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Abstract
Species delimitation remains a crucial issue for widespread plants occurring across forest-savanna ecotone such as Lophira 
(Ochnaceae). Most taxonomists recognize two parapatric African tree species, widely distributed and morphologically similar 
but occurring in contrasted habitats: L. lanceolata in the Sudanian dry forests and savannahs and L. alata in the dense Guineo-
Congolian forests. Both species co-occur along a ca. 3000 km long forest-savanna mosaic belt, constituting ideal models for 
investigating hybridization patterns and the impact of past glacial periods on the genetic structures in two types of ecosystems. 
We genotyped 10 nuclear microsatellites for 803 individuals sampled across the distribution range of Lophira. Both species 
exhibit similar levels of genetic diversity [He = 0.52 (L. alata); 0.44 (L. lanceolata)] and are well differentiated, consistent 
with taxonomic delimitation (FST = 0.36; RST = 0.49), refuting the hypothesis that they might constitute ecotypes rather than 
distinct species. Furthermore, L. alata displayed two deeply differentiated clusters (FST = 0.37; RST = 0.53) distributed in 
parapatry, one endemic to Western Gabon while another cluster extended over the remaining species range, suggests that L. 
alata is made of two cryptic species. We showed that rare hybrids occur in some contact zones between these three species, 
leaving a weak signal of introgression between L. lanceolata and the northern cluster of L. alata. At the intra-specific level, 
the latter species also show weak genetic structuring between Upper and Lower Guinea and the intensity did not differ strik-
ingly between rainforest and savanna ecosystems. The discovery of a new species of Lophira with a narrow distribution in 
West Gabon where it is intensively exploited for its timber requires to evaluate its conservation status.

Keywords  Central and West Africa · Cryptic species · Genetic structure · Introgression · Microsatellites · Speciation · 
Ecotone · Hybridization

Introduction

A species is a group of potentially interbreeding and evolv-
ing populations that are reproductively isolated from other 
species (the key criterion of the Biological Species Concept, 
BSC; Schemske 2000). Species delimitation is an essential 

step for the conservation and management of forest ecosys-
tems as inaccurate taxonomical identification can bias sci-
entific conclusions on biodiversity patterns and population 
fitness (Reed and Frankham 2003). The high plant biodi-
versity found in tropical biomes provides serious challenges 
for researchers dealing with species delimitation issues, and 
the fact that many samples of tropical trees in herbarium 
collections lack reproductive organs complicates the work 
of taxonomists. Fortunately, population genetics can help to 
disentangle species boundaries in sister taxa (e.g., Dauby 
et al. 2016; Ikabanga et al. 2017; Lissamou et al. 2018) or to 
identify new cryptic species (Daïnou et al. 2016) by identify-
ing reproductively isolated entities that occur in sympatry.

Ecotones (areas at the junction of two different biomes) 
are often where the distribution boundaries of two 
closely related species meet, hence increasing chance of 
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hybridization (e.g., Daïnou et al. 2017). Whereas this is well 
documented for plant and animal species in several conti-
nents (e.g., Rieseberg and Carney 1998; Morgan-Richards 
et al. 2010 and references therein), hybrid zones have been 
less documented in African biomes (but see animal exam-
ples in Mondol et al. 2015). Hybrid zones are qualified as 
unimodal or bimodal, according to the shape of the abun-
dance distribution of genotypic classes (Harrison and Bog-
danowicz 1997; Jiggins and Mallet 2000). Unimodal dis-
tribution (predominance of hybrids—including backcross 
genotypes) in the heart of the zone questions the degree of 
speciation between the studied taxa whereas bimodal distri-
bution (rare hybrids and predominance of each species in 
the hybrid zone) tends to confirm the high differentiation 
between the target taxa. Jiggins and Mallet (2000) argue that 
hybrid-index plots are highly informative to understand the 
underlying biological processes but they remain too seldom 
used in the concerned literature. For African tree taxa, while 
many population genetic studies focused on either forest taxa 
(e.g., Duminil et al. 2010; Lowe et al. 2010; Born et al. 2011; 
Hardy et al. 2013) or savannah taxa (e.g., Fontaine et al. 
2004; Allal et al. 2011; Odee et al. 2012), we lack compara-
tive studies on sister taxa that preferably inhabit adjacent 
biomes.

Genetic differentiation between populations can be due 
to long or repetitive geographical isolation (reduced gene 
flow leading to genetic drift), sometimes combined with 
adaptation to changing environments (Smith et al. 2001). 
Gene flow among such populations can be limited by a rein-
forcement of assortative mating through diverse mechanisms 
(e.g., delay of flowering phenology, Lowry et al. 2008; Sobel 
et al. 2009; Daïnou et al. 2017; de Lafontaine et al. 2018) and 
ultimately lead to speciation. Within a given vegetation type, 
habitat fragmentation is reported as one of the most impor-
tant cause of genetic differentiation. African forest taxa have 
presumably been strongly impacted by past glacial periods 
associated with an expansion of savannahs, leading to range 
contraction, fragmentation and subsequent genetic differen-
tiation (Maley 1996; Dupont et al. 2000; Hardy et al. 2013). 
The Guineo-Congolian rainforest is made of two major for-
est blocks: the West African forest block (Upper Guinea) 
and the Central African forest block which is divided into 
the Lower-Guinean (on the West) and the Congolian (on 
the East) phytogeographic domains (White 1979). These 
two blocks are separated by a ca. 200 km wide savannah 
corridor stretching from East-Ghana to Benin and named 
‘Dahomey Gap’. This corridor is considered as an impor-
tant ecogeographical barrier, as it coincides either with the 
distribution limits of numerous species (e.g., Fayolle et al. 
2014) or with the limits between intra-specific lineages or 
genetic clusters of many widespread species (e.g., Demenou 
et al. 2016, 2017). Past glacial-interglacial fluctuations prob-
ably had less impact on the dry woodlands and savannahs 

situated north of the Guineo-Congolian region because we 
can hypothesize that this biome changed in latitudinal range 
and extent but without fragmentation, which may explain the 
limited phylogeographic differentiation observed in this area 
for some species (e.g., Odee et al. 2012; Sexton et al. 2015).

