2013). Despite the decline in its spatial extent,

due to coastal development, urbanization, and con-

version into farm fields (for planting, e.g. maize and

oil palm) (Nfotabong-Atheull et al., 2013, Ndjebet &

Ngokoy, 2014), the CEC remains a vast mangrove

area ca. 88,000-100,000 ha, second to the Rio del Rey

Estuary (ca. 100,000 ha) and larger than the southern

estuaries (ca. 2000 ha) (FAO, 2011) (Fig. 2). The

mangrove population at Londji (Lokoundje Estuary)

was highly fragmented, consisting of sparsely dis-

tributed remnant adult stands (see Table S1). Unlike

the Lokoundje Estuary, the CEC populations are still

relatively dense (see details in Table S1). In the Wouri

(CEC), R. racemosa stands could grow as high as

40 m, with about 1 m tree diameter (Saenger &

Bellen, 1995). However, for most of the sampled

areas, tree height could average about 4—10 m in

height, except for a few very tall trees (personal

observation). Although tree height must not correlate

with age, due to the slow growing nature of Rhi-

zophora spp., the large differences in tree heights, up

to about 10-fold magnitude, could indicate the coex-

istence of trees or cohorts of different age classes

within the CEC, such that the taller trees are much

older than the relatively shorter trees.

Sampling for plant DNA material

All four (4) mangroves estuaries were studied from

along the Cameroonian coastline (see Ngeve et al.,

2016a). Eleven (11) study sites in total were sampled

for plant material for genetic analysis from the four

estuaries. Ekondo-Titi (EKO), Mbongo (MBO), and

Bekumu (BEK) make up the 3 sites from the Rio del

Rey; Mabeta (MAB), Tiko (TIK), Douala—Bona-

moussadi (SADI), Douala—Akwa Nord (AKN),

Douala-Bonaberi (BERI), and Douala-Edea Reserve

at Mouanko (RSVM) make up the 6 sites from the

CEC; Kribi, sampled at Londji and Mpalla, makes up

the site from the Lokoundje Estuary. While Campo,

sampled at Ipono and at Campo Beach, makes up the

192 Hydrobiologia (2017) 803:189–207

123



site at the Ntem Estuary (Fig. 2). Sampling was done

along transects and a minimum distance of 10 m

between sampled trees was considered deliberately to

avoid sampling the same individual. Distances

between trees were measured in the field using a

measuring tape and fromGPS coordinates of each tree.

DNA extraction and amplification

We extracted genomic DNA from 20 to 30 mg of dry

plant leaf tissue, using the E.Z.N.A SP plant DNA

Mini Kit (Omega bio-tek). Using the 11 polymorphic

microsatellite markers initially isolated from R. race-

mosa from Cameroon (Tiko) (Ngeve et al., 2016b), a

multiplex PCR was performed to amplify DNA

samples. The constituent of each of the multiplex

PCR was 2.5 ll of H2O, 6.25 ll of the master mix

(Qiagen multiplex pcr kit master mix), 1.25 ll of the
primer mix, and 3 ll of DNA, in a final volume of

13 ll. The PCR conditions were similar to that

employed by Ngeve et al. (2016a, b): initial denatu-

ration of 95�C for 15 min followed by 34 cycles of

30 s denaturation, 90 s of annealing at a temperature

of 57�C and elongation of 80 s at 72�C, followed by a
final elongation time of 30 min at 60�C, and a cooling
to 4�C for 1 min in a Bio-Rad thermal cycler (MJ

research PTC-200 and Bio-Rad MyCycler) (Ngeve

et al., 2016a, b). Fragment analysis was done by

Macrogen Corporation (Seoul, South Korea), and

scoring of alleles was done using GeneMarker

(SoftGenetics LLC, State College, USA).

Data analyses

Hypothesis 1 Spatial autocorrelation analyses with

multi-locus genotypes for assessing FSGS

Fig. 2 The Cameroonian coastline showing the 11 sample sites and 4 studied estuaries
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Spatial autocorrelation allows for the examination

of the correlation between pairwise genetic distance of

individuals within a given geographic distance class,

for multiple user-defined classes. Geographic distance

matrices were obtained from the distances between

trees measured during sampling in the field, using a

measuring tape as well as GPS coordinates.We carried

out a spatial autocorrelation analyses for all study sites

(11) (transects combined), assuming 6 even distance

classes of 30 m, at 9999 permutations and 10,000

bootstraps using GenAlEx v 6.5 (Peakall & Smouse,

2012). Subsequently, patterns were then cross-

checked using 6 variable distance classes (10, 30,

60, 120, 300, and 500 m). The x-intercept for each of

the spatial autocorrelation analyses (each site) gives a

measure of the non-random (positive) genetic struc-

ture, i.e. an estimate of the ‘‘genetic neighbourhood’’

(Vergara et al., 2015) or ‘‘genetic patch size’’ (Peakall

& Smouse, 2012).

