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Abstract
Secondary sympatry amongst sister lineages is strongly associated with genetic and 
ecological divergence. This pattern suggests that for closely related species to coex-
ist in secondary sympatry, they must accumulate differences in traits that mediate 
ecological and/or reproductive isolation. Here, we characterized inter-  and intraspe-
cific divergence in three giant tree frog species whose distributions stretch across 
West and Central Africa. Using genome- wide single- nucleotide polymorphism data, 
we demonstrated that species- level divergence coincides temporally and geographi-
cally with a period of large- scale forest fragmentation during the late Pliocene. Our 
environmental niche models further supported a dynamic history of climatic suitabil-
ity and stability, and indicated that all three species occupy distinct environmental 
niches. We found modest morphological differentiation amongst the species with sig-
nificant divergence in tympanum diameter and male advertisement call. In addition, 
we confirmed that two species occur in secondary sympatry in Central Africa but 
found no evidence of hybridization. These patterns support the hypothesis that cycles 
of genetic exchange and isolation across West and Central Africa have contributed to 
globally significant biodiversity. Furthermore, divergence in both ecology and repro-
ductive traits appear to have played important roles in maintaining distinct lineages. 
At the intraspecific level, we found that climatic refugia, precipitation gradients, ma-
rine incursions, and potentially riverine barriers generated phylogeographic structure 
throughout the Pleistocene and into the Holocene. Further studies examining phe-
notypic divergence and secondary contact amongst these geographically structured 
populations may demonstrate how smaller scale and more recent biogeographic bar-
riers contribute to regional diversification.

K E Y W O R D S
demographic modelling, divergence, ecological niche, land- bridge island, phylogeography, 
refugia

La sympatrie secondaire parmi les espèces sœurs est fortement associée à la di-
vergence génétique et écologique. Ce modèle suggère que pour que des espèces 
étroitement liées coexistent en sympatrie secondaire, elles doivent accumuler des 
différences dans les traits qui contribuent à l'isolement écologique ou reproductif. Ici, 
nous avons caractérisé la divergence inter-  et intra- spécifique chez trois espèces de 
grenouilles arboricoles géantes dont les distributions s'étendent à travers l'Afrique de 
l'Ouest et Centrale. Avec des données génétiques, nous avons démontré que la diver-
gence au niveau des espèces coïncide temporellement et géographiquement avec une 
période de fragmentation forestière à la fin du Pliocène. Nos modèles de niches envi-
ronnementales ont soutenu une histoire dynamique de stabilité climatique, et ont in-
diqué que les trois espèces occupent des niches environnementales distinctes. Nous 
avons trouvé une différenciation morphologique modeste parmi les trois espèces 
mais une divergence significative dans le diamètre du tympan et les cris des mâles. De 
plus, nous avons confirmé que deux espèces sont présentes en sympatrie secondaire 
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1  |  INTRODUC TION

Speciation typically occurs when populations become isolated by 
a physical barrier such that gene flow between populations ceases 
(Fitzpatrick et al., 2009; Mayr, 1942). If these allopatric populations 
inhabit contrasting environments, then ecological and morphological 
differentiation may evolve due to local adaptation (Ryan et al., 2007; 
Schluter, 2009). Alternatively, allopatric lineages may exhibit ecolog-
ical niche conservatism and remain morphologically similar, yet con-
tinue to diverge and ultimately speciate (Wiens, 2004). Secondary 
sympatry amongst congeneric species is strongly associated with 
genetic and morphological divergence, which suggests that for 
closely related species to coexist in secondary sympatry, they must 
differ in traits that mediate ecological and/or reproductive isolation 
(Friis & Milá, 2020; Krishnan & Tamma, 2016; Pigot & Tobias, 2015; 
Xu & Shaw, 2020). Quantifying divergence in ecological, morpholog-
ical, and sexually selected traits amongst closely related lineages can 
provide insight into the processes that enable secondary sympatry 
and the accumulation of species richness.

Across West and Central Africa, a dynamic suite of landscape 
features and ecological gradients coincide with globally signifi-
cant biodiversity (Couvreur et al., 2021; Myers et al., 2000). Time- 
calibrated phylogenies indicate that much of this diversity arose in 
situ during the late Miocene to mid Pleistocene (e.g. Koenen et al., 
2015; Njabo et al., 2008; Portik et al., 2019; Springer et al., 2012; 
Tolley et al., 2013; reviewed in Couvreur et al., 2021). Prominent 
geographic features that may have played a role in generating this 
diversity include the Dahomey Gap, a dry savannah that bisects 
the West African rainforests (Booth, 1958; Salzmann & Hoelzmann, 
2005), the mountains of the Cameroon Volcanic Line that extend 
into the Gulf of Guinea forming an archipelago of land- bridge 
and oceanic islands (Marzoli et al., 2000), and several large rivers 
(Goudie, 2005; Figure 1). This region is also characterized by precipi-
tation gradients with extensive variation in both annual precipitation 
and seasonality that vary across longitude and latitude, resulting in a 
patchwork of vegetation types (Couvreur et al., 2021; Marshall et al., 

2021). Consequently, species diversification across this region is at-
tributed to many geographic and ecological mechanisms including 
lowland forest or montane refugia, riverine barriers, marine incur-
sions, and ecological gradients (Couvreur et al., 2021; Hardy et al., 
2013; Penner et al., 2011). To date, empirical studies have primarily 
characterized patterns of phylogeographic structure within species 
with respect to these proposed biogeographic features. Thus, our 
understanding is still limited with respect to the geographic context 
of speciation, the extent of phenotypic and/or ecological divergence 
amongst sister lineages, and how these processes interact to result 
in secondary sympatry and exceptional regional species diversity.

Here we characterize genetic and phenotypic diversification in 
three closely related species of Leptopelis tree frogs whose distribu-
tions stretch across West (L. macrotis; Schiøtz, 1967) and Central (L. 
millsoni; [Boulenger, 1895], L. rufus; Reichenow, 1874) Africa (Figure 1; 
Jaynes et al., 2021). All three species are arboreal and amongst the 
largest in the genus, with females reaching up to 87 mm snout– vent 
length (Channing & Rödel, 2019; Schiøtz, 1999). These species occur 
both in allopatry and in broad parapatry, and collectively their dis-
tributions span all major physical barriers and ecological gradients 
across West and Central Africa including the land- bridge island 
Bioko and the ‘climatic hinge’, a north- to- south seasonal inversion at 
0– 3ºN along the southern border of Cameroon (Hardy et al., 2013; 
Figure 1). Despite this vast distribution and the recognition of mul-
tiple distinct lineages (Jaynes et al., 2021; Portik et al., 2019), the 
species are remarkably challenging to identify based on morphology 
alone, which resulted in taxonomic confusion for over a century (Ahl, 
1929, 1931; Noble, 1924; Perret, 1973; Schiøtz, 1967). As a legacy 
of this confusion, the extent to which L. rufus and L. millsoni occur 
in true sympatry (i.e. syntopy) in western Central Africa is unclear. 
Furthermore, L. macrotis has been considered a subspecies of L. mill-
soni by some authors (Amiet, 2012) and the geographic boundary 
between L. macrotis and L. millsoni in West Africa remains uncer-
tain (Rödel et al., 2014). More recently, the three species have been 
proposed to differ in tympanum size (Amiet, 2012; Schiøtz, 1999), 
which likely has functional consequences for auditory sensitivity 

en Afrique Centrale mais n'avons trouvé aucune preuve d'hybridation. Ces résultats 
soutiennent l'hypothèse que les cycles d'échange génétique et d'isolement à travers 
l'Afrique de l'Ouest et Centrale ont contribué à une profonde concentration de biodi-
versité dans la région. De plus, la divergence des traits écologiques et reproducteurs 
semble avoir joué un rôle important dans le maintien de lignées distinctes. Au niveau 
intra- spécifique, nous avons constaté que les refuges climatiques, les gradients de 
précipitation, les incursions marines et potentiellement les barrières fluviales ont gé-
néré une structure phylogéographique pendant le Pléistocène et jusqu'à l'Holocène. 
Des études examinant la divergence phénotypique et le contact secondaire entre ces 
populations géographiquement structurées pourraient démontrer comment des bar-
rières biogéographiques à échelle plus petite et plus récentes contribuent à la diver-
sification régionale.
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(Fox, 1995). Like most frog species, male Leptopelis produce adver-
tisement calls at breeding sites to attract mates (Amiet & Schiøtz, 
1974) and differences in advertisement call between recently di-
verged Leptopelis species in the Albertine Rift (~1%– 4% mtDNA di-
vergence) suggest that this sexually selected trait is an important 
premating isolation mechanism in the early stages of speciation 