The African context offers the opportunity to investigate 
the relative role of ecotones and past population fragmenta-
tion on the genetic diversity of parapatric sister species as (1) 
evergreen rainforests (from Upper and Lower Guinea) and 
savannas (from the Sudanian zone) meet along an ecotone on 
at least 5000 km of longitude from West to Central Africa, 
and (2) some widespread plant genera are distributed on each 
side of the forest-savanna contact zone. The genus Lophira 
Banks ex cf. Gaertn. (Ochnaceae) is interesting in this 
respect because it includes two widespread species found in 
well-differentiated habitats: the Guineo-Congolian rainfor-
est tree L. alata Banks ex cf. Gaertn., which requires high 
precipitation, and the Guineo-sudanian woody savannah and 
dry forest tree L. lanceolata Tiegh. ex Keay, which occurs in 
regions with a marked dry season (Aubreville 1959; Hutch-
inson and Dalziel 1954; Bamps 1970; Biwole et al. 2012). 
These species differ in their general stature (L. alata reaches 
much larger sizes than L. lanceolata) but they are otherwise 
very similar morphologically (Aubreville 1959) so that their 
origin and relationships are unclear (Persinos and Quimby 
1968). They have sometimes been considered as synonyms 
(Keay 1953), assumed to be distinct morphotypes result-
ing from ecological adaptations (Letouzey 1968). Letouzey 
(1957) suggested that L. alata would result from an ecologi-
cal adaptation of L. lanceolata to Guineo-Congolian rain-
forests, and that these species might be ecotypes rather than 
truly distinct species. According to Maley (1996), L. alata is 
among the plant species that have spread out of the African 
forests during the Holocene humid period. In transitional 
vegetation types between rainforest and savannah, the two 
species co-occur.

We can hypothesize that if L. alata and L. lanceolata 
are distinct species we should find (i) bimodal hybrid zones 
with no or few hybrids and (ii) higher population genetic dif-
ferentiation across the forest-savanna boundary than across 
past biogeographic barriers (e.g. the Dahomey Gap). On 
the contrary, if L. alata and L. lanceolata are ecotypes with 
regular gene flow in contact zones, we should find (i) uni-
modal hybrid zones and (ii) higher population genetic differ-
entiation across biogeographic barriers (e.g. between Upper 
and Lower Guinea) than across the forest-savanna bound-
ary. Using molecular markers, we aimed to decipher species 
boundaries in Lophira and compare the genetic structures 
of populations found in rainforest versus savannah biomes 
to address the following questions: (1) Do L. alata and L. 
lanceolata constitute distinct genetic entities as expected in 
reproductively isolated species or are they ecotypes from 
a same species showing evidence of hybridization and/or 
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introgression in the forest-savanna transition zone? (2) Are 
there large-scale genetic subdivisions within each species 
that would suggest past population fragmentation and are 
they less marked in the savanna biome than the rainforest 
biome? Finally, as our results indicate that a cryptic spe-
cies with a narrow distribution range likely occurs within L. 
alata, we will also address conservation issues.

Materials and methods

Study species, habitat and uses

Lophira alata is a large long-living tree reaching 60 m height 
and a trunk diameter up to 1.8 m, distributed from Sierra 
Leone to Congo (Letouzey 1957; Bamps 1970; Biwole et al. 
2012) throughout the evergreen to semi-deciduous dense 
forests of UG and LG and in some parts of the DG. It is an 
economically important timber tree species known under 
the trade name Azobé or Ekki, used for outdoor construc-
tions such as harbors, hydraulic infrastructure, railways, and 
bridges in Central Africa (Biwole et al. 2012). Due to its 
current heavy rate of logging it is classified as a vulnerable 
species in the red list of the International Union for Conser-
vation of Nature (IUCN 2014).

Lophira lanceolata (Méné) is a light-demanding and pio-
neer tree species reaching 24 m height and a trunk diameter 
of 70 cm. It is widespread in Sudano-Guinean savannahs and 
forest-savannah mosaics (Bamps 1970; Biwole et al. 2012) 
and distributed from Sierra Leone to Cameroon. Its seeds are 
processed in an edible oil widely used in food, cosmetics, 
and medicinal preparations in West Africa.

Both Lophira species possess the same number of chro-
mosomes (2n = 28, Satabie 1982) and similar morphology 
of pollen, flower, fruit. Apart from the tree size, the main 
distinguishing morphological traits concern leaf branch tex-
ture (smooth in L. alata vs. scaly-corky in L. lanceolata) 
and petiole size which are shorter in L. alata than in L. lan-
ceolata (von Thieme 1929; see also Persinos and Quimby 
1968). Lophira flowers are large, whitish, hermaphrodite 
and fragrant, producing numerous stamens with yellow to 
orange anthers (Meunier et al. 2015), and bee-pollinated 
(Mapongmetsem 2007; Oriana Bhasin, pers. Comm.). Their 
fruits are conical achenes (up to 13 cm long) supplied with 
two unequal outer sepals extremely accrescent and forming 
wings. They are mainly disseminated by wind (~ 200 m) and 
are consumed by ruminants and rodents (Anon 1954).

