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Abstract
How the Central African rain forests have been affected by climatic fluctuations of the Quaternary remains debated.
Phylogeographical studies have shown that tree species from western Central Africa often display spatially congruent genetic
discontinuities, supporting the hypothesis that the forest was previously fragmented. Extensive seed dispersal is expected to
accelerate the admixture between gene pools but most of the species studied so far have presumably limited seed dispersal
abilities. Here, we genotyped 15 nuclear and three plastid microsatellite markers in a low-density Central African tree species
with long-distance seed dispersal: Baillonella toxisperma (Sapotaceae). While plastid markers revealed a weak structure in
Cameroon, nuclear markers highlighted three genetic clusters: two distributed in Cameroon and separating Atlantic coastal
forests from the inland forests, and one cluster occurring in Gabon. Substantial genetic differentiation with a phylogeographical
signal was detected only between Cameroonian and Gabonese populations, suggesting two major genetic clusters located
approximately North and South of the equatorial climatic hinge. Genetic differentiation was very low between the clusters within
Cameroon. This pattern could be partially explained by the climate niche distribution modelling applied on the Last Glacial
Maximum (LGM) which predicts a unique remnant population per country. The deep North-South differentiation in a species
with long-distance seed dispersal supports the hypothesis that Central African rain forests have been fragmented at the height of
the equator during a substantial part of the Quaternary.
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Introduction

Spatial genetic discontinuities have been documented in many
plant species. When environmental barriers (mountain chains,
large rivers, etc.) are not involved, this pattern is generally
associated to historical events that have isolated populations
for long periods of time before they merged again, forming a
secondary contact zone (Duminil et al. 2006; Knowles and
Alvarado-Serrano 2010). Recent phylogeographical studies
of African rain forest plant species support the hypothesis that
the forest cover fragmented under past climate changes, al-
though additional investigations are needed to better under-
stand when and how this happened (e.g. Lowe et al. 2000;
Daïnou et al. 2014; Heuertz et al. 2014; Blatrix et al. 2017;
Piñeiro et al. 2017). In particular, debates are still ongoing
about the location of persistent forest fragments during glacial
periods, especially in the Guineo-Congolian region where the
Last Glacial Maximum is thought to have been more influen-
tial than in the other tropical regions (Anhuf et al. 2006).

A recent review on the phylogeographical structure of
Guineo-Congolian forest tree species by Hardy et al. (2013)
exhibited a clear North-South genetic cline—observed in
eight out of nine taxa—in Lower Guinea (i.e. western part of
the Central African forest block) at the height of the equatorial
climatic hinge. The climatic hinge is close to the border be-
tween Cameroon and Gabon or Equatorial Guinea and repre-
sents the latitudinal area that separates the boreal and austral
climatic regimes (Gonmadje et al. 2012). The North-South
genetic cline may be explained by old forest fragmentations
along the climatic hinge but current models that reconstruct
past climates do not highlight a period of lasting dryness in
that area. Alternatively, this North-South genetic divide may
be explained by reduced pollen-mediated gene flow among
populations located on both sides of the climatic hinge.
Indeed, inversion of climatic seasons between the northern
and southern hemispheres can result in a 6-month delay in
flowering phenology. A shortcoming of that assumption is
that the phenological inversion is generally not abrupt but
gradual thus allowing a certain gene flow especially in wide-
spread plant species. Moreover, species where gene flow is
largely mediated by extensive seed dispersal are less likely to
be isolated by a phenological delay. The North-South genetic
divide could hide more complex patterns. Dauby et al. (2014)
showed that tree populations of northern localities displayed
congruent patterns of differentiation at plastid genes, while
those of southern sites presented species-specific divergence
patterns, suggesting a more complex vegetation history in the
southern hemisphere. Blatrix et al. (2017) interpreted the
abrupt North-South genetic divide found in taxa of a plant-
ant symbiosis as a tension zone between populations that
evolved in allopatry and became partially incompatible (incip-
ien t spec ia t ion) . To complement f ind ings f rom
phylogeographical approaches, the influence of glacial

periods on the locations of ancestral populations can be
discussed using species distribution modelling tools.
Basically, it consists in pairing species-specific divergence
patterns with paleo and current distribution in order to identify
genetic lineages that differ in ecological response to environ-
mental variation and change (Castellanos-Morales et al. 2016;
Gutiérrez-Tapia and Palma 2016; Ikeda et al. 2017). This ap-
proach has rarely been applied on African tree species for
phylogeographical issues (but see Allal et al. 2011; Born
et al. 2011; Daïnou et al. 2016; Faye et al. 2016; Blatrix
et al. 2017).