(Portillo & Greenbaum, 2014a, 2014b). In addition, L. rufus males 
produce a unique courtship call and behaviour that has not been de-
scribed in other Leptopelis (Amiet & Schiøtz, 1974). Beyond potential 
divergence in tympanum size and courtship behaviour, it is unclear 
if these giant tree frogs differ in other ecological or morphological 
traits. Thus, this group presents the opportunity to characterize 

F I G U R E  1  Species tree and sampling map of Leptopelis macrotis, L. millsoni, and L. rufus. (a) SNAPP species tree of L. macrotis, L. millsoni, 
and L. rufus lineages based on ddRADseq data set (1,037 SNPs). Lineage names match those in Figures 2 and 3. Circles on nodes indicate 
posterior probability (black ≥0.95, grey ≥0.90, and white <0.90). Sampling and approximate range map (based on Channing & Rödel, 2019) 
of (b) L. macrotis in West Africa (blue) and L. millsoni in West and Central Africa (red), and (c) L. rufus in Central Africa and Bioko Island 
(green). Sample borders indicate the type of data sets for each sample: mtDNA, ddRADseq, and morphology (black border), mtDNA and 
ddRADseq (grey- black dashed border), mtDNA and morphology (grey border), and mtDNA only (no border). Type localities are indicated in 
black for L. macrotis (triangle), L. millsoni (diamond), and L. rufus (circle). Country abbreviations: AO, Angola; CA, Central African Republic; CD, 
Democratic Republic of Congo; CM, Cameroon; GA, Gabon; GH, Ghana; GN, Guinea; LI, Liberia; CG, Republic of the Congo; NI, Nigeria; SL, 
Sierra Leone. Photo credits: Andi Emrich, Brian Freiermuth, Mark- Oliver Rödel
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F I G U R E  2  Genetic structure and demographic models for Leptopelis rufus. (a) Sampling of L. rufus ddRADseq data set with individual 
assignments to genetic clusters based on sNMF analyses (15,194 SNPs). (b) Discriminant analysis of principal components (DAPC) of 
ddRADseq data set with colours corresponding to sNMF clusters. (c) Individual assignment probabilities to genetic clusters identified in 
sNMF from left to right: South Gabon (SG), North Gabon (NG), and Cameroon + Bioko Island (CM+BK). Deme names reflect the geography 
for the majority of samples within a given cluster and may include samples from other, adjacent countries. (d) 16S mtDNA chronogram 
(undated) with reduced sampling representing major lineages (complete chronogram in Supporting Information Materials). Colours and labels 
correspond to sNMF clusters and circles on nodes indicate posterior probability (black ≥0.95 and white <0.95). (e) SNAPP tree of ddRADseq 
data set (5,328 SNPs). Colours and labels correspond to sNMF clusters, circles on nodes indicate posterior probability (black ≥0.95), and 
divergence estimate with 95% CI bar. (f) Competing demographic models for the history of L. rufus. IM, isolation- migration model with 
gene flow since population divergence and constant effective population sizes; IMc, isolation- migration with gene flow and population size 
expansion; ISO, population divergence with no gene flow and constant population sizes; ISOc, population divergence with no gene flow and 
effective population size expansions; SC, divergence with secondary contact after a period of no gene flow and constant population sizes; 
SCc, divergence with secondary contact and effective population size expansion. ‘Time SC’ denotes time to secondary contact. The best fit 
model is surrounded by a black box
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multiple axes of diversification in closely related lineages across a 
range of biogeographic contexts.

In this study, we combine genomic, phenotypic, and ecological 
approaches to investigate species- level diversification in giant tree 
frogs across West and Central Africa. Phylogeographic studies in a 
number of West and Central African taxa support the role of ma-
rine incursions, forest refugia, rivers, and ecological gradients in 
promoting divergence amongst allopatric populations within species 
(reviewed in Couvreur et al., 2021). Consequently, we also charac-
terize population structure within each of the giant tree frog species 
and use an integrative approach to identify mechanisms contributing 
to intraspecific diversification. Specifically, we (1) characterize ge-
nomic, ecological, morphological, and advertisement call divergence 
amongst species to test the hypothesis that biogeographic barriers 
promoted divergence in allopatry and that phenotypic divergence 
enables secondary sympatry, and (2) quantify population genetic 
structure and potential barriers to gene flow within species to differ-
entiate amongst mechanisms proposed for intraspecific divergence 
in West and Central African forest- dwelling taxa. We synthesize 
these findings in an integrative framework to investigate how phys-
ical barriers, ecological gradients, and reproductive traits contribute 
to population divergence and speciation.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling details

We obtained 230 tissue samples (17 Leptopelis macrotis, 85 L. mill-
soni, 128 L. rufus) from 109 localities across West Africa (Ghana, 
Guinea, Liberia), Central Africa (Angola, Cameroon, Central African 
Republic, Democratic Republic of Congo, Gabon, Nigeria, Republic 
of the Congo), and Bioko Island (Equatorial Guinea). This sampling 
spans the type localities of the focal species (Figure 1). Tissue sam-
ples (liver, muscle, or toe clips) were preserved in 95% ethanol, 
RNAlater, or liquid nitrogen. Voucher specimens are deposited in 
natural history museum collections (Table S1).

2.2  |  Mitochondrial diversity and divergence

We extracted DNA from tissue samples using a DNeasy Blood & 
Tissue kit (Qiagen Inc.), and polymerase chain reaction (PCR)- 
amplified and cycle- sequenced a portion of the 16S mitochondrial 
gene using the primers 16SA and 16SB (see Supporting Information 
Materials; Palumbi et al., 1991). Sequences were edited using 
Geneious v.R8.0.04 (Biomatters Ltd.) and are available on GenBank 
(see Data Availability). To confirm species identifications made in the 
field, we estimated mtDNA gene trees for L. rufus and for our com-
bined sampling of L. millsoni and L. macrotis. We aligned sequences 
with MAFFT using the automatic algorithm selection option (auto) 
(Katoh et al., 2002; Katoh & Standley, 2013) and selected a substi-
tution model with jModelTest 2.1.4 (Darriba et al., 2012) based on 

BIC (HKY +I + G for L. rufus, and HKY +I for L. macrotis- L. millsoni). 
For phylogenetic inference we used BEAST v1.8 (Drummond et al., 
2012) with a constant size coalescent tree prior. For both data sets, 
two independent analyses were run for 10 million generations each 
with sampling every 1,000 generations. We assessed convergence 
and the effective sample size of parameter estimates using Tracer 
v1.7 (Rambaut et al., 2018) and repeated simulations without se-
quence data to test the influence of priors on posterior distribu-
tions. We discarded a burn- in of 10% prior to generating a maximum 
clade credibility tree from the remaining 18,000 trees. We pruned 
each phylogeny to a representative subset of samples for visualiza-
tion purposes in the main manuscript. Complete phylogenies are in 
the Supporting Information Materials (Figures S1, S2). We estimated 
uncorrected pairwise distances between sequences using Geneious 
vR8.0.04.