Sampling and microsatellite genotyping

We sampled silica gel-dried leaves or cambium from trees 
during multiple field expeditions in nine countries, covering 
most of the natural distributions of the two Lophira species 

(Fig. 1a). One of these expeditions focused on the forest-
savanna mosaic area of Cameroon where the two species 
occur in close vicinity. Another expedition, in Gabon, sam-
pled trees near the town of Ndjolé where a contact zone 
between two genetic groups of L. alata was identified during 
preliminary data analyses. Total genomic DNA from 433 L. 
alata and 370 L. lanceolata individuals was isolated using 
the NucleoSpin 96 plant kit (Macherey-Nagel, Düren, Ger-
many) according to the manufacturer’s protocol. We ampli-
fied 13 polymorphic nuclear microsatellite loci (namely P12, 
P18, P24, P31, P34, P36, P40, P44, P47, P51, P53, P62, P66) 
isolated from L. alata and optimized in two multiplex reac-
tions according to Piñeiro et al. (2015). Three loci (P24, P36, 
P44) that suffered from weak amplification were discarded. 
When an individual presented no trace of PCR amplification 
product for a given locus while alleles were clearly visible 
at the other loci amplified in the same PCR mix, it was con-
sidered homozygote for a null allele.

Data analyses

Genetic structure

In order to group individuals by their genetic affinity and 
assess whether L. alata and L. lanceolata constitute distinct 
genetic groups, we used (a) the individual-based Bayes-
ian genetic assignment method implemented in STRU​
CTU​RE 2.3.4, which attempts to delimit genetic clusters 
within which Hardy–Weinberg and linkage equilibria hold 
(Pritchard et al. 2000) and (b) conducted a principal compo-
nent analysis (PCA) using the R package “adegenet” (Jom-
bart 2008).

To account for the potential presence of hierarchical 
genetic structure, the STRU​CTU​RE analysis was performed 
by a two-step approach using different settings. The first 
analyses were performed on the complete dataset running 
the Monte-Carlo Markov Chain (MCMC) 10 times for each 
number of clusters K ranging from 1 to 8 using 20,000 gen-
erations with a burn-in length of 10 000. Following Pritchard 
et al. (2000), we performed these initial runs under different 
models considering admixture or no admixture, and inde-
pendent or correlated allele frequencies. Subsequently, we 
performed further STRU​CTU​RE analyses using only indi-
viduals that were assigned to a specific genetic cluster in the 
previous step. For these runs we assumed K = 1–5, using 
the ancestry model with admixture and correlated allele fre-
quencies. All STRU​CTU​RE results were processed through 
the online tool STRU​CTU​RE SELECTOR (Li and Liu 
2018) to determine the optimal K. This tool calculates the 
widely used ΔK method (Evanno et al. 2005) and four alter-
native statistics (MEDMEDK, MEDMEAK, MAXMEDK 
and MAXMEAK) recently introduced by Puechmaille 
(2016). While ΔK tends to identify the uppermost hierarchy 
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of population structures, the remaining statistics appear to 
be more accurate for subtle population patterns and robust 
towards uneven sampling data. The program CLUMPAK 
(Kopelman et al. 2015) was used to summarize the 10 simu-
lations for the best number of clusters found.

SSR diversity and inbreeding

We characterized the genetic diversity at two scales: (a) for 
each genetic cluster identified, and (b) at a finer scale accord-
ing to broad biogeographic regions, distinguishing Upper 
Guinea, Dahomey Gap, Lower Guinea and Western Gabon 
(called populations hereafter). We computed the following 
statistics used SPAGeDi version 1.5 (Hardy and Vekemans 
2002): mean number of alleles per locus, effective number 
of alleles, allelic richness after rarefaction, expected and 
observed heterozygosity (Nei 1978), and deviation from 
Hardy–Weinberg equilibrium (HWE). To check whether 
departure from HWE at a given locus might be explained 
by the presence of null alleles, null allele frequencies and 
the mean inbreeding coefficient were estimated using the 
software INEst version 2.1 under the population inbreeding 
model (Chybicki and Burczyk 2009). This Bayesian model 
was run using the following number of MCMC iterations, 
burning-period and thinning: 200,000, 1000 and 20,000, 
respectively.

Fixation indices and test of phylogeographic structure

After defining the global pattern of population structure with 
the above methods, we computed pairwise fixation statis-
tics (FST, RST) between inferred clusters and geographical 
regions using the software SPAGeDi (Hardy and Vekemans 
2002). FST can be interpreted as measuring “nearness to fixa-
tion” while RST is a measure of the homogeneity of SSR 
allele sizes within populations, although these indices have 
often been interpreted as measuring genetic differentiation, 
which is not accurate (Jost et al. 2018). We did not compute 
true measures of allelic differentiation, such as JostD (Jost 
et al. 2018), because their high dependency on the mutation 

rate makes them poor descriptors of the demographic history 
of populations (Whitlock 2011). RST and FST have the same 
theoretical expectations when population genetic structuring 
results solely from genetic drift, while if stepwise mutations 
contribute to genetic differentiation (mutation rate non neg-
ligible compared to the migration rate or the reciprocal of 
the number of generations since population isolation) we 
expect RST > FST (Hardy et al. 2003). The latter situation 
implies that mean allele sizes vary between populations 
for at least some loci, leading to a phylogeographic signal. 
The latter was tested using the allele sizes permutation test 
(Hardy et al. 2003) implemented in SPAGeDi. Furthermore, 
to account for a potential positive bias in FST values due 
to null alleles, the ENA method implemented in FReeNA 
was used to recalculate pairwise FST values (Chapuis and 
Estoup 2007).