Baillonella toxisperma (Sapotaceae; commercial name:
Moabi) is a large canopy tree species widely distributed in
Lower Guinea, from Nigeria to western Democratic
Republic of the Congo. A fine-scale genetic structure analysis
of B. toxisperma revealed extensive gene flow and long-
distance seed dispersal (probably over a few km per genera-
tion), and the absence of genetic divide at the scale of a
Gabonese forest block of about 3000 km2 (Ndiade-
Bourobou et al. 2010). Although widespread in Lower
Guinean forests, B. toxisperma occurs at low population den-
sity (Letouzey 1985; Debroux et al. 1998). Phenological data
suggest a clear inversion of flowering and fruiting periods
between populat ions from Cameroon and Gabon
(Plenderleith and Brown 2000). Hence, B. toxisperma is an
interesting model to further investigate phylogeographical
patterns of Central African trees because extensive gene flow
is expected to erase more rapidly the signatures of past popu-
lation fragmentation, and long-distance seed dispersal should
limit the potential impact of phenological inversion on genetic
differentiation across the climatic hinge. Using a set of 15
nuclear and three plastid microsatellite markers, we genotyped
a few hundred individuals of B. toxisperma distributed in
Lower Guinea (Cameroon and Gabon) to address the follow-
ing questions: (1) Does the known long gene dispersal dis-
tance in B. toxispermamitigate any strong genetic structure, in
particular across the climatic hinge? (2) Assuming that differ-
ent genetic clusters are detected, is there evidence of
phylogeographical signal that would highlight long-term or
repeated geographical isolation? (3) Could the analysis of cur-
rent and paleo distribution modelling explain the observed
spatial genetic structure?

Materials and methods

Study species and sites

Baillonella toxisperma Pierre (Sapotaceae) is a diploid large
tree up to 50 m height and 300 cm of trunk diameter. It is
endemic to African rain forests along the Gulf of Guinea
(White 1986) and distributed from the southern part of
Nigeria to the mouth of Congo river in the Democratic
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Republic of the Congo (DRC). Hence, the heart of its range
covers Gabon and Cameroon. Forest inventory data reported
only 5–10 trees/km2 (individuals with dbh ≥ 10 cm) in the
study area (Letouzey 1985; Debroux et al. 1998). Baillonella
toxisperma harbours hermaphrodite flowers (Debroux 1998)
which are probably pollinated by insects and bats (Ndiade-
Bourobou et al. 2009). Regular fruiting diameter is estimated
around 70 cm dbh (Debroux 1998). Elephants and humans are
probably the main seed dispersers (Gautier-Hion et al. 1985;
Debroux 1998; Ndiade-Bourobou et al. 2010). Adult trees of
B. toxisperma are exploited for the great economic value of
the wood whereas local human populations use the fruits and
seeds for food purposes. B. toxisperma is classified as a vul-
nerable species by IUCN (UICN 1996) and its logging is
forbidden in Gabon since 2009.

We collected leaves or cambium pieces of 517
georeferenced trees in Cameroon and Gabon in order to cover
the majority of the distribution range of B. toxisperma in these
countries (Fig. 1; Table S1 in Online Resource). Some of the
sampling sites are located within the postulated Quaternary
forest refugia of Lower Guinea sensu Maley (1996). After
collection, the sampled material was directly stored in bags
containing silica gel crystals.

Genotyping of nuclear and chloroplast microsatellites
and sequencing attempts

DNA was extracted following Bousquet et al. (1990)
and Dolezel et al. (1989). A total of 15 nuclear micro-
satellite loci (nSSRs) were genotyped following Ndiade-
Bourobou et al. (2010). These loci were characterized in
Ndiade-Bourobou et al. (2009). Three polymorphic chlo-
roplast microsatellite loci, ccmp1, ccmp3 and ccmp4
(cpSSRs; Weising and Gardner 1999) were genotyped
on the same individuals using the protocol in Ndiade-
Bourobou et al. (2010). From the initial sample of 517
trees, 303 individuals were retained for further analyses
at nSSRs. Individuals were removed either due to a
high rate of missing genotypes (23 individuals) or to
avoid very dense sampling at particular geographic lo-
cations (191 individuals excluded through a systematic
approach keeping at most one individual per km2 in
order to get a more balanced overall sample). For the
cpSSRs, 232 individuals were successfully genotyped at
the three loci and used for the analyses.