2.3  |  Restriction- site associated DNA data 
set collection

We collected double- digest restriction- site associated DNA 
(ddRADseq) data from 168 samples representing all mtDNA line-
ages (15 L. macrotis, 57 L. millsoni, and 96 L. rufus) following Peterson 
et al. (2012) with modifications from Streicher et al. (2014; see 
Supporting Information Materials). We processed raw Illumina reads 
(150 bp single end reads) by removing unique molecular identifier 
overhangs with Trimmomatic v0.38 (Bolger et al., 2014) and con-
ducted additional bioinformatics with STACKS v2.0 (Rochette et al., 
2019). We demultiplexed pooled reads and quality filtered raw data 
using process_radtags, aligned short reads and assembled them into 
sets of loci (minimum depth coverage of four reads, maximum of two 
discrepancies) with denovo_map, generated a catalogue of consen-
sus loci, and matched the loci to this catalogue. Due to the diversity 
within and amongst our focal species, we ran the populations mod-
ule to generate multiple data sets only retaining loci present in 50% 
of individuals and one SNP per locus: all Leptopelis samples (1,972 
SNPs), L. rufus only (15,194 SNPs), and L. macrotis– L. millsoni com-
bined (7,246 SNPs). Raw reads are archived in the NCBI SRA (see 
Data Availability).

2.4  |  Population structure and species 
tree estimation

As a preliminary assessment of genetic divergence amongst the 
three species and to check for mismatches between nuDNA and 
mtDNA assignment that might indicate hybridization, we ran a dis-
criminant analysis of principal components (DAPC; Jombart et al., 
2010) with the 1,972 SNP data set using the R package adegenet 
1.8 (Jombart, 2008). We also used sparse nonnegative matrix fac-
torization (sNMF; Frichot et al., 2014) implemented in the R package 
LEA (Frichot & François, 2015) to assess whether individuals in our 
data set may be admixed between the three focal species. We ran 
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sNMF with the 1,972 SNP data set, K = 3, 100 replicates, and alpha 
=10,000.

To compute least- squares estimates of ancestry coefficients and 
estimate population structure within the L. rufus and L. macrotis- 
L.millsoni lineages, we used sNMF with K from 1– 8, 100 replicates, 
and alpha =10. Because model- based methods for inferring popu-
lation structure can be biased by minor allele frequencies (Linck & 
Battey, 2019), we removed singleton SNPs using vcftools (Danecek 
et al., 2011). To assess which value of K best fit the number of pop-
ulations, we compared cross- entropy scores across replicates. We 
then took a hierarchical clustering approach (e.g. Pritchard et al., 
2003) and reran sNMF within each inferred population until the low-
est cross- entropy score across runs for a given population was K = 
1. To assess variation within and amongst groups detected by sNMF 
and the mtDNA genealogy, and to visualize the clustering of samples 
with mixed assignment in sNMF, we ran DAPC (Jombart et al., 2010) 
for L. rufus (15,194 SNPs) and L. macrotis- L. millsoni (7,246 SNPs) with 
K fixed to the number of clusters detected in those analyses.

We used SNAPP v1.5 (Bryant et al., 2012) implemented in BEAST 
v2.6 (Bouckaert et al., 2014) to estimate the phylogenetic relation-
ships amongst populations identified by our clustering and mtDNA 
analyses. We performed this analysis to investigate species- level and 
population- level relationships (with a genome- wide SNP data set) 
and to inform topology for demographic models of divergence sce-
narios amongst closely related lineages (see below). We conducted 
these analyses with a subset of samples from all three Leptopelis spe-
cies (1,037 SNPs) as well as analyses with L. millsoni and L. macrotis 
combined (3,649 SNPs) and only L. rufus (5,328 SNPs). For each pop-
ulation inferred from our hierarchical sNMF and DAPC analyses, we 
selected two individuals with the least missing data. We converted 
our vcf file to a nexus file using vcf2phylip v2.0 (Ortiz, 2019) and the 
R package phrynomics (https://github.com/bbanb ury/phryn omics). 
We ran SNAPP for 1,000,000 iterations with mutation rates u and 
v =1.0, a gamma distribution with alpha =2 and beta =200 for the 
lambda prior, and default values for the snapprior, sampling every 
1,000 steps with the first 10% discarded as burn- in. Branch lengths 
were scaled to estimate relative divergence times using a genera-
tion time of one year and a genome- wide mutation rate estimated 
in humans (1 × 10−8; Lynch, 2010); this rate was used because no 
genome- wide estimates exist for anurans and this approach has been 
applied in other studies of African frogs (e.g. Charles et al., 2018; 
Leaché et al., 2019; Portik et al., 2017). We examined convergence 
using TRACER 1.7 (Rambaut et al., 2018) and generated a maximum 
clade credibility tree from the post burn- in samples.

2.5  |  Divergence in morphology and 
advertisement call

To assess the extent of morphological divergence amongst species we 
took 14 measurements that capture head shape and limb variation to 
the nearest 0.1 mm using Mitutoyo Absolute Digimatic Calipers (see 
Supporting Information Materials). We measured 96 adult specimens 

included in our genetic data set (9 L. macrotis, 20 L. millsoni, and 67 
L. rufus). Male and female measurements were analysed separately 
to account for sexual size dimorphism. Sex was determined by (a) 
snout– vent length and (b) presence/absence of pectoral glands or 
ova in preserved specimens. Adults of Leptopelis exhibit a wide range 
of body sizes; thus, to account for allometry across individuals, we 
corrected morphological measurements (see Supporting Information 
Materials). We performed a principal component analysis to find the 
best low- dimensional representation of morphological variation in 
the data set and compared all 14 measurements separately across 
species to look for significant differences in individual traits.

We collected measurements of morphological traits proposed 
to be diagnostic between the species (SVL snout– vent length, TMP 
tympanum diameter, EYE eye diameter, and DSC disc toepad diam-
eter) from 74 additional specimens included in our genetic data set 
(5 L. macrotis, 32 L. millsoni, 37 L. rufus) and the type specimens of L. 
rufus, L.macrotis, and L. millsoni. To quantify divergence in TMP, EYE, 
DSC and for the composite traits TMP- EYE ratio and DSC- TMP ratio, 
we fit an ANOVA for each set of traits with measurements grouped 
by species, and used a Tukey's honest significant differences test to 
calculate adjusted p- values for group mean comparisons. We con-
ducted the same analyses to quantify divergence in SVL, TMP, EYE 
and DSC with males and females grouped separately. All statistical 
analyses were performed in R v3.3.0 and data were visualized using 
the ggplot2 package (Wickham, 2016).

We obtained recordings of male advertisement calls for L. mac-
rotis, L. millsoni, and L. rufus, and the unique male courtship call of L. 
rufus (Amiet & Goutte, 2017; Rödel et al., 2014). Audiospectrograms 
and oscillograms were made using Raven Pro 1.4 (Cornell Laboratory 
of Ornithology), and analysed with a Fast Fourier transformation 
window of 512 points, a brightness of 70 points, and a contrast of 
70 points. The following parameters were measured because they 
capture the primary axes of variation in Leptopelis advertisement 
calls (Amiet & Goutte, 2017): pulses per call, pulse duration, peak 
frequency (Hz), frequency range (Hz).