Hypothesis 2 Consequences of expansion pathway

(dispersal) and effective population sizes on FSGS

We used the program Migrate-n (Beerli, 2006;

Beerli & Palczewski, 2010) to test the following 4

historical migration/expansion models: (1) unidirec-

tional expansion from Rio del Rey (north) to Campo

(south) (N ? S); (2) unidirectional expansion from

Campo (south) to Rio del Rey (north) (S ? N); (3)

bidirectional expansion from Rio del Rey (north) and

from Campo (south) into the CEC (centre), assuming

the CEC as the most ‘‘recent’’ mangrove area

(N ? C / S); and finally, (4) bidirectional expan-

sion from the CEC (centre) to the north and south,

assuming the CEC to be the ‘‘oldest’’ mangrove area

(N / C ? S). This was done by the comparison of

marginal likelihoods and Bayes factors. Estimates of

the historical effective population sizes (Ne) and the

historical migration rates per generation (Nem) were

determined from the model that best describes the

expansion pathway of mangroves along this coastline.

To enable comparison, parameter values were delib-

erately kept the same for the respective analyses:

Bayesian inference was the search strategy and the

Brownian motion microsatellite mutation model was

set as data type with uniform mutation rate at all loci.

Uniform prior distribution settings (min, max, delta)

were as follows: for H = 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 of 106, and four parallel heated (static) chains (1.0,

1.5, 3.0, and 105). Three replicate runs, each with a

different initial seed number, were performed using

the same specifications for each model. Several trial

runs were performed before these replicate runs to

determine the most appropriate settings to allow for

convergence. The Bezier approximation to marginal

likelihood (mL) was used to assess which of the

above-mentioned models best describes the data. Log

Bayes factors (LBF) were calculated using the

following formula (Beerli & Palczewski, 2010):

LBF ¼ 2 � ln mL model1ð Þð Þ � ln mL model2ð Þð Þ½ �:
ð1Þ

The effective number of immigrants per generation

(Nem) was calculated as HM/4 (see Kennedy et al.,

2016). Following the procedure of Kennedy et al.

(2016), historical effective population sizes (Ne) were

calculated asH/4l, where l is the plant microsatellite

mutation rate of 7.7 9 10-4 (Vigouroux et al., 2002).

We also used the program BOTTLENECK v.

1.2.02 (Piry et al., 1999) to test for significant

reduction in effective population sizes from recent

bottleneck events. The analysis ran 1000 iterations by

testing the assumptions that mutation rate of

microsatellite markers follow (1) a Stepwise Mutation

Model (SMM), or (2) a Two-Phase Model (TPM).

TPM assumes 70% SMM rate and a variance of 30%.

Significance of this test was considered strong at

P\ 0.001 or marginal at P\ 0.05.

In addition to genetic analyses, a dispersal model

was built for simulating propagule dispersal trajecto-

ries and estimate dispersal distances (see Ngeve et al.,

2016a). The dispersal model was forced using hourly

ocean surface currents from a mesoscale and tide-

resolving ocean simulation carried out using the

Massachusetts Institute of Technology general circu-

lation model (MITgcm; Hill et al., 2007). The

MITgcm ocean simulation is initialized from a data-

constrained global ocean solution provided by the

Estimating the Circulation and Climate of the Ocean,

Phase II (ECCO2) project (Menemenlis et al., 2008,

also see Rocha et al., 2016). Surface boundary

conditions in the MITgcm are from the 0.14� Euro-

pean Centre for Medium-Range Weather Forecasts

(ECMWF) operational atmospheric analysis starting

in 2011, which is made available on a model grid

with B15-km horizontal spacing, and bathymetry is a
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combination of the Smith and Sandwell (1997) v. 14.1

and International Bathymetric Chart of the Arctic

Ocean (IBCAO). Horizontal grid spacing is ca. 4 km,

while a vertical grid spacing of 1 m near the surface

allows to better resolve surface boundary layer

currents. For estimating dispersal trajectories, we used

MITgcm ocean simulation output for the ocean

surface, i.e. the upper vertical level only, which is a

reasonable assumption for passively dispersing man-

grove propagules that float near the water surface.

Dispersal model output allowed us to investigate

whether present-day ocean surface currents are in

congruence with historical migration (dispersal) pat-

terns as indicated by genetic data, and to investigate

whether propagule dispersal directions and distances

have any relationship with FSGS. The dispersal model

was used to determine the distances covered by virtual

propagules released hourly for the months February,

March, April, September, and October 2012 (i.e. 3626

propagules in total), all having a floating period of

3 months (the same model simulation was used by

Ngeve et al., 2016a). Dispersal distances were calcu-

lated for all 3626 propagules released in the 11 coastal

locations, using the spherical law of cosine:

d ¼ arccos sinðy1Þsinðy2Þcosðy1Þcosðy2Þcosðx1�x2Þ½ �
� R;

ð2Þ

where (x1, y1) and (x2, y2) are the coordinates of the

release and end locations, respectively, and R = 6370

000 m, being the Earth’s radius.

Subsequently, we calculated the Spearman rank

correlation between x-intercept values (genetic neigh-

bourhood), as a measure of the FSGS, and the

(modelled) dispersal distances (used as a determinant

of ‘‘open’’ or ‘‘closed’’ systems). To validate the use of

the x-intercept as a measure of FSGS, we estimated the

Spearman rank correlation between the spatial auto-

correlation coefficients (r) and the x-intercepts.