Polymorphism was also screened in 13 plastid non-coding
introns and intergenic regions, namely, trnS-trnG-trnG, rpl32-
trnL, BD, B1B2, DT, SFM, QS, SR, trnL, nad1, trnK, ndhA
intron and 3’rps16-5’trnK (Demesure et al. 1995; Wakasugi
et al. 1998; Grivet et al. 2001; Shaw et al. 2007).
Unfortunately, no variation was observed on the tested se-
quences so that no further analysis was conducted.

Detection of genetic clusters at nuclear SSR using
Bayesian methods

First, we used the Bayesian approach implemented in
STRUCTURE (Pritchard et al. 2000) to estimate the number
K of different genetic clusters and the associated membership
coefficient q for each individual. We used the admixture model
assuming either correlated or independent allele frequencies.
Ten runs were performed for each value of Kmax which was
fixed from 1 to 10. Each run consisted in 100,000 sweeps
preceded by a 10,000-burn-in. The most likely number of

Fig. 1 Spatial range of the three genetic clusters inferred from
Cameroonian and Gabonese samples of Baillonella toxisperma (grey
points), using STRUCTURE which was highly congruent with TESS
(93.7%). The figure is the interpolated map—restricted to the rain forest
zone within each country—from the ancestry coefficients of the samples:
for each of the three colours, the gradient increases with the value of the
individual ancestry coefficient. Green: cluster WestCAM; yellow: cluster
EastCAM; red: cluster GABON. Grey dots represent sampled individuals
and dashed curves indicate some postulated glacial refuges according to
Maley (1996). The graph below the spatial distribution represents each
individual ancestry proportions for the three clusters
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genetic clusters according to STRUCTURE, KStr, was estimat-
ed by visualizing the evolution of the log-likelihood of the data
as a function ofKmax, as recommended by the programmanual.
With our data, this approach clearly tended to provide more
reliable estimates of the number of clusters than those from
Evanno et al. (2005) and Verity and Nichols (2016) (Fig. S1
in Online Resource; see also Janes et al. 2017). Second, because
the spatial proximity among individuals may explain popula-
tion genetic structure, we also used the algorithm implemented
in TESS (Chen et al. 2007) where spatial autocorrelation among
individuals can be controlled through the interaction parameter
ψ. We assumed 2 ≤Kmax ≤ 10 under the admixture model with
a burn-in period of 10,000 sweeps and a total of 100,000
sweeps. Ten runs were conducted for each value of Kmax and
for each of the following values of ψ: 0.0 (no consideration of
the spatial location of individuals) and 0.6 (more chance that
two neighbourhood samples belong to a same cluster). The
optimal number of genetic clusters from TESS analyses,
KTess, was determined through the curve of the deviance infor-
mation criterion (DIC) plotted against Kmax as proposed by
Chen et al. (2007). For both approaches, we used CLUMPP
(Jakobsson and Rosenberg 2007) to average the individuals’
assignment probabilities to each cluster from the 50% best runs
(identified through the average log-likelihood). Each individual
was assigned to a cluster on the basis of a minimum member-
ship probability q ≥ 50%. To construct a continuous map of the
range of each inferred genetic cluster, we spatially modelled q
values using the interpolation tool implemented in Quantum
GIS 2.18 (QGIS Development Team 2018) using the inverse
square distance-weighting method (Lam 1983) with a distance
coefficient P = 2. The ancestry proportions of each individual
for the detected genetic clusters were illustrated using
DISTRUCT 1.1 (Rosenberg 2004).

Detection of genetic structure at plastid SSR

Each combination of the three alleles belonging to the three
microsatellite loci was considered as a haplotype. Genetic
distance was estimated using the median-joining method
(Saitou and Nei 1987). A haplotype network was constructed
using NETWORK 4.6 and based on all the shortest trees: this
procedure deletes superfluous links and is recommended
when homoplasy is important (Bandelt et al. 1999). Because
there was a weak spatial structure at chloroplast SSR (see
results), the genetic clusters inferred through nuclear SSR
were also utilized as sampling units to assess diversity and
divergence patterns at chloroplast SSR.