Hybridization

We used the STRU​CTU​RE analysis (admixture model) to 
identify potential hybrids between genetic clusters. Individu-
als were considered as admixed when their probability of 
assignment to the most likely genetic cluster had a Q-value 
lower than 0.8. For the contact zones between genetic 
clusters (see results) we produced hybrid-index plots, and 
mapped the few admixed individuals. Furthermore, we used 
the program NewHybrids (Anderson and Thompson 2002) 
under the “Jeffreys prior” settings to characterize putative 
admixed individuals into six frequency categories: pure-
bred (A/B), F1 hybrid, F2 hybrid, backcrossed F1 to pure-
bred (A/B). We also checked the genotypes of the putative 
hybrids to assess whether they correspond to F1 hybrids 
according to Mendelian inheritance.

Spatial genetic structure and introgression 
between species

Hybridization does not necessarily lead to introgression—
defined here as gene flow between species due to hybridiza-
tion plus repeated backcrossing—if hybrids or their prog-
eny are sterile or strongly counter-selected. Therefore, we 
attempt to detect introgression by testing for a spatial covari-
ation in the genetic structures of hybridizing species (Hardy 
and Vekemans 2001). To this end, first we compared fixation 
indices between parapatric versus allopatric populations of 
distinct species, expecting lower values between parapatric 
populations if they are subject to inter-specific gene flow. 
Second, we examined the decay of kinship coefficients with 
geographic distance within and between species (Hardy and 
Vekemans 2001). The unweighted mean allele frequencies 
over the two species were used as reference to estimate pair-
wise kinship coefficients between individuals, Fij (estimator 
of Loiselle et al. 1995, implemented in SPAGeDi). Fij values 

Fig. 1   a Top: location of the 433 samples of Lophira alata (circles) 
and 370 L. lanceolata individuals (triangles) and geographical distri-
bution of the three genetic clusters. Dotted lines separate geographi-
cal regions of population assignment (Upper Guinea [UG], Dahomey 
Gap [DG], Camerooon [CM], Lower Guinea [LG], and West-Gabon 
[WG]. Gray and green shaded backgrounds distinguish four land 
cover types derived from MODIS images (Friedl et  al. 2010; Chan-
nan et  al. 2014). Middle: detailed maps of contact zones between b 
L. alata and L. lanceolata [UG], c L. alata and L. lanceolata [CM], 
and d between genetic clusters of L. alata. F1 = F1 Hybrid. F2 = F2 
Hybrid, F* = no hybrid classification possible by NewHybrids. Bot-
tom: hybridization index within contact zones e UG, f CM, and g 
between genetic clusters of L. alata. Filled Asterisks indicate detected 
hybrid individuals

◂
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were then averaged among i–j pairs separated by predefined 
spatial distance intervals, distinguishing i–j L. alata pairs, 
i–j L. lanceolata pairs and heterospecific i–j pairs. If the two 
species introgress recurrently in the contact zones, we expect 
that heterospecific pairs of individuals are on average more 
genetically similar if there are spatially close than if they are 
distant (Hardy and Vekemans 2001). We thus examined the 
slope of the interspecific kinship-ln(distance) curve, using 
a jack-knife procedure over loci to obtain an approximate 
test of the significance of the regression slope. This analy-
sis was conducted at two scales: (i) a large scale including 
all 665 samples from Ivory Coast to Cameroon (excluding 
samples from Gabon where L. lanceolata is absent and a 
peculiar genetic cluster occurs in L. alata), and (ii) a fine 
scale including 166 samples around the forest-savannah con-
tact zone of Cameroon where the two species can potentially 
interbreed. At the two scales, two hybrid individuals from 
the contact zone in Cameroon were excluded from these 
analyses, as they could not be genetically assigned to a given 
species.

Results

Genetic structure and species delimitation

For all STRU​CTU​RE runs using the complete dataset the 
likelihood of the data increased with K, especially from 
K = 1 to K = 3. Accordingly, the K estimate following the 
approach of Evanno et al. (2005) corresponds to K = 2, 
which matched to the two taxonomic species recognized 
and suggested that L. alata and L. lanceolata were well 
separated genetically (Fig. 2b). However, the clustering 
solution at K = 3 appeared more satisfactory because all 
but 8 samples were assigned to one of the three clusters 
with an ancestry coefficient Q > 0.8, a result robust to 
model specifications (i.e., with or without admixture, with 
correlated or independent allele frequencies; see also Sup-
plementary Online 1). Under K = 3, which will be referred 
to as ‘major clusters’, in addition to the L. lanceolata 
cluster, two clusters occurred among L. alata samples 
(Fig. 2b and c, see Fig. 1a for their spatial distribution): 
one endemic to Western Gabon (hereafter L. alata 1) and 
the second spread from West Africa to Central Africa and 
essentially distributed in the Northern hemisphere except 
in Eastern Gabon (hereafter L. alata 2). The methods pro-
posed by Puechmaille (2016)—MEDMEDK, MEDMEAK, 
MAXMEDK and MAXMEAK—consistently suggested 
K = 5, subdividing in two both the L. lanceolata and the 
L. alata 2 clusters into western (Upper Guinea) and east-
ern (Lower Guinea) sub-clusters. However, many samples 
appeared as admixed between these western and eastern 

sub-clusters. The subsequent Structure analysis performed 
on L. alata samples only recovered the L. alata 1 and L. 
alata 2 clusters at K = 2. Additional clustering analyses 
within L. lanceolata and within L. alata 2 again showed 
that at K = 2, samples from Upper and Lower Guinea 
tended to be assigned to different sub-clusters but with 
many intermediate samples (Fig. 2c).