2.6  |  Ecological niche modelling, divergence, and 
suitability through time

We used ecological niche models (ENMs) to estimate the potential 
geographic distributions of our focal taxa (full details in Supporting 
Information Materials). Briefly, we used specimen occurrence re-
cords confirmed by mtDNA sequence data and thinned with the R 
package spThin (Aiello- Lammens et al., 2015) such that no records 
were within 20 km of one another. Sensitivity analyses indicate 
that species distribution models perform well with 13– 25 occur-
rence points for widespread species and that fewer occurrences are 
needed to generate reasonable models for species with small ranges 
(van Proosdij et al., 2016). Given the few confirmed occurrence 
records for L. macrotis and that we aimed to model environmental 
suitability across the Dahomey Gap for the L. macrotis– L.millsoni lin-
eage, we took a more conservative approach by jointly estimating 

https://github.com/bbanbury/phrynomics
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the ENM for L. macrotis and L. millsoni. Our sampling localities are 
not randomly drawn from across the species’ ranges; therefore, we 
applied a similar sampling bias to background points for our ENMs. 
Following Bell et al. (2017) we selected pseudoabsence background 
points using a sampling effort surface based on all georeferenced 
anuran specimen records across sub- Saharan Africa (see https://
github.com/eddie myers/ Lepto pelis).

We used seven uncorrelated bioclimatic variables from WorldClim 
v1.4 (Hijmans et al., 2005) sampled at 2.5 arcmin resolution. Optimal 
model parameters for MaxEnt (Phillips et al., 2006) were selected 
using the R package ENMeval (Muscarella et al., 2014); the best fit 
parameters were chosen using AIC values. ENMs were constructed 
with MaxEnt using Biomod2 (Thuiller et al., 2016) in R with 25 evalua-
tion runs, each replicated for 5,000 iterations, reserving 25% of sam-
ple localities as a training data set for model evaluation. We created 
response curves and jackknifed our data to measure variable impor-
tance for each ENM. To create binary ENMs at different time periods 
and to avoid subjective threshold cutoff values for these projections 
(e.g. Freeman & Moisen, 2008), we used the ROC binary method im-
plemented in Biomod2. We reran the current climate models using 
this binary projection and hindcast them on climate models of the 
mid- Holocene (6 kya), the Last Glacial Maximum (21 kya), and the 
Last Interglacial (120 kya), with the same set of seven uncorrelated 
variables. To identify core regions of habitat suitability through time 
for L. rufus and L. macrotis- L. millsoni, we stacked the binary projec-
tions for these three time periods plus the current model.

Finally, to investigate whether L. rufus, L. macrotis, and L. millsoni 
have nonequivalent environmental niches, we used the enmtools.
ecospat.id function in ENMTools (Warren et al., 2019). This method 
uses kernel density smoothing to estimate species’ niche space and 
corrects for environment availability when measuring overlap be-
tween species (Broennimann et al., 2012). A D statistic of 1 indicates 
complete niche overlap and a value of zero indicates no overlap.

2.7  |  Isolation by distance, isolation by 
environment, and demographic model selection

To differentiate amongst mechanisms proposed for intraspecific 
divergence in West and Central African forest- dwelling taxa, we 
tested for isolation- by- distance and isolation- by- environment 
within L. rufus, L. macrotis, and L. millsoni with generalized dissimi-
larity modelling (GDM; Ferrier et al., 2007), a matrix regression 
technique that models variation between distance matrices and fits 
nonlinear relationships between these matrices (Ferrier et al., 2007). 
We chose this method because there is unlikely to be a linear cor-
relation in this study system between increasing genetic distance 
and either ecological or geographical distance between sampling 
localities. To test for isolation- by- environment within each species, 
we used the seven Bioclim variables from the ENMs (see above) and 
extracted environmental variation from each locality in the respec-
tive SNP data sets. Genetic distance matrices were calculated using 
Nei's D distances (Nei, 1972) in adegenet (Jombart, 2008). We fit 

generalized dissimilarity models in the GDM R package (Manion 
et al., 2016) using genetic distance matrices as the response variable 
and geographic and climate distances as the explanatory variables. 
We then used matrix permutation to perform model and variable 
significance testing and to estimate variable importance (percent de-
viation explained by each variable), using the GDM R package.

Methods that explicitly quantify demographic changes in pop-
ulation size and gene flow can help to differentiate amongst poten-
tial mechanisms contributing to lineage diversification (Portik et al., 
2017). We conducted demographic model selection analyses within 
L. rufus but did not have sufficient population- level sampling to 
conduct parallel analyses within L. macrotis or L. millsoni. To inves-
tigate diversification within L. rufus, we tested six, three- population 
demographic models using fastsimcoal2 (fsc2; v2.6.0.2, Excoffier 
et al., 2013), which uses coalescent simulations to approximate an 
expected site frequency spectrum (SFS) and a composite likelihood 
approach for parameter optimizations. The six demographic models 
were constructed to test if lineage divergence within L. rufus was 
consistent with strict allopatric divergence (ISO model, e.g. across 
major rivers like the Ogooué or Sanaga) versus repeated bouts of 
isolation- migration or divergence with secondary contact (IM and 
SC models, e.g. ecological gradients or climatic refugia), with either 
constant population size (ISO, IM, SC models) or population size 
change (IMc, ISOc, SCc models, e.g. expansion/contraction in re-
sponse to climate). These models differed in the parameterization 
of gene flow (between geographically adjacent lineages), timing of 
gene flow, and population size change (Figure 2), and whilst they 
are simplifications of the true underlying demographic history, they 
allow us to distinguish between these broad scenarios of diversifi-
cation (e.g. Myers et al., 2020; Portik et al., 2017). To construct the 
SFS, we used easySFS (https://github.com/isaac overc ast/easySFS) 
and downsampled the full data set to a smaller number of samples 
per population to reduce missing data and maximize the number of 
segregating sites. Furthermore, because of the assumptions of fsc2, 
we projected the SFS as haploid data. For all models we fixed the 
topology of the L. rufus lineages based on the SNAPP results. We ran 
100 replicate fsc2 analyses for each model, with 100,000 simula-
tions to estimate the composite likelihood and 40 ECM cycles for pa-
rameter optimization per run. For each model we calculated the AIC 
from the approximated likelihood and ranked models based on ΔAIC 
and AIC weights. All input files are available at github.com/eddiemy-
ers/Leptopelis. For the best- fit model we performed 20 parametric 
bootstraps to produce parameter estimates with a generation time 
of one year and a genome- wide mutation rate of 1 × 10−8.

3  |  RESULTS

3.1  |  Mitochondrial diversity and divergence

The mtDNA phylogeography of L. rufus indicated deep divergence 
across its distribution (up to 5.7% uncorrected pairwise distance; 
Figures 1, 2, Supporting Information 1). Samples of L. rufus from 

https://github.com/eddiemyers/Leptopelis
https://github.com/eddiemyers/Leptopelis
https://github.com/isaacovercast/easySFS
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Bioko Island formed a clade with samples from adjacent Cameroon 
and Nigeria, and exhibited very low sequence divergence from these 
mainland samples (0.2%– 0.4% uncorrected pairwise distance; Figure 
S1). The 16S mtDNA genealogy indicated extensive structure across 
the distribution of L. macrotis– L. millsoni (up to 4.3% uncorrected 
pairwise distance), but relationships amongst many lineages were 
poorly supported (Figures 1, 3, Supporting Information 2). Given the 
low support for many nodes in the L. macrotis- L. millsoni phylogeny, 
as well as differences in topology between mtDNA and nuDNA phy-
logenies (see below), we did not estimate divergence times for the 
mtDNA data sets.