Diversity and differentiation parameters

We computed for each cluster and for each genome (nuclear
and plastid DNA) the effective number of alleles NAe, the
allelic richness AR (number of alleles in a random subsample

of constant size for the different populations) and the expected
heterozygosity HE. Genetic differentiation based on allele
identity at nuclear SSR was estimated through the statistic
FST whereas GST was computed to estimate genetic diver-
gence at chloroplast SSR. To verify whether long-term isola-
tion (phylogeographical signal) and accumulation of stepwise
mutations may explain the observed divergence between clus-
ters, we also computed RST for nuclear SSR based on allele
size and NST for chloroplast SSR based on the minimum num-
ber of mutations separating haplotypes (Pons and Petit 1996).
RST and NST are expected to be larger than their respective
allele identity-based relatives (FST and GST) when a
phylogeographical signal occurs (Hardy et al. 2003). The lat-
ter was tested using permutation tests: RST and NSTwere com-
pared to the distributions ofRSTpermuted (≈ FST) andNSTpermuted

(≈ GST) after 10,000 permutations of allele size among allelic
states or of genetic distances among haplotypes, respectively.
The program SPAGEDI 1.5 (Hardy and Vekemans 2002) was
used for all these computations and tests.

In order to evaluate the inbreeding coefficient in the detect-
ed clusters (299 assigned individuals in total; Table 1) and take
into account possible occurrence of null alleles at some nucle-
ar loci (Ndiade-Bourobou et al. 2009), we employed the pro-
gram INEST (Chybicki and Burczyk 2009; see also
Campagne et al. 2012 who compared it to another well-
known similar program). INEST provides estimates of in-
breeding coefficients across loci by considering the potential
occurrence of both null alleles and genotyping failures. For
each genetic cluster, the mean inbreeding coefficient Fis and
95% highest posterior density interval, 95%HPD, were pro-
vided. In case of significant inbreeding coefficient, we were
able to assess the relative importance of null alleles in the data
set by comparing the deviance information criterion (DIC)
from three models: (i) presence of both null alleles and in-
breeding, (ii) presence of only inbreeding and (iii) presence
of only null alleles. We set the number of cycles to 300,000
and the burning period to 30,000.

SPAGEDI 1.5 was also used to characterize isolation-
by-distance (IBD) within each cluster using the nuclear
dataset. Pairwise kinship coefficients Fij between indi-
viduals (i and j) were averaged over a set of distance
intervals and regressed against the spatial distance, pro-
viding the regression slope bld (from Fij on the loga-
rithm of spatial distance); this allowed the computation
of the Sp statistic which quantifies spatial genetic struc-
ture (Vekemans and Hardy 2004).

Bioclimatic data and ecological niche modelling

To model the potential distribution of Baillonella
toxisperma, we used (i) the geographical coordinates of
the 303 individuals used for genotyping with nSSRs and
(ii) occurrence data drawn from RAINBIO database, a
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standardized database of tropical African vascular plants
occurrences (Dauby et al. 2016). In total, 608 occurrence
records from Cameroon, Equatorial Guinea, Gabon and
Republic of Congo were obtained. This dataset was
cleaned according to Vinceti et al. (2013) and using the
“systematic sampling” method as in Fourcade et al.
(2014), selecting one occurrence per area of 20 km by
20 km, leaving a total of 132 occurrence records. To mod-
el the potential distribution of B. toxisperma in the pres-
ent, these 132 occurrence records were used with 19 bio-
climatic variables from the WorldClim 1.4 dataset
(Hijmans et al. 2005) at 2.5 min (∼ 4.5 km at the equator)
spatial resolution (http://www.worldclim.org/current). To
avoid problems of multicollinearity that may violate
statistical assumptions and alter model predictions
(Heikkinen and Luoto 2006), we removed some correlat-
ed variables as follows. Within groups of highly cross-
related variables (absolute value of the correlation coeffi-
cient > 0.8), variables were ranked according to the num-
ber of correlated variables (Fourcade et al. 2014) and we
retained only the variable with the highest rank. If two
climatic variables had the same rank, the sum of the ab-
solute correlation values was used to choose the most
representative variable. We finally retained the 10 follow-
ing climatic variables: annual temperature range (BIO7),
mean temperature of driest quarter (BIO9), max tempera-
ture of warmest month (BIO5), mean diurnal range
(BIO2; mean of monthly (max temp - min temp)), mean
temperature of wettest quarter (BIO8), precipitation of
wettest month (BIO13), precipitation of driest quarter
(BIO17), precipitation of driest month (BIO14), precipita-
tion of coldest quarter (BIO19) and precipitation of
warmest quarter (BIO18). The R package mopa (Iturbide