The recognition of three major clusters was confirmed 
by the PCA on the genetic data which exhibited three well-
delineated groups along axes 1 and 2, explaining respec-
tively 31.8% and 7.6% of the total variance (Fig. 2a). The 
sub-clusters detected in L. lanceolata and L. alata 2 were, 
by contrast, highly overlapping (Fig. 2c).

Fig. 2   a PCA ordination of the 803 Lophira spp. individuals from 
seven geographical regions according to their genetic structure. 
Axis 1 and axis 2 represent respectively 31.8 and 7.6% of the total 
variance (Code: L. alata: [UG] Upper Guinea, [DG] Dahomey Gap, 
[LG] Lower Guinea, [WG] West-Gabon; L. lanceolata: [UG] Upper 
Guinea, [DG] Dahomey Gap, [CA] Cameroon). b Histograms of all 
individuals assignment to clusters for K = 2 (top) to K = 5 (bottom) 
clusters (using admixture and correlated allele frequencies). c Histo-
grams of hierarchical structure analysis using only L.alata cluster 2 
individuals (left) and L. lanceolata individuals (right)
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Microsatellite diversity and inbreeding

Over the ten loci, the number of alleles (A) per locus range 
from 8 to 18 (mean A = 9.7; see also Supplementary Online 
2) and the expected heterozygosity (HE) per locus consid-
ering all samples ranged from 0.38 (P34) to 0.73 (P66) 
(mean HE = 0.62). Diversity measured within each of the 
three major genetic clusters show that the cluster L. alata 
1 (West-Gabon) presents the highest genetic diversity (HE 
= 0.58), while cluster L. alata 2 (North) and L. lanceolata 
show similar levels of genetic diversity (HE = 0.45 and 0.44, 
respectively).

Further, nSSR genetic diversity was estimated within 
each of the seven populations defined on the basis of biogeo-
graphic regions and major genetic clusters (Table 1). In L. 
alata, allelic richness (Ar) ranged from 2.24 (Dahomey Gap) 
to 2.69 and 3.18 (Lower Guinea and West-Gabon respec-
tively) while HE varied between 0.33 and 0.46 for all popula-
tions apart from West-Gabon for which it reached 0.58. In L. 
lanceolata, Ar and HE ranged in 2.74–2.86 and 0.40–0.47, 
respectively. Globally, L. alata populations from Central 
Africa displayed higher level of genetic diversity than those 
from Upper Guinea. Deficit of heterozygotes was observed 
in all populations (Fis ranging from 0.09 to 0.36) but after 
accounting for the bias due to null alleles with INEst, popu-
lations did not deviate significantly from HWE, suggesting 
that outbreeding predominates.

Fixation indices between major clusters 
and populations

Pairwise fixation indices were high between L. lanceolata 
and L. alata, consistently with taxonomic delimitation (FST 
= 0.36 and RST = 0.49), but also between cluster L. alata 1 
from West-Gabon and both L. lanceolata (FST = 0.38, RST 
= 0.40) and L. alata 2 from the northern hemisphere (FST 
= 0.37, RST = 0.53). Pairwise FST values corrected for null 
alleles using the ENA method were 0.03 to 0.05 units lower 

than uncorrected FST values (Table 2A). A phylogeographic 
signal (RST significantly larger than FST) was only observed 
between the two L. alata clusters (p = 0.04). By contrast, 
low fixation indices occurred among populations of L. alata 
2 (FST = 0.03, RST = 0.02 among Upper Guinea, Dahomey 
Gap and Lower Guinea) or among L. lanceolata populations 
(FST = 0.06, RST = 0.06 among Upper Guinea, Dahomey 
Gap, Cameroon; see also Table 2B). These results highlight 
a strong genetic discontinuity between the genetic clusters 
detected in L. alata, similar to the difference between spe-
cies, confirming the pattern obtained with STRU​CTU​RE.

Hybridization

A closer look at the location of admixed individuals inferred 
from STRU​CTU​RE at K = 3 allowed us to identify four 
potential hybrid zones where the hybrid index was system-
atically bimodal (Fig. 1e–g). In Upper Guinea, one L. lan-
ceolata sample located close to the former forest-savannah 
boundary of Ivory Coast (nowadays substantially deforested) 
appeared admixed between clusters L. lanceolata (64%) and 
L. alata 2 (36%) (Fig. 1b and e). In southern Dahomey Gap 
(southern Benin), three individuals of L. lanceolata have 
Q = 30% of their genomes assigned to the L. alata 2 cluster, 
while they are located ca. 50 km from a population of pure L. 
alata 2 (Fig. 1b). In the forest-savannah mosaic of Cameroon 
where we sampled many L. alata and L. lanceolata, three 
individuals identified as L. alata appeared admixed between 
L. lanceolata (Q = 29%, 40%, 43%) and L. alata 2 (Fig. 1c 
and f). At three loci (P12, P40, P66) containing diagnos-
tic alleles of each species, the genotypes of these admixed 
samples were systematically heterozygote with one allele of 
L. lanceolata and the second from cluster L. alata 2 (Sup-
plementary Online 2). Finally, in Gabon, just at the contact 
zone between clusters L. alata 1 and L. alata 2, there was 
one admixed individual between these clusters (Q = 59%) 
(Fig. 1d and g).