3.2  |  SNP data set

We generated approximately 180 million sequence reads after 
filtering for quality, intact restriction sites, and matches to sam-
ple barcodes (average 1.7 million reads per sample). We dropped 
24 samples with <500,000 reads after initial quality filtering. The 
resulting data set still included representatives from all mtDNA line-
ages. The STACKS pipeline generated a catalogue of 687,815 unique 
loci for 144 samples. We retained loci with <50% missing data, 
trimmed individuals with >90% missing data with Matrix Condenser 
v.1.0. (de Medeiros, 2019), and selected one SNP per locus, resulting 
in three final data sets: all Leptopelis species (1,972 SNPS, N = 108), 
L. rufus (15,194 SNPs, N = 56), and L. macrotis– L. millsoni (7,246 SNPs; 
N = 10 L. macrotis, N = 42 L. millsoni).

3.3  |  Population structure and species 
tree estimation

DAPC clustering with the 1,972 SNP data set did not indicate mis-
matches between nuDNA and mtDNA assignments amongst the 
three species despite L. rufus and L. millsoni co- occurring in direct 
sympatry at breeding sites in Cameroon and in Gabon (Figure S3). 
The interspecific sNMF analysis assigned nearly all individuals to one 
of the three species with high ancestry coefficients (Figure S3D). 
The one exception was a specimen of L. millsoni (NMP:P6V:76050) 
with proportions of ancestry from both L. millsoni and L. rufus; how-
ever, this specimen was collected outside the current distribution of 
L. rufus and had ~79% missing data in the all species SNP data set. 
Thus, we interpret this mixed assignment as low posterior probabil-
ity rather than admixture.

Hierarchical population structure analyses for L. rufus using 
sNMF indicated K = 3 as the best fit and corresponded to the mtDNA 
gene tree and DAPC groups (Figure 2, Supporting Information 4). For 
L. millsoni and L. macrotis, we found that K = 7 was the best fit and 
these groupings corresponded to the mtDNA lineages (Figures 3, 
S5). DAPC clustering with seven genetic groups aligned with sNMF 
results except for one difference: DAPC lumped Central and Eastern 
Congo samples whereas the Angola samples formed a distinct ge-
netic group (Figure 3). DAPC analyses with eight groups found the 

same genetic groups as sNMF with the addition of Angola. Thus, 
although samples from Angola had mixed assignment in sNMF, we 
treated them as a separate group in our species tree analysis based 
on their distinctiveness in mtDNA and the DAPC analysis (Figure 3, 
see below).

The species tree estimating interspecific relationships was 
strongly supported with posterior probabilities of 1.0 (Figure 1). The 
divergence time estimated between L. rufus and L. macrotis- L. mill-
soni was in the early Pleistocene (2.45 million years ago [Ma], CI: 
1.74– 3.1 Ma) followed by divergence between L. macrotis and L. mill-
soni (1.37 Ma, CI: 1.1– 1.7 Ma; Figure 1). In contrast to the mtDNA 
analyses, both nuDNA phylogenies (e.g. with all taxa and with only 
L. macrotis- L. millsoni) supported reciprocal monophyly of L. millsoni 
and L. macrotis (Figure 3). In both analyses, the oldest lineage within 
L. millsoni was the Nigerian population, but the placement of this lin-
eage was not well supported (PP =0.64– 0.66). Our divergence time 
estimates indicate that population level divergence within all three 
species occurred throughout the Pleistocene and into the Holocene 
(Figures 2, 3).

3.4  |  Divergence in morphology and 
advertisement calls

For males and females of all three species, much of the variance in 
morphology was captured in the first two principal components (53% 
and 50%, respectively; Figure 4a, Tables S2, S3, S4 and Supporting 
Information Materials) with broad overlap in PC space amongst 
males and moderate separation amongst females, although sample 
sizes were smaller for females than males. We found limb measure-
ments exhibited minor differences between species in both sexes 
whereas head measurements did not differ (Table S5). With respect 
to the proposed diagnostic morphological measurements, we found 
that tympanum diameter (TMP) and the toepad disc- tympanum di-
ameter (DSC- TMP) and tympanum- eye diameter (TMP- EYE) ratios 
differed significantly in L. rufus compared to L. macrotis and L. mill-
soni across both males and females (Figures 4b, S6). Overall, TMP 
was smaller in L. rufus relative to the other species (p < .05) and DSC- 
TMP was consistently >3:4 in L. rufus and <3:4 in the other species 
(p < .05; Figure 4b). Likewise, TMP- EYE was consistently <1:2 in L. 
rufus and >1:2 in the other species (p < .05; Figure 4b). TMP- EYE 
also differed significantly between L. macrotis and L. millsoni females 
but not males (p < .05; Figure S6). Finally, we found significant dif-
ferences in male SVL amongst all three species and that female L. 
macrotis were significantly larger than L. millsoni females but not L. 
rufus females (p < .05; Figure S6).

The advertisement calls of L. macrotis, L. millsoni and L. rufus dif-
fered with respect to average peak frequency and frequency range, 
as well as the number and duration of pulses (Table 1, Figure S7). Male 
L. macrotis produced calls at lower peak frequencies (~1,700 Hz), L. 
millsoni at intermediate peak frequencies (~2,100 Hz), and L. rufus 
at higher frequencies (~2,800 Hz or higher). The peak frequency of 
the unique L. rufus courtship call was also high (>2,200 Hz) and the 
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duration of each note was >1.5 s (Table 1). Advertisement calls of L. 
macrotis included notes with 1– 2 pulses whereas the calls of L. mill-
soni and L. rufus had single pulsed notes.

3.5  |  Ecological niche and suitability through time

After thinning locality records, we retained a total of 36 and 21 
unique localities for L. macrotis- L. millsoni and L. rufus, respectively. 
The best- fit combinations of parameters differed between the two 
models, with a combination of feature classes of ‘LQHPT’ and a reg-
ularization multiplier of 3.5 for L. macrotis- L. millsoni and a feature 
class ‘H’ and regularization multiplier of 2 being best- fit for L. rufus. 
MaxEnt models performed well: L. macrotis- L. millsoni AUC =0.92, 
L. rufus AUC =0.98. Annual precipitation had the greatest percent 

contribution, approximately 0.75, to ENMs for both lineages (Table 
S6). The current ENM for L. macrotis- L. millsoni predicted the known 
geographic distribution of this group; however, the models did not 
predict high suitability in much of western Central Africa (Figure 5a). 
The ENM for L. rufus predicted a somewhat wider geographic distri-
bution than is known for this taxon with potentially suitable environ-
ments along the mouth of the Niger River and in West Africa, where 
L. macrotis occurs (Figure 5b). The ENMs predicted suitable habitat 
for both L. rufus and the L. macrotis- L. millsoni lineage on Bioko Island, 
yet only L. rufus is confirmed to occur there.

In our stacked suitability maps overlaying current suitability mod-
els with the mid- Holocene (6 kya), Last Glacial Maximum (21 kya), 
and Last Interglacial (120 kya) models, we found two core regions of 
stability in West Africa corresponding to the distribution of L. macro-
tis. Likewise, we found extensive suitability through time across the 

F I G U R E  3  Genetic structure in Leptopelis macrotis and L. millsoni. (a) Sampling of L. macrotis and L. millsoni ddRAD data sets with 
individual assignments to genetic clusters based on sNMF analyses (7,246 SNPs). (b) Discriminant analysis of principal components (DAPC) 
of ddRADseq data set with colours corresponding to sNMF clusters. Note that samples from Angola (AO) had intermediate assignment 
probability in sNMF and were treated as a separate group in the DAPC. These samples are purple in the DAPC plot. (c) Individual assignment 
probabilities to genetic clusters identified in sNMF from left to right: L. macrotis (Liberia [LI], Ghana [GH]), L. millsoni (Nigeria [NI], Cameroon 
[CM], Gabon [GA], Angola [AO], Central Congo [CC], and East Congo [EC]). Deme names reflect the geography for the majority of samples 
within a given cluster and may include samples from other, adjacent countries. (d) 16S mtDNA chronogram (undated) with reduced 
sampling representing major lineages (complete chronogram in Supporting Information Materials). Colours and labels correspond to sNMF 
clusters and circles on nodes indicate posterior probability (black ≥0.95 and white <0.95). (e) SNAPP tree of ddRADseq data set (3,649 
SNPs). Colours and labels correspond to sNMF clusters, circles on nodes indicate posterior probability (black ≥0.95 and white <0.90), and 
divergence estimates with 95% CI bars
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present distribution of L. millsoni and centred in the Lower Guinean 
Forests and Congo basin (Figure 5c). By contrast, the region pres-
ently known as the Dahomey Gap seems to have remained unsuitable 
for L. millsoni and L. macrotis throughout the Quaternary (Figure 5c). 
Within the current geographic distribution of L. rufus, our models 
identified core regions of suitability in coastal Nigeria/Cameroon 
and southern Gabon that are separated by lower suitability within 
Equatorial Guinea and northern Gabon (Figure 5d). Projections for 
individual time periods are in the Supporting Information Materials 
(Figures S8, S9).