Hypothesis 3 Comparative estuarine-scale genetic

structure

Estuarine-scale statistics of genetic differentiation

were done for the 4 different estuaries by assessing

AMOVA-Fst and AMOVA-Rst, to compare the

genetic differentiation of the 4 different estuaries.

Following Hardy et al. (2003), we performed allele

size permutation tests for each of the studied estuaries

to assess the contribution of allele sizes to genetic

structure of the estuaries in SPAGeDi v. 1.4 (Hardy &

Vekemans, 2002). For these analyses, we ran a total of

2 9 104 permutations for each estuary. The permuta-

tion test calculates a permuted Rst, which is done by

randomly assigning allele sizes within each locus and

assessing whether stepwise mutation contributes more

to the genetic differentiation than migration and drift.

For each of all the studied loci, the program then

compares estuarine estimates of the permuted Rst vs

the normal Rst.

Additionally, to evaluate the impact of population

size and disturbance on genetic differentiation, we

performed a Spearman rank correlation analysis

between the effective population sizes (Ne) vs the

genetic differentiation (Fst) of each estuary. We also

categorized estuaries as either being in a disturbed

state (1) or an undisturbed state (0). Using this

categorical variable, we performed another Spearman

rank correlation with the Fst values of the estuaries.

Assumptions and limitations

Mindful of the high dispersal capabilities of Rhi-

zophora propagules, and the possibility that coloniza-

tion and expansion of mangroves along the

Cameroonian coastline might have occurred from

multiple founders and followed multiple pathways, the

lack of samples from other parts of the West African

coastline indicates that the expansion model observed

herein is the most simplistic of patterns and assumes

the Cameroonian coastline (from which all samples

were obtained) as an ‘‘island’’ (isolated from all the

other mangroves of the entire W. African coastline).

Additionally, although it might have been interesting

to test more expansion pathways, for example by

including some from the recent patterns initially

reported by Ngeve et al. (2016a), the additional

relevance of these very contemporary patterns in

elucidating patterns of historical expansion, on a

coastline known to have been altered geomorpholog-

ically, is assumed to be of less impact. Additionally,

‘‘disturbance’’ or ‘‘disturbed state’’ as considered in

the third hypothesis of this manuscript is based on the

subjective assessment of the author (MNN), following

insights from extensive literature review (e.g. Corco-

ran et al., 2007; Nfotabong-Atheull et al., 2009, 2011;

Feka & Ajonina, 2011; Nfotabong-Atheull et al.,

2013; Ndjebet & Ngokoy, 2014; Feka & Morrison,
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2017), as well as insights from comparative field

observation of the different mangrove areas.

Results

Hypothesis 1 Spatial autocorrelation analyses

(FSGS) in Rhizophora racemosa populations

Details on the genetic variability of the different

mangrove populations considered for this work have

already been reported by Ngeve et al. (2016a, b). Six

(6) out of the 11 sites showed significant FSGS for the

first distance class of 30 m, five of which were

populations from the CEC (Figs. 3, 4, 5). The five

populations from the CEC were MAB, TIK, AKN,

BERI, RSVM, while BEK, i.e. the site closest to the

CEC, was the only site of the Rio del Rey with a

marginally significant (P\ 0.05) FSGS. The popula-

tion SADI (most upstream Wouri) was the only

population of the CEC without significant FSGS. The

results from spatial autocorrelation analyses using

variable distance classes showed patterns that were

very comparable to those calculated using even

distance classes (data not shown).

Hypothesis 2 Consequences of expansion pathway

(dispersal) and effective population sizes on FSGS

Investigation of recent reduction in effective pop-

ulation sizes showed 6 of the 11 populations (4 sites

from the CEC and 2 other sites—BEK and Campo)

have signs of recent bottleneck events (Figs. 3, 4, 5).

All the populations that showed significant FSGS

(except RSVM) also had significantly reduced effec-

tive population sizes (bottlenecks). Site 11 (CAMPO)

is the only population that had signs of a recent

bottleneck event without FSGS. The significance of

bottleneck events was observed in these populations

following the SMM. Estimates of historical effective

population sizes indicate that the Lokoundje Estuary

has the lowest historical effective population size

(mean Ne = 64, 95% confidence interval = 4–119),

while the Ntem Estuary in the South had the highest

historical effective population size (mean Ne = 886,

95% confidence interval = 747–1026) (Fig. 6.). Con-

trary to our expectation, the CEC had the second

Fig. 3 Spatial

autocorrelogram of 3

Rhizophora racemosa

populations from the Rio del

Rey Estuary showing

variable fine-scale genetic

structure at even distance

classes of 30 m. Dashed

lines indicate upper and

lower 95% confidence

intervals (CI) around the

spatial autocorrelation

coefficient (r) based on 9999

permutations; 95% CI

around r from 9999

bootstraps. P values indicate

level of significance of fine-

scale genetic structure,

while significance to recent

reduction in effective

population sizes

(bottlenecks) is indicated by

*(P\ 0.05) and

**(P\ 0.001)
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highest historical effective population size of the

entire coastline (mean Ne = 670, 95% confidence

interval = 509–709) (Fig. 6). The model of effective

historical dispersal pathway that best explains man-

grove expansion along this coastline is dispersal from

south to north (Table 1). Historical effective migration

rates (Nem) are highest from the Ntem Estuary

(southernmost) to the Lokoundje Estuary (mean

Nem = 60.71, 95% confidence inter-

val = 8.89–167.61) and lowest from Ntem to Rio

Fig. 4 Spatial autocorrelogram of 6 Rhizophora racemosa

populations from the Cameroon Estuary complex (CEC)