Table 1   Population-level and 
cluster-level genetic diversity: 
N sample size, Ar allelic 
richness (for a subsample of 
12 allele copies), HE expected 
heterozygosity, Fis inbreeding 
coefficient based on ratio 
of observed over expected 
heterozygosities, Fis′ inbreeding 
coefficient accounting for null 
alleles following the method 
implemented in INEst and its 
posterior distribution (HDP)

Species Population N Ar(12) HE Fis Fis′ HPD

L. lanceolata Upper Guinea (UG) 223 2.74 0.42 0.26 0.04 0.00–0.07
Dahomey Gap (DG) 47 2.86 0.47 0.21 0.04 0.00–0.11
Cameroon (CM) 100 2.8 0.4 0.14 0.07 0.06–0.14

L. alata Upper Guinea (UG) 86 2.54 0.37 0.09 0.03 0.00–0.08
Dahomey Gap (DG) 7 2.24 0.33 0.36 0.31 0.00–0.51
Lower Guinea (LG) 280 2.69 0.46 0.25 0.05 0.00–0.09
West Gabon (WG) 60 3.18 0.58 0.18 0.06 0.00–0.14

Genetic clusters
 L. alata 1 West Gabon 60 3.18 0.58 0.18
 L. alata 2 Northern range 373 2.77 0.45 0.24
 L. lanceolata Complete range 370 2.91 0.44 0.25
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Further analyses using NewHybrids identified the same 
admixed individuals and classified them into four different 
hybrid categories (see 1b–d). While two F1 hybrids and one 
unassigned admixed individual were detected in the forest-
savannah mosaic in Cameroon, the remaining admixed 
individuals between L. alata 2 and L. lanceolata were cat-
egorized as F2 hybrids. NewHybrids failed to assign the 
admixed individual between L. alata 1 and 2 into a particular 
category.

Detection of interspecific gene flow

Fixation indices between populations from distinct species 
occurring in the same contact zone (FST = 0.38 in LG and FST 
= 0.49 in Upper Guinea) were not systematically lower than 
between allopatric populations from West and Central Africa 

(FST = 0.45 between Upper Guinea L. alata and Cameroo-
nian L. lanceolata, FST = 0.43 between Lower Guinea L. alata 
and Upper Guinea L. lanceolata). Hence, there is no evidence 
of interspecific introgression at this scale based on fixation 
indices. Considering the spatial genetic structures, at large 
scale we observed a significant decay of kinship coefficients 
between individuals with geographic distance within each 
species, indicating isolation by distance: regression slopes 
with Ln(distance) equal − 0.010 (SE = 0.002) and − 0.020 
(SE = 0.005) for L. alata 2 and L. lanceolata, respectively 
(Fig. 3a). When the inter-specific regression slope was com-
puted over the full distance range (whole set of heterospecific 
pairs of individuals), the regression slope equaled 0.003 with a 
SE = 0.009 and is thus not significantly different from 0. How-
ever, when the regression was limited to heterospecific pairs 
of individuals separated by less than 200 km, or when it was 

Table 2   Pairwise fixation indices between (A) the three major genetic 
clusters inferred in the genus Lophira and (B) the biogeographic 
regions using FST (below diagonal) or its analogue index account-

ing for allele sizes, RST (above diagonal). In parenthesis: estimated 
Fst of Weir (1996) for each pair of clusters using the ENA correction 
described in Chapuis and Estoup (2007)

A

FST \ RST L. alata 1 L. alata 2 L. lanceolata

L. alata 1 0.53* 0.4

L. alata 2 0.37
(0.32) 0.56

L. lanceolata 0.38
(0.35)

0.4
(0.35)

B

Species Lophira alata Lophira lanceolata

Major 
cluster L. alata 2 L. alata 1 L. lanceolata

Population Upper 
Guinea

Dahomey 
Gap

Lower 
Guinea

West 
Gabon

Upper 
Guinea

Dahomey 
Gap Cameroon

Upper 
Guinea 0 0.05 0.48 0.62 0.57* 0.49

Dahomey 
Gap

0
(0) 0.01 0.5 0.64* 0.61* 0.47

Lower 
Guinea

0.06
(0.06)

0.03
(0.04) 0.52* 0.61* 0.56* 0.52*

West 
Gabon

0.42
(0.42)

0.39
(0.40)

0.35
(0.33) 0.49 0.36 0.28

Upper 
Guinea

0.49
(0.47)

0.48
(0.46)

0.43
(0.41)

0.41
(0.39) 0.05 0.09

Dahomey 
Gap

0.43
(0.41)

0.39
(0.38)

0.35
(0.33)

0.33
(0.33)

0.05
(0.05) 0.04

Cameroon 0.45
(0.43)

0.44
(0.42)

0.38
(0.36)

0.38
(0.38)

0.11
(0.11)

0.03
(0.03)

Allele sizes permutation tests indicate whether RST is significantly larger than FST (*P-value < 0.05)
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computed over samples from the Cameroonian contact zone 
(Fig. 3b), the regression slope was − 0.020 with SE = 0.010. 
This result suggests that some introgression between species 
occurred but it affected their genetic structures only at a local 
scale in the Cameroonian contact zone.