et al. 2015) was used to generate 500 pseudo-absence at
random, keeping a 0.415° (~ 46 km) exclusion buffer
around known presence localities. We followed the ap-
proach of Araújo and New (2007) and Riul et al. (2013)
based on an ensemble of predictions derived from multi-
ple modelling algorithms because it reduces the uncer-
tainties resulting from a single-modelling method
(Thuiller et al. 2009; Singer et al. 2016). Four algorithms
were used using the R package sdm (Naimi and Araújo
2016): (i) Generalized Linear Model (GLM), (ii)
Generalized Boosted Regression Modelling (GBM), (iii)
Mixture Discriminant Analysis (MDA) and (iv) Flexible
Discriminant Analysis (FDA). For each, we performed 10
runs using 70% of the data for training and 30% for test-
ing. The evaluation of the model performance was based
on threshold-independent statistics (AUC and COR;
Fielding and Bell 1997), and threshold-dependent statis-
tics (true skill statistic or TSS; Allouche et al. 2006). We
created the ensemble models by considering a weighted
averaging consisting in using only high-quality models
based on the TSS and AUC evaluation metrics thresholds
(TSS > 0.65; AUC > 0.8).

In order to model the potential distribution of Baillonella
toxisperma in the LGM, the results of ensemble models were
projected using the median values of the three downscaled
General Circulation Models for the LGM (about 22,000 years
ago), available from the WorldClim website (http://www.
worldclim.org/paleo-climate1) at 2.5 min spatial resolution.

The R package biomod2 (Thuiller et al. 2014) allowed to
convert the raster layers resulting from the current and paleo
(LGM) distribution modelling into binary rasters of suitable
vs. unsuitable habitat by using the threshold at which the true
skill statistic was maximized.

Table 1 Estimates of genetic diversity and inbreeding coefficient from the three genetic clusters inferred from the nuclear SSR dataset

nSSR-based clusters Nuclear microsatellites Chloroplast microsatellites

Genetic diversity parameters and inbreeding coefficients

N NAe AR HE Fis (95%HPD) N NAe ARcp Hs

WestCAM 80 2.94 7.32 0.521 0.041 (0.001–0.079) 52 4.13 7.00 0.759

EastCAM 64 3.01 7.10 0.551 0.024 (0.000–0.057) 53 4.19 6.96 0.762

GABON 155 2.68 7.77 0.557 0.038 (0.011–0.069) 123 4.28 6.87 0.767

Genetic differentiation parameters: FST (above the diagonal) and RST for nuclear SSR data, and GST (above the diagonal) and
NST for chloroplast SSR data

RSTFST WestCAM EastCAM GABON NST \GST WestCAM EastCAM GABON

WestCAM 0.078 0.185 0.112 0.063

EastCAM 0.004 ns 0.142 0.019 ns 0.167

GABON 0.381*** 0.275*** 0.051 ns 0.019 ns

N, number of individuals; NAe, effective number of alleles; AR, allelic richness; HE, gene diversity corrected for sample size; HS, gene diversity with
unordered alleles; Fis (95%HPD), population inbreeding coefficient and 95% highest posterior density interval

The genetic differentiation parameters FST (above the diagonal) and RSTwere computed for the nuclear SSR data set, whereas GST (above the diagonal)
andNSTwere computed for the chloroplast SSR data set. The significance of permutation tests (RST > RSTpermuted and NST >NSTpermuted) was indicated as
follows: ns = not significant, * = P < 0.05, ** =P < 0.01 and *** = P < 0.001
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Results

Detection of spatial genetic cline

Nuclear DNA-based structuring First, the two clustering pro-
grams were highly congruent at Kmax = 2 clusters,
distinguishing a northern (Cameroon) and a southern
(Gabon) cluster with a congruence rate > 97%, whatever the
allele frequency model in STRUCTURE and the value of the
interaction parameter in TESS. On the basis of the admixture
model implemented in STRUCTURE, the independent and
correlated allele frequency models suggested three and four
genetic clusters, respectively (Fig. S2 in Online Resource).
The program TESS consistently suggested three genetic clus-
ters (Fig. S2 in Online Resource) based on the admixture
model and whatever the value of the interaction parameter
(values of DIC at Kmax = 3 were statistically similar for
ψ= 0.0 and 0.6; Mann-Whitney test: W = 40, p = 0.4813).
The 3-cluster scenario, which subdivides the northern cluster
found at Kmax = 2 into a western and an eastern cluster, was
supported by additional observations: (i) for Kmax = 3, TESS
and STRUCTURE were highly congruent provided that the
independent allele frequency model was chosen in
STRUCTURE: 93.7% (vs. 51.2% of congruence with
STRUCTURE’s model of correlated allele frequencies); (ii)
most samples were assigned to a genetic cluster at q > 0.7,
although there was evidence of substantial gene flow between
clusters (see the graph of individual ancestry proportion in
Fig. 1); (iii) for Kmax ≥ 4, no individual was assigned by
TESS into a fourth cluster even at q ≥ 0.50 (spurious cluster
in the sense of Guillot et al. 2005 and Puechmaille 2016).