Niche equivalency tests demonstrated that all three species oc-
cupy distinct environmental niches with moderate overlap between 
L. millsoni and L. macrotis (D statistic 0.22, I statistic 0.33, p < .02), 
and low overlap between L. rufus and L. macrotis (D statistic 0.04, I 
statistic 0.18, p < .01) and L. rufus and L. millsoni (D statistic 0.02, I 
statistic 0.11, p < .01).

3.6  |  Isolation by distance, isolation by 
environment, and demographic model selection

Generalized dissimilarity models for each species demonstrated that 
geographic distance between sampled localities was a significant de-
terminant of population genetic structure. In L. millsoni the best fit 
model included both geographic distance and annual precipitation 
with variable importance 64.4% and 16.7%, respectively (p < .01). 
For L. macrotis, a model including geographic distance and mean 
diurnal temperature range predicted genetic distances (variable im-
portance 1.5% and 4.6%; p < .01). Finally, within L. rufus the only 

explanatory variable that predicted population genetic distances 
was geographic distance (variable importance 48.6%; p < .05).

Downsampling the L. rufus populations for demographic model 
selection resulted in six haploid samples from southern Gabon (SG), 
12 from northern Gabon (NG), and 65 from Cameroon (CM+BK). 
Our uneven sampling amongst the three populations could bias our 
estimates of genetic diversity and gene flow. However, our primary 
motivation for conducting these analyses was to select the best- fit 
model of lineage divergence and secondarily, to compare estimates 
of divergence time with those obtained from SNAPP. We found 
strong support for a model of isolation- migration with population 
size change (IMc; AIC- weight 0.99; Figure 2, Table S7). This model 
of continuous gene flow, or repeated bouts of isolation and contact 
between lineages, with growth in effective population size is con-
sistent with allopatric or parapatric divergence in response to a dy-
namic climatic history. Under this best- fit model, the estimated mean 
divergence time for the initial split in L. rufus is 898 kya (95% CI: 
711– 1,084 kya) and the divergence time between the Cameroon and 
northern Gabon lineages is 570 kya (461– 680 kya) (Tables S7, S8). 
These dates are much older than those inferred by SNAPP; however, 
gene flow between lineages is a violation of the coalescent model in 
SNAPP (Bryant et al., 2012) and thus we place more confidence in 
divergence times estimated from fsc.

4  |  DISCUSSION

Our analyses indicate that L. macrotis, L. millsoni, and L. rufus di-
verged in the late Pliocene to early Pleistocene with no evidence 

F I G U R E  4  Morphological variation and divergence amongst Leptopelis macrotis, L. millsoni and L. rufus. (a) Principal component analysis 
(PCA) of 14 morphological measurements for males and females of L. macrotis (blue triangle), L. millsoni (red square), and L. rufus (green 
circle). (b) Violin plots of male snout– vent length, and combined male and female size- adjusted tympanum diameter, disc- tympanum ratio, 
and tympanum- eye ratio. Boxes within violin plots signify first quartile, median, and third quartile. Comparisons significant at an adjusted p 
<.05 with a Tukey's honest significant difference test are indicated by letters
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of current gene flow between species. The distributions of L. mac-
rotis and L. millsoni appear to be entirely allopatric on either side of 
the Dahomey Gap in West Africa. By contrast, our results indicate 
the distributions of L. rufus and L. millsoni are broadly parapatric in 
Central Africa and we confirm that the species co- occur in direct 
sympatry at breeding sites in Cameroon and Gabon. All three spe-
cies occupy distinct environmental niches with moderate overlap 
between L. millsoni and L. macrotis. Despite long periods of isolation 
and evidence of ecological divergence, phenotypic differentiation 
amongst the species is modest with the exception of divergence in 
body size, tympanum diameter, and advertisement call. At the in-
traspecific level, we find extensive phylogeographic structure that 
largely coincides with centres of current and historic climatic suit-
ability in L. macrotis and L. rufus. Model- based inferences for L. rufus 
were consistent with divergence between regions of consistently 
suitable climate. Our sampling did not permit model- based infer-
ences for L. macrotis or L. millsoni, but our other analyses indicate that 
phylogeographic structure in these taxa may result from a combina-
tion of isolation- by- distance, riverine barriers, climatic refugia, and 
precipitation gradients. Below we discuss genomic, environmental, 
and phenotypic divergence with respect to inter-  and intraspecific 
diversification in the giant tree frogs.

4.1  |  The geography of speciation in the giant 
Leptopelis tree frogs

The earliest divergence amongst our focal species occurred in the late 
Pliocene to early Pleistocene (~2.5 Ma) with subsequent divergence 
between L. macrotis and L. millsoni in the mid Pleistocene (~1.4 Ma). 
This time period coincides with the onset of glacial- interglacial cycles 
that strongly impacted the distribution of vegetation types across 
Africa (Trauth et al., 2009) including cycles of isolation and connec-
tivity between West and Central African forests (Bonnefille, 2010; 
Dupont et al., 2000). In particular, pollen records indicate that the 
Pliocene- Pleistocene transition (~2.7 Ma) was characterized by very 
low tree cover (Bonnefille, 2010) in contrast to the expansive tropi-
cal forests of the mid- Pliocene (~5– 3 Ma; Morley, 2000). Phases of 
connectivity are hypothesized to have enabled faunistic exchanges 
between West and Central Africa followed by additional periods of 
geographic isolation (reviewed in Couvreur et al., 2021). Based on 
the topology of inter-  and intraspecific divergences in the giant tree 
frogs, we infer that large- scale forest fragmentation during this time 
period resulted in disjunct distributions of a previously more wide-
spread lineage of forest- dwelling giant tree frog into refugia in West 
(L. macrotis- L. millsoni) and Central (L. rufus) Africa. After this initial 
period of divergence, we propose that populations of the L. macrotis-
 L. millsoni lineage became isolated on either side of the Dahomey 
Gap (1.1– 1.7 Ma). Although palynological data imply rainforest habi-
tat was continuous through this region during the wetter periods of 
the Holocene (Dupont et al., 2000), our ENMs indicate that environ-
mental conditions within the Dahomey Gap were less suitable for 
our focal taxa in the four time periods we projected, including the TA
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mid- Holocene. These results are consistent with our molecular data 
and we infer that this region has acted as a biogeographic barrier 
for the species since the mid- Pleistocene. Phylogeographic struc-
ture within L. millsoni suggests this lineage subsequently expanded 
east and south across Central African forests resulting in a broadly 
parapatric distribution with L. rufus. Furthermore, although distri-
bution maps of L. millsoni illustrate this species range as occurring 
throughout the distribution of L. rufus (e.g. Channing & Rödel, 2019), 
our genetically confirmed occurrence records of L. millsoni suggest 
that the species does not occur within the core of the L. rufus range 
in western Gabon and Cameroon.