showing variable fine-scale genetic structure at even distance

classes of 30 m. Dashed lines indicate upper and lower 95%

confidence intervals (CI) around the spatial autocorrelation

coefficient (r) based on 9999 permutations; 95% CI around r

from 9999 bootstraps. P values indicate level of significance of

fine-scale genetic structure, while significance to recent

reduction in effective population sizes (bottlenecks) is indicated

by *(P\ 0.05) and **(P\ 0.001)

Fig. 5 Spatial autocorrelogram of 1 Rhizophora racemosa

population from the Lokoundje Estuary (KRIBI), and 1

population from the Ntem Estuary (CAMPO). Dashed lines

indicate upper and lower 95% confidence intervals (CI) around

the spatial autocorrelation coefficient (r) based on 9999

permutations; 95% CI around r from 9999 bootstraps. P values

indicate level of significance of fine-scale genetic structure,

while significance to recent reduction in effective population

sizes (bottlenecks) is indicated by *(P\ 0.05) and

**(P\ 0.001)
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del Rey (mean Nem = 0.05, 95% confidence inter-

val = 0–0.3) and from CEC to Rio del Rey (mean

Nem = 0.08, 95% confidence interval = 0–0.56)

(Fig. 6). However, modelled dispersal pathways of

virtual propagules indicate a major difference between

historical and current migration pattern along the

coastline. There is a wide expansion pathway for

propagules from the north (Rio del Rey) to the centre

(CEC). Although propagules from the Ntem and

Lokoundje estuaries are dispersing from south to

north, as the historical migration rates, these propag-

ules generally do not reach the CEC and certainly not

the Rio del Rey in the north due to contemporary

ocean current dynamics (Fig. 7) (also see Ngeve et al.,

2016a). The dispersal pathways of virtual propagules

from the CEC seem to be highly restricted by the

contemporary ocean current patterns, as the propag-

ules from the CEC do disperse out of the CEC.

Fig. 6 Mean historical

effective population sizes

(Ne) and mean effective

number of migrants per

generation (Nem) between

mangrove estuaries of the

Cameroonian coastline

(brackets = 95%

confidence intervals).

Estimates were calculated

from the best choice model

describing mangrove

expansion along the

Cameroonian coastline

based on our data

Table 1 Description of the four hypothetical models of mangrove expansion pathway along the Cameroonian coastline

Hypothesized

models

Description Bezier

lmL

LBF Choice Model

probability

Model1: N/
CEC?S

Bidirectional migration from the CEC to the Rio Del Rey in the

north and the Lokoundje & Ntem estuaries in the south

-291196 -6408.87 2 0

Model2:

S?N

Unidirectional migration from southern to northerly estuaries -284787 0.00 1 1

Model3:

N?S

Unidirectional migration from northern to southerly estuaries -298043 -13256.3 3 0

Model4:

N?CEC/
S

Bidirectional migration from the northern & from southerly estuaries

into the CEC

-357066 -72278.9 4 0

Model comparison of log marginal likelihoods (lmL) of the Bezier approximation and the log Bayes factors (LBF)
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Additionally, calculated propagule dispersal distances

indicated the shortest dispersal distances occurring for

propagules released at sites within the CEC (Table 2).

So, propagules released from populations within the

CEC remain in the CEC. A correlation analysis of

these distances and the genetic neighbourhood (x-

intercept) revealed a negative relationship (scatterplot,

Fig. 8).

Hypothesis 3 Comparative estuarine-scale genetic

structure

Analysis of molecular variance (AMOVA) F-statis-

tics showed that Fst was low but significant in all

estuaries except for the Ntem Estuary (Table S2). Fst

was highest for the Lokoundje Estuary (Fst = 0.124)

and lowest for the Ntem Estuary (Fst = 0.007)

(Table S2). AMOVA R-statistics indicated relatively

high and significant Rst values except for the

Lokoundje Estuary. Rst was highest for the CEC

(Rst = 0.269) and lowest for the Lokoundje Estuary

(-0.005) (Table S2). Our results of allele size

permutation tests showed that for all 4 estuaries, the

permuted Rst was less than the calculated (observed)

Rst, although this was significant only in the Rio del

Rey Estuary (P\ 0.005) (Table S3). Genetic differ-

entiation (Fst) showed an inverse relationship with

effective population size (Ne) (r = -0.78), but a

strongly positive relationship with disturbed state

(r = 0.72), although none of these relationships were

significant (at P\ 0.05).