There was a clear North-South divide close to the boundary
between Cameroon and Gabon. The clusters will be called
hereafter WestCAM, EastCAM and GABON, to refer to their
respective distributions, as highlighted by the interpolations of
cluster membership values (Fig. 1).

Plastid DNA-based structuring The most diverse chloroplast
microsatellite marker was ccmp1 which exhibited four alleles,
whereas ccmp3 and ccmp4 showed each two alleles. Overall,
the three chloroplast markers defined 10 haplotypes over 232
individuals in the study zone. Three haplotypes exhibited ex-
tremely low frequencies (found in 1 to 2 individuals: h2, h3
and h4; Fig. S3 in Online Resource). Excluding these three
haplotypes resulted in a certain spatial pattern in Cameroon
with the western zone dominated by haplotype h7, while the
eastern part of the country was characterized by four major
haplotypes: h5, h6, h8 and h10. It is remarkable that the loca-
tion of the geographic border between the eastern and the
western genetic groups found in Cameroon from the plastid
genome was consistent with the one inferred from the nuclear
microsatellites (Figs. 1 and 2). No clear geographic substruc-
ture was observed in Gabon (Fig. 2).

Diversity, inbreeding coefficient and differentiation
patterns at cluster level

For nSSRs, genetic diversity parameters did not substantially
vary among clusters (Table 1). Pairwise FST was lowest be-
tween WestCAM and EastCAM (FST = 0.078) and highest
between the two countries (FST = 0.142 to 0.185), and RST

was significantly higher than RSTpermuted (≈ FST) only for these
between-country pairs of clusters (RST = 0.27 to 0.38; Table 1)
indicating a phylogeographical signal. With the chloroplast
microsatellites, genetic diversity did not substantially vary
among clusters but the between-country differentiation was
here globally low (GST = 0.063 to 0.167) and no phylogeo-
graphic signal was detected (NST <GST; Table 1).

Fis was significantly different from zero in the genetic clus-
ters WestCam and Gabon although the 95% highest posterior
density interval never exceeded 0.08 (Table 1). For these two
genetic clusters, the values of the DIC was always the lowest
for the INEST model that assumes both null alleles and in-
breeding (Table S2 in Online Resource). DIC was also lower
for the model assuming just null alleles than the one assuming
just inbreeding, indicating that null alleles are the likely cause
of Fis > 0 in these clusters (Table S2 in Online Resource).

Isolation-by-distance within clusters

Isolation-by-distance (IBD) was significant in each genetic
cluster. Sp ranged in 0.005 to 0.018 with the highest values
obtained from the Cameroonian clusters: 0.012 in WestCAM,
0.018 in EastCAM and 0.005 for the unique Gabonese cluster.

Fig. 2 The geographic distribution of haplotypes derived from three
chloroplast microsatellite markers, ccmp1, ccmp3 and ccmp4, in
samples of Baillonella toxisperma. The dashed curves indicate some
postulated glacial refuges according to Maley (1996)
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Modelling historical and current ecological niches

Niche modelling was carried out to detect putative changes in
the spatial range of B. toxisperma since the LGM (Fig. 3). The
ensemble model displayed good model performance (mean
AUC = 0.89, TSS = 0.69) and the present potential distribu-
tion coincides approximately with the humid forest zone of
Lower Guinea, although some occurrence points in eastern
Cameroon and south-eastern Gabon occur outside the predict-
ed range (Fig. 3). The potential distribution ofB. toxisperma is
estimated to have expanded by about 74.1% from the LGM to
the present (Fig. 3). The LGM reconstruction predicted a suit-
able area located in central East-Gabon and a small suitable
area at the border between Cameroon and the Republic of
Congo, at the margin of the current distribution range of the
species (Fig. 3).