This evolutionary history and geographic distribution would 
imply that L. rufus and L. millsoni diverged in allopatry and that diver-
gence in ecological and/or reproductive traits enabled these closely 
related species to coexist in secondary sympatry. Several studies 
amongst closely related species of birds found similar patterns, with 
phenotypic and/or ecological divergence amongst close relatives 

that occur in secondary sympatry (e.g. Friis & Milá, 2020; Krishnan & 
Tamma, 2016; Pigot & Tobias, 2015). These patterns support the hy-
pothesis that biotic interactions play an important role in determin-
ing species distributions through space and time, and ultimately in 
the accumulation of species richness. Future studies characterizing 
physiological breadth, competitive interactions, and premating isola-
tion barriers amongst our focal species would clarify which of these 
biotic mechanisms contribute to their present distributions. In addi-
tion, further population genomic sampling across the distribution of 
L. millsoni, coupled with methods that explicitly test for demographic 
expansion and gene flow would clarify the temporal and geographic 
extent of secondary sympatry with L. rufus.

Several phylogenetic studies of rainforest taxa that span West 
and Central Africa also report late Pliocene/early Pleistocene di-
vergence times, suggesting this period played an important role in 
structuring current species diversity across taxonomic groups. For 
instance, patterns of inter-  and intraspecific genetic divergence in 

F I G U R E  5  Ecological niche models for Leptopelis macrotis- L. millsoni and L. rufus. Distribution of current suitable climates for L. macrotis- L. 
millsoni (a) and L. rufus (b), black dots indicate thinned sampling localities used to generate the models. Estimated suitable climate stability 
summed across four time periods (1) present, (2) mid- Holocene (6 kya), (3) Last Glacial Maximum (21 kya), and (4) the Last Interglacial 
(120 kya) for L. macrotis- L. millsoni (c) and L. rufus (d). Note the study area for the modelling analysis included all of sub- Saharan Africa 
(including continental islands) but maps were cropped for visualization
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Scotonycterini fruit bats mirror those of the giant tree frogs with 
two phases of allopatric speciation (~2.7 and ~1.6 Ma) attributed 
to forest refugia in West and Central Africa (Hassanin et al., 2015). 
Similar patterns are also documented in pangolins (Gaubert et al., 
2018), bristlebill birds (Huntley & Voelker, 2016), wood mice (Nicolas 
et al., 2020), swamp rats (Bohoussou et al., 2015), and foam- nest 
tree frogs (Leaché et al., 2019), in which inter-  and intraspecific di-
versification spanning West and Central Africa dates to the Pliocene 
and Pleistocene. This emerging pattern across taxonomic groups 
indicates these recurrent cycles of isolation and exchange across 
West and Central Africa likely contributed to high regional species 
diversity. Likewise, a number of closely related species- pairs exhibit 
distributions similar to L. rufus and L. millsoni in Central Africa in-
cluding reed frogs (Bell et al., 2017), bristlebills (Huntley & Voelker, 
2016), and fruit bats (Hassanin et al., 2015). In these taxa, western- 
Central and eastern- Central lineages meet at the boundaries of the 
Lower Guinean and Congolian forests, coinciding with a longitudinal 
precipitation gradient from high rainfall and lower seasonality along 
the Atlantic coast, and more variable precipitation and seasonality 
moving inland (Heuertz et al., 2014; Olson et al., 2001). Annual pre-
cipitation had the greatest percent contribution to ENMs for L. mill-
soni and L. rufus, and we found that only western- Central forests 
provided suitable climates for L. rufus whereas a wider climatic range 
and geographic area were suitable for L. millsoni. ENMs for reed frogs 
(Bell et al., 2017) revealed parallel patterns of environmental niche 
breadth and suitability for western- Central versus eastern- Central 
African sister taxa, suggesting that divergence in environmental 
niche amongst close relatives further contributes to regional spe-
cies diversity. These shared patterns of divergence amongst diverse 
taxa in the West and Central African forests provide a compelling 
comparative framework for future studies investigating abiotic and 
biotic mechanisms of lineage divergence and species accumulation.

4.2  |  Divergence in morphological, acoustic, and 
ecological traits amongst giant tree frogs

Although L. millsoni and L. rufus are closely related and phenotypi-
cally similar, we did not find any evidence of hybridization despite 
collecting multiple individuals of each species side- by- side at two 
breeding sites (Cross River, Nigeria; Baposso village, Ngounié, 
Gabon). Hybridization and the persistence of genetic compatibility 
between even distantly related amphibians is common (Wilson et al., 
1974); consequently, we propose that the few distinguishable differ-
ences in ecology, morphology, and courtship between L. millsoni and 
L. rufus may serve as prezygotic barriers to hybridization in sympa-
try. For instance, L. millsoni typically form large breeding choruses 
along slow- moving rivers and swamps where males produce louder 
calls at lower frequencies, whereas in L. rufus solitary males produce 
soft, higher frequency calls above fast- flowing streams in the for-
est (Amiet & Schiøtz, 1974). Furthermore, the distinctive courtship 
call and behaviour of L. rufus has not been documented in other 
Leptopelis and appears to be unique to this species (Amiet & Schiøtz, 

1974). Our sampling at sympatric sites is fairly limited and given their 
broadly parapatric distributions, we suspect that L. millsoni and L. 
rufus co- occur at several additional sites along the boundary of the 
Lower Guinean and Congolian forests. Future studies characterizing 
habitat preferences, seasonal activity, courtship behaviour, and fe-
male preferences in allopatry versus in sympatry would improve our 
understanding of prezygotic and postzygotic reproductive barriers 
between these closely related species (e.g. Boul et al., 2006; Uy & 
Borgia, 2000; Xu & Shaw, 2020).

In most anurans, the frequency of male advertisement calls is 
inversely correlated with body size such that larger frogs produce 
lower frequency calls (Gingras et al., 2013; Hoskin et al., 2009). The 
pattern in the giant tree frogs, however, appears to deviate from this 
trend. Leptopelis rufus males, which are significantly larger, produce 
higher frequency calls than the smaller- bodied L. macrotis and L. 
millsoni. Likewise, tympanum size is often positively correlated with 
body size in anurans (Fox, 1995), but the larger- bodied L. rufus have 
smaller tympana than L. macrotis and L. millsoni. This pattern is par-
ticularly pronounced in the very large females of L. rufus. Tympanum 
size in anurans has functional consequences for auditory sensitiv-
ity such that most measures of sensitivity increase with tympanum 
area (Fox, 1995). For instance, in bullfrogs, males have larger tym-
pana than females and are sensitive to low- frequency peaks in calls 
(200– 300 Hz) that serve as male- male communication channels 
(Hetherington, 1994). We propose that paired divergence in tym-
panum diameter and the frequency of male advertisement calls may 
play a role in prezygotic isolation between L. millsoni and L. rufus. 
More broadly, the giant tree frogs present an exciting study sys-
tem for investigating the links between the morphology of auditory 
structures and corresponding sensitivity, divergence in advertise-
ment call, and variation in signalling environment amongst closely 
related species (e.g. Lattenkamp et al., 2021).