Discussion

Species delimitation in Lophira

The principal component analysis (PCA) and the Bayesian 
clustering algorithm detected three main genetic clusters 
within Lophira spp. (Fig. 2a–c). It confirmed that L. alata 
and L. lanceolata are well separated genetically, consist-
ently with taxonomical species delimitation, and congru-
ently with the bimodal distributions of the hybridization 
index in all contact zones (Fig. 1e, f). Our results thus 
support the view that the two taxa cannot be considered 
as ecotypes of a same species. It is not possible with our 
data to demonstrate that a model of sympatric speciation 
would apply because the current parapatric distribution 
of the species may result from a secondary contact after 
allopatric speciation. Molecular dating based on DNA 
sequences should help to check whether their divergence 
predates the Quaternary as assumed for most congeneric 
African plant species (Plana et al. 2004). Unsuspectedly, 
our results also highlighted two parapatric genetic clusters 
within L. alata which are as much genetically separated 
from each other as they are from L. lanceolata, and which 
also form a bimodal hybrid zone, suggesting they could 
represent cryptic species. Overall, our data support the 
recognition of three species of Lophira.

Hybridization between L. alata and L. lanceolata

Although there is no evidence of inter-specific introgres-
sion at large scale according to inter-specific FST values 
and kinship-distance curve, the decay of the inter-specific 
kinship-distance curve at a local scale in the Cameroonian 
contact zone suggests that occasional gene flow occurs, 
creating a slight spatial correlation between the allele fre-
quencies of the two species. The detection of hybrid indi-
viduals in this region (F1), as well as one in Ivory Coast 
and the Dahomey Gap (F2), confirms that hybridization 
is possible, although it must remain rare to explain the 
maintenance of high fixation indices. Although, NewHy-
brids identified F1 and F2 hybrids, the classification 
should be interpreted with caution as using ten micros-
atellite markers limits the resolution. The low inbreeding 
coefficient estimated in each population after accounting 
for null alleles indicated that both species are essentially 
outcrossing. Both species have similar pollen morphology 
and structure (Satabie 1982). Their reproductive isolation 
in the contact zone could result from postzygotic barrier 
(Rieseberg and Carney 1998) or from floral phenological 
shift because flowering is reported mainly in November-
January for L. alata and January-July for L. lanceolata 

Fig. 3   Mean kinship coefficients between Lophira alata and L. lan-
ceolata individuals according to geographical distance at a large scale 
(Ivory-Coast to Cameroon) and b fine scale around the forest-savan-
nah contact zone in Cameroon. We distinguish kinship-distance curve 
within each species and between species. These analyses excluded 
two putative hybrids from the Cameroonian contact zone between 
species as well as samples from Gabon where L. lanceolata is absent
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(Biwole et al. 2012, Aubreville 1959, Akoegninou et al. 
2006, herbaria data). Further studies characterizing 
hybridization pattern (proportion and genetic composi-
tion of hybrid individuals in the contact zone, genotyping 
seed lots in different contact zones) must be undertaken to 
detect eventual pre- and/or post-zygotic isolation processes 
and assess the fertility of hybrids.

Genetic clusters within L. alata: evidence of cryptic 
species?

A striking and unexpected result of this study is that besides 
the clear genetic discontinuity between L. alata and L. lan-
ceolata, is that L. alata is itself made of two parapatric 
genetic clusters forming a sharp genetic discontinuity with 
a bimodal hybrid zone in their contact area (Fig. 1g). The 
complementary sampling conducted in the surroundings of 
the Gabonese town Ndjolé, which was found to be close to 
the limit between these clusters during our initial investiga-
tions, allowed us to detect only one hybrid individual (see 
Fig. 1d, g). However, the NewHybrids algorithm failed to 
identify its hybridization class (F1, F2, Backcross). As all 
analyses confirm the pronounced differentiation between 
these two clusters (the Bayesian clustering algorithm, the 
PCA ordination and the FST), either they represent distinct 
cryptic species between which a barrier to gene flow is well 
established, or they are deeply differentiated conspecific 
populations that formed a secondary contact zone so recently 
that admixed individuals are still uncommon.

Intra-specific genetic clusters have been repeatedly 
reported in African forest tree species (e.g., Hardy et al. 
2013) and are generally interpreted as evidence of past 
population fragmentation (forest refuge hypothesis), pos-
sibly driven by Pleistocene climate change or even older 
events (e.g. Migliore et al. 2018). The West-Gabon L. alata 
cluster displays relatively high genetic diversity and allelic 
endemism, and may therefore be a legacy of ancient forest 
fragmentation. However, the fixation indices among L. alata 
clusters (FST = 0.37, RST = 0.53) are well above the values 
typically reported between parapatric genetic clusters in 
other Guineo-Congolian tree species (e.g., FST = 0.07–0.28; 
Duminil et al. 2013; Demenou et al. 2016, 2017). Moreo-
ver, the transition between parapatric clusters in L. alata is 
extremely sharp, occurring over a width of only c. 1 km near 
Ndjolé, while in other tree species it typically occurs over 
tens of kilometers, sometimes hundreds (Demenou et al. 
2016, 2017; Duminil et al. 2013). The bimodal hybrid zone 
displayed by L. alata seems more similar to the contact zone 
between two Erythrophleum sister tree species in Central 
Africa: E. ivorense occurs in the wettest evergreen forest 
along the coast up to ca. 200–300 km inland, while E. suave-
olens occurs in slightly drier semi-evergreen forest occurring 
more inland (Duminil et al. 2013). Analogous to the L. alata 

clusters, the distribution ranges of these Erythrophleum spe-
cies are parapatric and seem to form a sharp boundary that 
does not correspond to any obvious biogeographical barrier. 
This configuration might be explained if the Erythrophleum 
species or the L. alata clusters were excluding each other. 
Local exclusion of a minority species/cluster may be driven 
by heterospecific pollen transfer, whereby crosses between 
species/clusters eventually lead to the loss of ovules due to 
pre or post-zygotic processes, and reduce much more the 
reproductive success of the locally least abundant species/
cluster (Morales and Traveset 2008).