Discussion

We hypothesized that extensive gene dispersal distance that
has been previously demonstrated in the low-density tree spe-
cies Baillonella toxisperma (Ndiade-Bourobou et al. 2010)
could ensure sufficient gene flow to dilute any genetic struc-
ture generated during Pleistocene forest fragmentations. At
most, we were expecting a very weak spatial genetic structure.
However, nuclear microsatellite markers did not support our
hypothesis since a clear genetic discontinuity was detected
between the northern and southern part of the species distri-
bution range, across 1.5° to 2° N latitude. In addition, diver-
gence time was long enough for stepwise mutations to accu-
mulate and generate a phylogeographical signal across this
North-South cline. Each of the nuclear markers used showed
a FST significantly different from zero (5000 individuals

permutation) when we considered the 2-cluster scenario (re-
sults not shown). Whereas that latitudinal divide was well
confirmed, sub-clusters were confirmed only in Cameroon
from both genomes. The existence of sub-clusters in Gabon
as suggested by the correlated allele frequency model in
STRUCTURE remains questionable: (i) STRUCTURE and
TESS were not congruent in identifying two Gabonese clus-
ters; (ii) the plastid microsatellites did not exhibit any clear
spatial structuring in Gabon. The unclear genetic structure in
Gabon could be explained by a pattern of isolation-by-
distance in these populations, that complicates clustering in-
ference (François and Durand 2010).

Possible origins of the North-South genetic divide
in Lower Guinea

Our niche modelling of Baillonella toxisperma populations
exhibited two populations located in the studied countries
during the LGM. As this just partially fitted the current genetic
clustering scenario and despite evidence of reduction of forest
cover during the LGM due to significant drops in temperature
and rainfalls (Maley 1997; Anhuf et al. 2006), the role of the
LGM in shaping the genetic structure of B. toxisperma popu-
lations seems limited. The historical geographic isolation of
the fragmented populations may be much more ancient than
hypothesized before. The first major divide separating north-
ern and southern populations of Lower Guinea is congruent
with recent findings from other Central African tree species
(e.g. Daïnou et al. 2010; Dauby et al. 2010; Duminil et al.
2010; Debout et al. 2011; Daïnou et al. 2014; Blatrix et al.
2017; Piñeiro et al. 2017) although the limit between northern
and southern genetic clusters can range from 0.5° and 2.5°
North according to the species (Hardy et al. 2013). This out-
come suggests that surviving populations of B. toxisperma
have been isolated long enough in each zone during the
Pleistocene, and the current distribution results from their ex-
pansion since the end of the LGM.

In the particular case of B. toxisperma, the genetic diver-
gence between the northern and southern clusters might have
started much before the last glacial period. Indeed, detecting a
phylogeographical signal with microsatellites (RST > FST) in-
dicates that stepwise mutations have contributed to genetic
differentiation in at least some of the microsatellite loci. This
requires that (i) the (historical) migration rate is smaller or
similar to the mutation rate (m ≤ μ), and (ii) the number of
generations since divergence is larger than or similar to the
reciprocal of the mutation rate (t ≥ 1/μ; Hardy et al. 2003).
Thus, considering a mutation rate of μ = 10−3 per generation
for nuclear microsatellites (Estoup and Angers 1998) and a
mean generation time assumed to equal the average
B. toxisperma flowering age (diameter at breast height, or
dbh = 85 cm equivalent to ≈280 years; Lee White, unpub-
lished), the Cameroonian genetic clusters would have

Fig. 3 Mixed plot of the suitable habitat of B. toxisperma under the
current and LGM climate conditions. Medium purple area represents
suitable habitat during the LGM and the grey one indicates the current
potential suitable habitat. The blue dots represent the occurrence records
used for the current and paleo distribution modelling; the dashed curves
indicate some postulated glacial refuges according to Maley (1996)
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diverged from the Gabonese cluster since at least 280,000 BP.
Much uncertainty remains on the true divergence date but it
seems to predate largely the previous glacial period (c.
12,000–70,000 BP).

If northern and southern B. toxisperma populations were
isolated during the LGM as suggested by our species distribu-
tion modelling, we expect that these populations were con-
nected again since the Holocene when the rain forest presum-
ably reached its maximal extension (Anhuf et al. 2006). Given
the long generation time of the species, we could assume that
about 35–40 generations have elapsed since the beginning of
the Holocene, which may well be too short for an efficient
admixture of the populations. Indeed, even if we assume seed
dispersal capacities of a few kilometres (Ndiade-Bourobou
et al. 2010), each population might have moved by no more
than 100–200 km towards each other, while they were pre-
sumably separated by c. 300 km during the LGM (Fig. 3).
These are just estimates but they highlight that interglacial
periods such as the Holocene, which usually lasted c. 20 ky
during the late Pleistocene (glacial periods were cyclical lead-
ing to regular phases of forest expansion and fragmentation),
were probably too short for allowing a good genetic homog-
enization of isolated long-living tree populations, even if they
present good dispersal abilities. Low admixture is supported
by a recent molecular dating in Greenwayodendron
suaveolens showing that adjacent genetic clusters of a charac-
teristic tree of mature African forests have sometimes di-
verged for millions of years (Migliore et al. 2018). Hence,
the North-South genetic divide might result from the accumu-
lation of genetic differentiation among forest fragments during
glacial periods, differentiation that was not substantially
counterbalanced by the species-specific extensive gene flow
during interglacial periods.