4.3  |  Core regions of suitable climate align with 
intraspecific diversification in L. rufus

The distribution of L. rufus spans several prominent biogeographic 
barriers including the Sanaga River in Cameroon, the Ogooué River 
in Gabon, the climatic hinge between southern Cameroon and 
northern Gabon, and the marine incursion that presently separates 
Bioko Island from the rest of the continent. Surprisingly, none of 
these features appears to be strong barriers to gene flow for L. rufus. 
Our ENMs for L. rufus indicated that the species is tied to climates 
with high annual precipitation, suggesting that north- to- south or 
east- to- west gradients in precipitation could lead to reduced disper-
sal across the species range as proposed in other plant and animal 
taxa (Helmstetter, Amoussou, et al., 2020; Helmstetter et al., 2020; 
Leaché et al., 2019). Generalized dissimilarity models, however, did 
not find support for isolation- by- environment and instead indicated 
an overall pattern of isolation- by- distance across the species distri-
bution. Furthermore, demographic model selection for L. rufus de-
termined that isolation- migration with population size change was 
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the best fit to the data, and this demographic history is more consist-
ent with divergence in response to a dynamic climate history than 
divergence along an ecological gradient. Our ENMs indicate regions 
of consistently suitable climate whose locations roughly correspond 
with the genetic lineages of L. rufus. These proposed core regions 
of stability overlap with projected environmental stability for other 
forest associated amphibians in this region including several species 
of reed frog (Bell et al., 2017), the Gaboon forest frog (Portik et al., 
2017), and foam- nesting tree frogs (Leaché et al., 2019). Our diver-
gence estimates amongst the three lineages of L. rufus range from 
the mid to late Pleistocene, and roughly coincide with estimates of 
intraspecific divergence for other anurans across this region that 
were obtained using similar approaches (i.e. ddRADseq and the 
same mutation rate; Charles et al., 2018; Portik et al., 2017).

Our sampling for L. rufus does not include localities from con-
tinental Equatorial Guinea or southern Cameroon. This limits our 
understanding of where the Cameroon and Northern Gabon lin-
eages meet and may also impact our inferences of environmental 
niche and isolation- by- distance. Both our mtDNA and nuDNA data 
sets indicated that these lineages are closely related with the most 
geographically proximate individuals revealing mixed assignments in 
our clustering analysis and closely related mtDNA haplotypes. Our 
ENMs of present suitability suggest that the current environment 
across the climatic hinge is suitable for L. rufus, but our estimates of 
historical stability suggest lower suitability across this region under 
past climates. This pattern of lower stability is also evident in ENMs 
of other forest associated species including the rainforest reed frog 
(Bell et al., 2017) and foam- nesting tree frogs (Leaché et al., 2019). 
Consequently, although genetic structure between Cameroon and 
Gabon populations of L. rufus may partly reflect the limitations of 
our sampling, both our demographic modelling analyses and ENMs 
support a period of allopatric divergence with more recent demo-
graphic expansion and secondary contact that are consistent with 
divergence in response to a dynamic climate history.

Both our mtDNA and nuDNA analyses indicated that L. rufus 
on Bioko Island clusters with populations from adjacent Cameroon 
although the Bioko individuals form a monophyletic group in the 
mtDNA gene tree. This pattern suggests that L. rufus on the island 
have only recently become isolated from the rest of their continental 
distribution (e.g. coincident with the most recent period of separa-
tion ~15 kya; Meyers et al., 1998). Our ENMs for L. rufus and L. mac-
rotis- L. millsoni suggested the exposed land bridge was climatically 
suitable for both lineages during the Last Glacial Maximum (~21 kya). 
Thus, it is surprising that only L. rufus is known to occur on the is-
land despite the more expansive geographic distribution and greater 
environmental breadth of the L. macrotis- L. millsoni lineage. The ab-
sence of L. millsoni on Bioko may be a result of differences in breed-
ing biology between the species given the absence of slow- moving 
rivers on the island (the preferred breeding sites of L. millsoni) versus 
the ready abundance of small, fast flowing streams (the preferred 
breeding sites of L. rufus; Amiet & Schiøtz, 1974). The amphibian 
fauna of Bioko is still incompletely known, however, and two other 
widespread species of Leptopelis (L. notatus and L. ocellatus) occur 

throughout the Atlantic Equatorial Forest, but have not yet been re-
ported from Bioko Island (Sánchez- Vialas et al., 2020). Thus, it is pos-
sible that L. millsoni occurs on Bioko and has not yet been detected or 
has been misidentified as L. rufus. Phylogeographic studies of other 
large- bodied Bioko anurans including forest tree frogs (Bell et al., 
2019), foam- nesting tree frogs (Leaché et al., 2019), white- lipped 
frogs (Jongsma et al., 2018), and clawed frogs (Evans et al., 2015) 
found very little genetic differentiation between island and conti-
nental populations. By contrast, phylogeographic studies of smaller- 
bodied anurans including leaf- folding frogs (Charles et al., 2018) and 
reed frogs (Bell et al., 2017) found modest genetic differentiation. 
This pattern suggests that species- specific traits, such as reproduc-
tive biology and dispersal ability, result in different responses to a 
shared landscape feature (e.g. Papadopoulou & Knowles, 2015).

4.4  |  Biogeographic barriers, climatic stability, and 
isolation by environment in L. macrotis and L. millsoni

The history of intraspecific divergence in L. macrotis and L. mill-
soni appears to be relatively complex with a combination of bio-
geographic barriers, Quaternary refugia, and ecological gradients 
contributing to lineage divergence. For instance, we found dis-
tinct lineages of L. millsoni on either side of the Sanaga and Congo 
Rivers, and both rivers coincide with intra-  and interspecific levels 
of divergence in a range of taxa including the ground dwelling long- 
fingered frogs (Hirschfeld et al., 2015), swamp rats (Bohoussou et al., 
2015), arboreal snakes (Allen et al., 2021), and chimpanzees (Hey, 
2010). Likewise, our ENMs identify several regions within West and 
Central African rainforests as climatically suitable throughout the 
late Pleistocene to present day for L. macrotis and L. millsoni, and 
these regions overlap with refugia proposed by previous authors 
(Maley, 1996). These centres of stability also closely corresponded 
with population genetic structure, with the exception of relict popu-
lations in the last remaining forest fragments in Angola (Ernst et al., 
2020). Furthermore, intraspecific divergence times within L. macrotis 
and L. millsoni indicated that lineage formation occurred during the 
Pleistocene, which is temporally consistent with isolation in climatic 
refugia and intraspecific divergence in other codistributed species 
(Bell et al., 2017; Bohoussou et al., 2015; Jacquet et al., 2015; Leaché 
et al., 2019). We found that population genetic structure within L. 
macrotis and L. millsoni was associated with both geographic distance 
and climatic variables (annual precipitation and mean diurnal range 
in temperature for L. millsoni and L. macrotis, respectively), suggest-
ing that reduced dispersal and local adaptation both play a role in 
structuring populations across West and Central Africa. Similar pat-
terns have been observed in other Central African rainforest species 
including trees (Helmstetter, Béthune, et al., 2020) and duikers (Ntie 
et al., 2017).

Differentiating between riverine barriers, climatic refugia, and 
ecological gradients based solely on phylogeographic patterns can 
be challenging when these features overlap geographically (Portik 
et al., 2017). Our small sample sizes for several key populations 
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precluded explicitly testing between alternative divergence sce-
narios within L. macrotis and L. millsoni, as well as range expansion 
of L. millsoni into Central Africa. For example, we found distinct 
lineages of L. millsoni on either side of the Sanaga River, yet this 
entire region is within a region of historically suitable climate. As 
additional samples become available through increased fieldwork, 
specific tests of range expansion and alternative demographic 
models accounting for divergence time, gene flow, and population 
size can be used to differentiate between the historical processes 
that produced genetically distinct populations within L. millsoni and 
L. macrotis. In addition, genome scans and identification of correla-
tions between allele frequencies and local environmental variation 
would further clarify the role of ecological gradients and local ad-
aptation in population divergence (e.g. Morgan et al., 2020; Zhen 
et al., 2017).
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