Discussion

Hypothesis 1 FSGS as a function of retention in

Rhizophora racemosa populations

The difficulty of propagules to enter or leave closed

mangrove forest landscapes, due to reduced vector

displacement velocity and shorter seed passage times

Fig. 7 a Modelled historical mangrove expansion pathway

based on comparison of log Bayes factors and log marginal

likelihoods (bold lines) and b contemporary simulated dispersal

trajectories (indicated as well with dashed-line arrows in (a)).
Numbers 1–11 correspond to the different population sites.

Historical dispersal pathway amodelled dispersal from south to

north seem to best fit the data (bold-line arrows); dashed-line

arrows describe contemporary mangrove dispersal pathways as

simulated using a propagule dispersal model b, indicating

dispersal from both the northern Rio del Rey Estuary, the

southerly Ntem, and Lokoundje estuaries towards the centre

(CEC), but converging to form westward jets into the open

ocean. Propagules from Bekumu (red) and Mbongo (green) in

the Rio del Rey Estuary indicate contemporary connectivity

with the CEC, while these pathways do not meet with those from

the southern Ntem (brown) and Lokoundje estuaries (b). These
patterns are in congruence with estimates of contemporary

dispersal patterns, using genetic data, as described by Ngeve

et al. (2016a)
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(Van der Stocken et al., 2015b; Nathan et al., 2008),

could result in increased FSGS when these propagules

eventually strand in the neighbourhood of their parent

trees. In Rhizophora spp. however, this can even be

exacerbated because of the increased barrier density

posed by the prop root network of Rhizophora spp.

which may retain large dispersing propagules, such as

Rhizophora propagules (see Van der Stocken et al.,

2015b). Therefore, it is sensible to assume that forests

dominated by Rhizophora species may show FSGS

more readily than open release and access forests (e.g.

those with less dense root networks), especially in

relation to the large and easily trapped propagules of

Rhizophora. Our results indicate that 6 out of the 11

studied Rhizophora racemosa populations of the

Cameroonian coast have significant within-population

FSGS and this appeared to be detectable over a short

distance (30 m). This suggests a non-random

Table 2 Dispersal distances of virtual propagules from each of the study sites

Location Maximum dispersal

distance

(km)

Minimum dispersal

distance

(km)

Mean dispersal

distance

(km)

Median dispersal

distance

(km)

Ekondo-Titi 3.81 2.20 3.26 3.11

Mbongo, Bekiri Beach 106.60 4.40 9.51 6.60

Bekumu 215.48 2.20 25.02 10.78

Mabeta Njanga 25.84 2.20 12.92 7.93

Tiko Beach 22.00 2.20 8.57 3.11

Douala, Akwa Nord 3.11 0 2.52 2.20

Douala, Bonamoussadi 7.29 0 6.36 6.60

Douala, Bonaberi 7.29 3.81 6.50 6.96

Douala-Edea Reserve 4.40 2.20 3.17 3.11

Kribi_Londji, Mpalla 15.24 13.01 14.72 14.92

Campo Beach, Ipono 97.02 0 59.12 56.16

Fig. 8 Scatterplot of the

maximum dispersal distance

and genetic neighbourhood

(x-intercept). Spearman

rank correlation was

significant (R = -0.71,

P\ 0.05)
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distribution of genotypes at such fine scale for these

populations. Five (5) of these populations were from

the CEC and 1 population was from the Rio del Rey

Estuary (Bekumu, proximate to the CEC). Populations

from the other estuaries did not show significant

FSGS.

The absence of FSGS in some Rhizophora man-

grove populations suggests that FSGS cannot neces-

sarily be linked to the high retention potential due to

the barrier posed by their roots as observed in

Rhizophora spp. (see Van der Stocken et al., 2015b).

Hydrochory, compared to other dispersal mechanisms,

has been reported to be very efficient (Kinlan &

Gaines, 2003, Chen et al., 2007). The observation by

Van der Stocken et al. (2015b) of heightened retention

rates in Rhizophora mangrove forest covered 5

subsequent high tides. Beyond this experimental

period however, it is not known whether or not (nor

how many) retained propagules have been released

with continued dispersal for open water. While their

results confirm that generally most propagules dis-

perse over short distances, it does not exclude their

potential to exit their neighbourhood and embark on

LDD, especially because Rhizophora propagules have

potentially long flotation and viability periods (De

Ryck et al. 2012; Tonné et al., 2016), ranging from

about 90 to 260 days (e.g. see Drexler, 2001; Rabi-

nowitz, 1978; Allen & Krauss, 2006; Steele, 2006).

Otherwise, they could disperse over shorter distances,

resulting in the connectivity of adjacent populations

(e.g. see Ngeve et al., 2016b). Therefore, the occur-

rence of FSGS in populations of some estuaries and

not in others suggests that other local scale processes,

rather than the (soley) retention (which is a widespread

Rhizophora phenomenon), is responsible for the

patterns of FSGS in the affected areas.