Nevertheless, the reason gene flow may have been broken
or limited between populations located apart from the climatic
hinge is controversial because neither pollen records nor past
climate modelling indicates a particular forest fragmentation
nearby the equator (Dupont et al. 2000; Levinsky et al. 2013).
An alternative explanation for the occurrence of the often
found North-South genetic discontinuity in Lower Guinea is
related to flowering phenology, because this discontinuity
matches approximately the position of the equatorial climatic
hinge that causes a 6-month inversion in the precipitation re-
gime on both sides of the equator (Hardy et al. 2013). In
contrast to some tree species that display a gradual change
of phenology across this climatic hinge (e.g. Milicia excelsa;
K. Daïnou pers. obs.), B. toxisperma displays a quite sharp
change in phenology whenmoving fromCameroon to Gabon:
6 months separate the fruiting times in these regions
(Plenderleith and Brown 2000). This is susceptible to limit
pollination across the climatic hinge. However, this should
not impact seed dispersal which is known to be very extensive
in B. toxisperma (Ndiade-Bourobou et al. 2010), so that we

think the phenological shift hypothesis poorly explains the
substantial North-South genetic divide in these populations.
However, we cannot exclude that the sharp phenological delay
across the climatic hinge might result from the restricted ge-
netic introgression between northern and southern
B. toxisperma genetic clusters, possibly because these had
not time to intermingle enough since they came into contact.

We did not observe a clear North-South genetic divide from
the plastid microsatellite markers although some haplotypes
are more represented on one side of the equator and despite the
fact that the markers used exhibited substantial diversity. In
Baillonella toxisperma, chloroplasts are maternally inherited
and dispersed with the seeds mainly through movements of
elephants and humans (Debroux 1998; Ndiade-Bourobou
et al. 2010). Because its main seed dispersers can move long
distances and in various directions, this may be an explanation
of the absence of the latitudinal genetic cline from the plastid
markers.

The East-West genetic gradient confirms the low
impact of long-distance seed dispersal

Both types of markers (nuclear and plastid microsatellites)
suggested the same location of the genetic divide in
Cameroon. The discontinuity proposed between eastern and
western populations was also reported at various intensities in
other tree species such asMilicia excelsa (Daïnou et al. 2010),
Distemonanthus benthamianus (Debout et al. 2011; Demenou
et al . 2016), Greenwayodendron suaveolens and
Scorodophleus zenkeri (Piñeiro et al. 2017), though not al-
ways at the same longitude (Hardy et al. 2013). The
Cameroonian East-West genetic structure formed a gradient
rather than a sharp divide. Under the hypothesis that this ge-
netic structure also results from past population fragmentation,
our results suggested that the East-West gene flow barrier was
not as old and/or was partial compared to the North-South
divide.

Such a finding in Cameroon is not surprising and confirms
hypotheses of Dauby et al. (2014) who argued that popula-
tions of plant species at the northern side of the equator may
have been more affected by past environment changes than
their relatives located southwards (see also Dupont et al. 2000
who suggested that dense humid forests in Gabon may have
experienced less changes than in Eastern Cameroon). In other
words, phylogeographical signals would be more evident in
areas at the north of the climatic hinge, where forests in the
hollow of the Gulf of Guinea have experienced less environ-
mental changes than the inland forests. Overall, the detection
of two clear genetic clusters in Cameroon along with the ex-
istence of isolation-by-distance pattern tends to prove that
seed dispersal at long distance in B. toxispermamay have less
impact in obscuring long-lasting effects of population
fragmentation.
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Conclusive remarks

The present study points out that several factors such as forest
fragmentation in relation to historical climate oscillations,
mating and efficiency of the pollen and seeds vectors may
strongly affect the trajectory of diversity in space and time in
tree species populations. Whereas it confirmed the existence
of a North-South genetic cline in Central Africa, which seems
of ancient origin, the causes of a limited gene flow at both
sides of the equator are still difficult to explain. The detection
of genetic clusters in B. toxisperma range is also a criterion to
take into account when delimiting regions of provenances for
sustainable forest management and conservation purposes,
such as sub-regional seed bank collections, forest plantations
or species reintroduction programs.
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