Overall, our data rather support the hypothesis that the 
two L. alata clusters represent cryptic species. To further test 
it, we should record phenological data, genotype seeds from 
each cluster in the contact zone, and obtain herbarium sam-
ples with reproductive organs to check if diagnostic traits 
occur. A first comparison of eight observations (flowering 
time) provided by the herbarium of Leiden (NL; Ouedraogo, 
pers. comm.) supports the assumption of a flowering delay 
in Gabon (West-Gabon: October, November; North-Gabon: 
December, January). Preliminary analyses of herbarium 
material that should belong to the two L. alata genetic clus-
ters did not reveal any distinctive morphological trait but as 
only one fertile specimen was available from West Gabon 
in the different herbaria consulted (BS4657 from BRLU and 
BR), new herbarium material with reproductive organs need 
to be collected. Lophira alata being an important commer-
cial timber tree, a comparison of wood anatomical features 
and technological properties of the two clusters would also 
be interesting, in particular for the forestry sector.

Very low genetic structuring between West 
and Central Africa in Lophira

We found a weak genetic structure over a large area in L. lan-
ceolata and in the cluster L. alata 2. If we exclude the West 
Gabonese L. alata which seems to form a separate species, 
there is thus no support for our hypothesis that genetic differ-
entiation at large scale is stronger in the rainforest ecosystem 
than in the savannah ecosystem because the former was more 
prone to fragmentation during past climate changes. The 
weak genetic structure between Upper Guinea and Lower 
Guinea in L. alata 2 contrasts with the clear differentiation 
reported at this scale in most of the other forest tree species 
studied so far (Gomez et al. 2009; Koffi et al. 2011; Daïnou 
et al. 2016; Demenou et al. 2016, 2017). For savanna spe-
cies extending across the Sudanian region, different patterns 
have been reported: a clear East-West genetic clustering in 
Vitellaria paradoxa (Allal et al. 2011) but a weak genetic 
structuring in Acacia senegal (at least within the Sudanian 
area, Odee et al. 2012) and Khaya senegalense (Sexton et al. 
2015), similar to what we observed in L. lanceolata. While 
glacial-interglacial cycles of the Pleistocene have probably 
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resulted in repeated fragmentation of the Guineo-Congo-
lian forest cover, the savanna area corresponding to the 
current Sudanian vegetation belt has probably fluctuated in 
area and in latitudinal range but it has not necessarily been 
fragmented. This might explain why we find generally less 
genetic structuring in savanna trees than in forest trees, at 
least in West and Central Africa. The large distribution of 
the L. alata 2 cluster (spread from West Africa to Central 
Africa) is thus surprising. It may result from the mainte-
nance of substantial gene flow during the glacial periods, 
due to either extensive gene dispersal or weakly fragmented 
populations, or to limited genetic drift if large effective 
population sizes were maintained. As L. alata is considered 
as a pioneer species it may have developed mechanisms to 
survive unsuitable conditions. However, according to spe-
cies ecological requirements (evergreen forests) and demo-
graphic dynamics (7 mm/year in diameter increment and 
55–60 years to become reproductive; for review see Biwole 
et al. 2012) a recent and rapid expansion from a single forest 
refuge is doubtful. As genetic diversity in L. alata clusters 
is highest in Lower Guinea and West-Gabon, one may thus 
hypothesize that L. alata mainly survived in two main refuge 
areas that remained isolated for a very long time, and that 
the Lower Guinea population has expanded rapidly more 
recently to cover most of the Northern hemisphere of West 
and Central Africa. However, further data will be needed 
to test this hypothesis in the future, and we cannot exclude 
that the polymorphism of our microsatellite markers was 
insufficient to identify discontinuities in the spatial pattern 
of genetic variation if actual intra-specific clusters were still 
weakly differentiated.

Conservation issues

Despite its wide distribution, L. alata is considered as Vul-
nerable in the red list of the IUCN due to its heavy rate 
of logging. In Gabon, production of roundwood and sawn-
wood has steadily increased from ca. 3.5 × 106 m3 in 2010 to 
4.2 × 106 m3 in 2016 (database of the International Tropical 
Timber Organization, www.itto.int). However, we have no 
indication on the relative origin (West-Gabon L. alata 1 ver-
sus L. alata 2) of these volumes, nor on the remaining stocks 
and growth rates in natural forests for each putative species. 
As L. alata 1 ranges over a relatively small area (c. 300 
km latitude by c. 180 km longitude), most of which appar-
ently lying outside of protected areas, an evaluation of the 
impact of logging on its conservation status seems urgent, 
as well as inventories and genetic analyses of samples from 
protected areas. The focus on L. alata as a target species 
in international projects (Large-Scale, TimTrace) opposing 
illegal timber trade by genetic barcoding are a promising 
sign for the species conservation, but also emphasizes the 
importance and urgency of clarifying species delimitation.

Conclusions

This study investigated the diversification of the genus 
Lophira and genetic structuring patterns that occurred within 
rainforests and savannas of tropical Africa. It confirmed 
that L. alata and L. lanceolata formed well distinct species 
genetically, although hybridization can still sometimes occur 
in contact zones and possibly lead to weak introgression at 
a local scale. It revealed that L. alata probably contains two 
cryptic species, adding to the mounting genetic evidences of 
cryptic species in African trees (e.g., Ikabanga et al. 2017; 
Lissamou et al. 2018). Additional investigations on molecu-
lar phylogeny and morphological, anatomical and pheno-
logical traits are needed to characterize the population of 
western Gabon, especially as it is potentially threatened by 
logging activities and may require particular conservation 
measures.
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