Hypothesis 2 Consequences of expansion pathway

(dispersal) and effective population sizes on FSGS

Generally, FSGS is expected to be high when plant

species are inbred, when dispersal (gene flow level) is

low, at range edges due to genetic drift (Maguire et al.,

2000; Arnaud-Haond et al., 2006; also see Islam et al.,

2014; Li et al., 2016), founder effects, and anthro-

pogenic disturbance (Pandey & Rajora, 2012), among

others. Populations of the most anthropized mangrove

estuary (CEC) were primarily those with signs of

FSGS. These patterns of FSGS observed here, in spite

of the reported high levels of within-estuary genetic

connectivity (Ngeve et al., 2016b), could be explained

by high anthropogenic disturbance (see Pandey &

Rajora, 2012) of the CEC (Alemagi et al., 2006;

Nfotabong-Atheull et al., 2009; Feka & Ajonina,

2011; Nfotabong-Atheull et al., 2013; Ngeve et al.,

2015; Feka & Morrison, 2017) compared to other

mangrove areas in Cameroon. Large mangrove areas

are being cleared for coastal development and exten-

sive illegal logging is also in place in many areas, for

use as fuel and construction wood by local people

(Nfotabong-Atheull et al., 2009, 2011, 2013). It is

estimated that about 25% of mangroves of the CEC

have been lost due to anthropogenic activities (Ndje-

bet &Ngokoy, 2014). However, according to Din et al.

(2002, 2008), natural regeneration is known to be

really high in mangroves of the CEC. Rhizophora

racemosa, which is the most exploited mangrove

species in this estuary, is characterized by a high

colonization capacity in Cameroon, and the coloniza-

tion of new spaces prevail as a result of accelerated

sedimentation rates due to high rainfall (Din et al.,

2002, 2008) (sedimentation could be further accentu-

ated by land use/land cover changes and logging). This

goes without saying that patches created from

exploitation have increased recolonization chances

as well. The impact of profound human pressure on

this estuary could result in the patterns observed. In an

earlier study, Ngeve et al. (2016a) observed that none

of the studied Rhizophora populations of the

Cameroonian coast were inbred. In another study by

the same authors, focusing on within-estuary gene

flow, all individuals of the CECwere found to make up

a single genetic cluster following Bayesian clustering

analysis, suggesting high connectivity within this

estuary (Ngeve et al., 2016b). The few studies on

FSGS in mangroves, carried out on Avicennia spp. and

Rhizophora mangle L., have especially linked FSGS

to limited pollen and propagule dispersal (Cerón-

Souza et al., 2012; Mori et al., 2015; Millán-Aguilar

et al., 2016).

All populations but one with significant FSGS

showed signs of recent reduction in effective popula-

tion sizes (bottleneck events), when assuming the

SMM; only 2 populations additionally showed signif-

icant bottleneck under the assumption of the TPM.

Congruent results when assuming both (SMM and

TPM) models may provide more conservative esti-

mates of true bottleneck signatures; however, allele

size permutations indicate that the SMM may be the
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mutation model driving patterns of population differ-

entiation, at least for the more pristine Rio del Rey

Estuary—reasons why the bottleneck signatures fol-

lowing the SMM are assumed to be reasonably

conclusive for this study. The bottleneck signatures

could be the result of extreme fragmentation (e.g. see

Millán-Aguilar et al., 2016, for Avicennia germinans

L. in Mexico). However, recently, climate change-

induced sea level rise has resulted in massive diebacks

of seaward mangroves of the CEC (Ellison & Zouh,

2012). Therefore, apart from direct human-induced

pressure on this mangrove system, diebacks could as

well contribute to the signs of recent bottleneck events

observed (e.g. see De Ryck et al., 2016, for South

African mangroves). Therefore, it is sensible to

assume that the CEC populations of Rhizophora

racemosa could be made up of hidden founders due

to strong human impacts on them. Otherwise, the

reduction in effective population sizes could indicate

the expansion and colonization of new sites by local

recruitment, making the CEC an old but very

‘‘dynamic’’ meta-population.

Generally, in species with long life spans (like

many tree species), the occurrence of many cohorts (of

different age classes) within a population is likely,

resulting in increased within-population genetic vari-

ability (thus reduced FSGS) (Loveless & Hamrick,

1984; Addisalem et al., 2016). However, logging

pressure could erase such signatures. The large

(comparative) historical effective population size of

the CEC (second largest after Ntem), in contrast to

signs of recent reduction in effective population sizes

in most of its populations, indeed highlights the effects

of the current anthropogenic pressure on this estuary.

The bottleneck signatures as well as the FSGS support

our hypothesis of hidden founders in this estuary, i.e.

population (re-)colonization that results in FSGS

within populations amidst (relatively) high genetic

diversity and low differentiation among populations

(high gene flow). These patterns of high within-

estuary gene flow in the CEC (Ngeve et al., 2016a, b)

together with new colonists from local recruitment are

responsible for maintaining an ancient large and

thriving mangrove population in the CEC.

Estimates of historical dispersal rates and expan-

sion models indicate that mangroves have expanded

from south to north along this coastline, implying a

stepping stone model of dispersal. Therefore, the CEC

is unlikely to be the ‘‘most recent’’ area to have been

colonized. As such, the patterns of FSGS are not as a

result of historical founders but rather as a result of

recent hidden founders. On the contrary, the modelled

virtual propagule dispersal pathways indicate that

current dispersal patterns strongly differ from histor-

ical patterns (see Ngeve et al., 2016a). The northern

Rio del Rey and CEC, found on one side of an ocean

current front (converging ocean currents), were highly

connected in the recent past, while the Ntem and

Lokoundje areas are located on the south of this barrier

(Ngeve et al., 2016a). Similar patterns were observed

in recent marine sediments, of which the littoral drift

acts as a major vector for transporting mangrove

pollen northward from the Ntem Estuary, as well as

pollen transported southward by the Guinea Current

into the Bay of Douala (Van Campo & Bengo, 2004).

These findings suggest that before the Last Glacial

Maximum (LGM, ca. 21 ka BP), when Bioko Island

(Fig. 2) was connected to the mainland, mangrove

expansion may have been influenced by the northward

flowing longshore current (littoral drift). Therefore,

sea level rise-induced changes in the coastal geomor-

phology could have altered historical ocean current

patterns to what they are today. Present-day ocean

surface current patterns seem to also make the Rio del

Rey Estuary a source area for the CEC, compensating

for the pronounced loss due to degradation. This

suggests that the CEC’s vast extent persists by

continued local colonization of new intertidal areas

(see Din et al., 2008), by local recruits (recent local

hidden founders), as well as the potential input of

propagules from the Rio del Rey Estuary (Ngeve et al.,

2016a). Limited propagule founders and subsequent

restricted propagule and pollen dispersal were identi-

fied as determinants of half-sib family structure in

Kandelia candel (L.) Druce (Geng et al., 2008). The

estimates of historical expansion of mangroves along

the Cameroonian coastline assume that these man-

groves are isolated from the mangroves of other areas

West African coastline (since only samples from the

Cameroonian coastline were used in the simulations).

This implies that patterns of multiple colonization/ex-

pansion events, with founders from other areas of the

W. African coast and beyond, cannot be inferred from

this analysis, and the results herein are therefore very

simplistic in nature.

As explained earlier, the occurrence of FSGS in

populations can result from several factors (see

Loveless & Hamrick, 1984; Hamrick & Nason,
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1996; Smouse & Peakall, 1999; Pandey & Rajora,

2012). However, all else being equal, unrestricted

pollen and seed dispersal among populations would

rule out the probability of FSGS occurring. The only

site of the CEC that showed no signs of bottleneck or

FSGS is that of the upstreamWouri River (site SADI).

This upstream area is generally less inhabited and less

developed, so the absence of FSGS and bottleneck

signatures in this area may reflect reduced anthro-

pogenic pressure. Additionally, following propagule

release-recapture experiments by Ngeve et al.

(2016b), propagules released at this upstream site

were the least recovered (the majority had dispersed

far beyond the search area of the Wouri River

channel), and even for the minority of propagules

retrieved (4%), they were observed to have dispersed

over longer distances (see Ngeve et al., 2016b). This

indicates that stronger river flow currents in upstream

sites could allow more propagules to leave the system

and disperse over longer distances, such that there is

reduced spatial aggregation of propagules in this site

(see Honnay et al., 2010), resulting in the absence of

FSGS.

Compared to the CEC, mangroves of the Lokoundje

Estuary are also highly disturbed. At Londji (Lok-

oundje), for instance, only sparsely distributed adult

stands remain (and only adult trees were sampled for

this study), although recent reforestation efforts (\5

years) resulted in the growth of very young trees in

between the adult stands. The absence of FSGS in

these mangroves could have resulted from the mass

extraction of highly related ‘‘near-neighbours’’ of the

remnant stands, creating the large gaps between adult

stands that have not (yet) been recolonized. Also, the

reduction of tree density would reduce the retention of

propagules near their maternal trees, favouring con-

ditions for long(er) distance dispersal events. Unlike

the CEC, the Mangroves in Lokoundje are sparse in

distribution, while those in the CEC are dense (see

Table S1). This variation in forest density could

account for the absence of FSGS in the remnant adults

of the Lokoundje Estuary.

Additionally, FSGS can also be explained by

landscape features and estuarine geomorphology

(Cerón-Souza et al., 2012). The geomorphology of a

coastline could be implicated in prohibiting the

effective dispersal of mangrove propagules, such as

observed for Avicennia marina in some South African

populations (De Ryck et al., 2016). Compared to other

areas of the coastline, populations of the CEC

generally showed the shortest propagule dispersal

distances, as virtual propagules released at these sites

dispersed rather locally. While the dispersal model

used herein does not consider pre- or post-dispersal

retention by dense root systems, estuarine and local

landscape features (as well as the contemporary ocean

current patterns) may contribute to the reduced

dispersal distances from populations of the CEC with

severe implications on the FSGS, as observed. Hence,

the mangroves of the CEC may act more as a sink,

rather than as a source; although within the estuary,

‘‘microrefugia’’ may be responsible for rejuvenation

and expansion from internal input (hidden founders).

We also found a pronounced negative relationship

(R = -0.71) between the calculated dispersal dis-

tances and the genetic neighbourhood (a measure of

FSGS), suggesting that limited propagule dispersal

may accentuate the development of FSGS in popula-

tions of the CEC.

Hypothesis 3 Comparative estuarine-scale genetic

structure

Comparative genetic differentiation among estuar-

ies shows low to moderate levels of differentiation

within all estuaries (Fst\ 0.15, P =\ 0.001). This

could be explained by the high dispersal potential of R.

racemosa (once released from the system). Results of

allele size permutation test do not support longer

divergence times (accumulation of stepwise mutation)

of most (CEC, Lokoundje, and Ntem) mangrove areas.

This is likely due to the high anthropogenic pressure in

these estuaries resulting in either more frequent

recolonization events and/or in less genetic variation,

since the most pristine area (Rio del Rey) seems to

have significantly accumulated more mutations than

the disturbed ones. According to Hardy et al. (2003),

when the normal Rst value is significantly greater than

the permuted Rst value, populations have undergone

longer divergence times such that there has been

sufficient accumulation of mutations to contribute

more to the observed patterns of differentiation. The

normal Rst value was only significantly greater than

the permuted Rst value in the most pristine estuary, i.e.

Rio del Rey. The variation in anthropogenic pressure

in different estuaries could also restrict the accumu-

lation of mutations, i.e. genetic variation, in some

areas as compared to others.
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Analyses of molecular variance (AMOVA) showed

great variation among estuaries. Although the corre-

lation between ‘‘disturbance’’ and genetic differenti-

ation was not significant, the patterns revealed from

AMOVA could be interpreted by the varying degrees

of human disturbance on these different estuaries.

AMOVA-Fst indicated that the Lokoundje Estuary

had the highest variation among individuals (27%) and

among populations (12%), compared to other estuar-

ies. This is likely the result from the mass extraction of

trees that have left remnants of distantly located

unrelated individuals, as we have discussed above.

The Rio del Rey Estuary being the most pristine

mangrove area (Corcoran et al., 2007; FAO, 2011), as

well as the Ntem Estuary which is protected within the

confines of the Campo Ma’an National Park, had the

lowest genetic variation among populations. High

levels of gene flow among populations of the Rio del

Rey (Nm = 7) and Ntem (Nm = 15) estuaries, and

reduced deforestation in these areas as compared to the

CEC and the Lokoundje Estuary, are concordant with

reduced genetic structuring of these estuaries. The

impact of mangrove forest fragmentation on genetic

structuring is more pronounced for naturally small

populations, due to the higher effects of genetic drift

on smaller populations. Therefore, the Lokoundje

Estuary, which is small, marginal, and an estuary in a

disturbed state (with some highly fragmented areas

e.g. Londji), appeared to be more genetically struc-

tured than the CEC which has been reported as the

most anthropized. Indeed, genetic drift severely

affects smaller and more fragmented populations,

resulting in strong differentiation, while gene flow in

turn balances out genetic drift in large and less

fragmented populations (see Leonardi et al., 2012) like

the CEC. The availability of suitable sites for (re-

)colonization (see Din et al., 2002, 2008) as well as the

combination of high levels of fragmentation, multiple

founder events (locally derived and potential input

from the Rio del Rey), and high within-estuary

dispersal (Ngeve et al., 2016b) interplay to maintain

the mangrove genetic differentiation of the CEC. On

the contrary, strong genetic differentiation of the

Lokoundje Estuary could have arisen as a result of

extreme fragmentation and subsequent reduction in

gene flow, on a naturally small mangrove area.

Logging disturbance has been shown to increase

genetic differentiation among populations, especially

in species with limited (pollen and propagule) disper-

sal (Jalonen et al., 2014).

Conclusion

Despite the efficiency of hydrochory as a dispersal

mechanism in Rhizophora populations, a high retention

potential (mediated by their roots) may not be a driving

force for the induction of FSGS. Other local features,

such as anthropogenic pressure, could be more signif-

icant drivers at that scale. Compared to pristine areas,

higher FSGS was observed in areas with strong (direct

and indirect) anthropogenic pressure, for areas that still

sustain a dense mangrove forest. Disturbed areas that

were very sparse (like Lokoundje) on the contrary did

not show signs of FSGS. This indicates that in the

presence of high gene flow and when local conditions

allow for high (re-)colonization rates, fragmentation-

induced genetic bottlenecks and founder events can

create spatial structure at fine scale (e.g. CEC). In areas

with reduced chances of (re-)colonization, fragmenta-

tion is likely to result in the removal of highly related

near-neighbouring individuals and evade signatures of

FSGS in areas with sparsely distributed remnant stands

(e.g. Lokoundje). In addition to anthropogenic pressure,

landscape elements such as forest density, continuous

re-expansion/recolonization of mangroves, and coastal/

estuarine geomorphology, can result in the observed

patterns of FSGS even in core populations. These

insights have wide applications in strategizing for the

conservation of these populations.
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