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Abstract

Aim: To investigate how putative barriers, forest refugia, and ecological gradients

across the lower Guineo-Congolian rain forest shape genetic and phenotypic diver-

gence in the leaf-folding frog Afrixalus paradorsalis, and examine the role of adjacent

land bridge and sky-islands in diversification.

Location: The Lower Guineo-Congolian Forest, the Cameroonian Volcanic Line

(CVL), and Bioko Island, Central Africa.

Taxon: Afrixalus paradorsalis (Family: Hyperoliidae), an African leaf-folding frog.

Methods: We used molecular and phenotypic data to investigate diversity and

divergence among the A. paradorsalis species complex distributed across lowland

rain forests, a land bridge island, and mountains in Central Africa. We examined the

coincidence of population boundaries, landscape features, divergence times, and

spatial patterns of connectivity and diversity, and subsequently performed demo-

graphic modelling using genome-wide SNP variation to distinguish among diver-

gence mechanisms in mainland (riverine barriers, forest refugia, ecological gradients)

and land bridge island populations (vicariance, overwater dispersal).

Results: We detected four genetically distinct allopatric populations corresponding

to Bioko Island, the CVL, and two lowland rain forest populations split by the

Sanaga River. Although lowland populations are phenotypically indistinguishable,
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pronounced body size evolution occurs at high elevation, and the timing of the

formation of the high elevation population coincides with mountain uplift in the

CVL. Spatial analyses and demographic modelling revealed population divergence

across mainland Lower Guinea is best explained by forest refugia rather than river-

ine barriers or ecological gradients, and that the Bioko Island population diver-

gence is best explained by vicariance (marine incursion) rather than overseas

dispersal.

Main conclusions: We provide growing support for the important role of forest

refugia in driving intraspecific divergences in the Guineo-Congolian rain forest. In A.

paradorsalis, sky-islands in the CVL have resulted in greater genetic and phenotypic

divergences than marine incursions of the land bridge Bioko Island, highlighting

important differences in patterns of island-driven diversification in Lower Guinea.
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1 | INTRODUCTION

The Guineo-Congolian rain forests of West and Central Africa are

home to approximately one fifth of the world’s terrestrial biodiver-

sity (Myers, Mittermeier, Mittermeier, da Fonseca, & Kent, 2000),

with up to 80% of this diversity considered endemic (Plana, 2004).

The highest species richness in the Guineo-Congolian hotspot is

centered along the Cameroonian Volcanic Line (CVL), a chain of vol-

canoes that comprise the Cameroonian Highland mountain ranges

and the Gulf of Guinea archipelago, which includes a land bridge

island (Bioko) and three oceanic islands (Pr�ıncipe, S~ao Tom�e and

Annob�on; Figure 1). These volcanic peaks of the CVL function as

“sky islands” with steep elevational gradients that act as barriers to

dispersal between surrounding lowland forests, and this region is

characterized by high diversity of montane and submontane ende-

mics (Oates, Bergl, & Linder, 2004). The land bridge island and low-

land forest habitats of the Guineo-Congolian hotspot also harbour

exceptional species diversity (Jones, 1994; Stuart, Adams, & Jenkins,

1990). However, the mechanisms that mediate exchanges across

montane, lowland, and land bridge island habitats and how these

dynamics contribute to subsequent diversification are still poorly

understood.

Climatic refugia, riverine barriers, and ecological gradients all

potentially contribute to diversification in tropical forests (Haffer,

1997; Moritz, Patton, Schneider, & Smith, 2000; Plana, 2004; Smith,

Wayne, Girman, & Bruford, 1997). Using phylogeographical patterns

to infer which of these mechanisms contributes to population diver-

gence can be problematic when the relevant landscape features

have overlapping geographical arrangements. For example, several

large rivers appear to act as barriers to dispersal (the Sanaga, Congo

and Ogoou�e: Figure 1), yet these patterns may be confounded by

the historical presence of lowland rain forest climatic refugia on

either side of the rivers (reviewed in Portik et al., 2017). However,

population divergence due to refugia, rivers or ecological gradients

should result in different population demographic histories, and

these corresponding demographic predictions can be examined in a

model-testing framework to improve inferences about diversification

mechanisms (Portik et al., 2017). The Lower Guinea region also con-

tains several forest-specific ecotones, which can promote parapatric

speciation through disruptive selection across ecological gradients

(Moritz et al., 2000; Smith et al., 1997). The longitudinal E-W gradi-

ent in precipitation across Lower Guinea (Olson et al., 2001) and

the north–south climate hinge (latitude 2° N; Leroux, 1983) both

coincide with population structuring in plants (reviewed in Hardy

et al., 2013; Heuertz, Duminil, Dauby, Savolainen, & Hardy, 2014).

Population boundaries along ecotones provide indirect evidence of

the ecological gradient hypothesis, though other landscape features

such as the historical presence of climatic refugia or riverine barriers

can confound these patterns. Consequently, methods that explicitly

quantify demographic changes in population size and gene flow may

better differentiate between climatic refugia, riverine barriers, and

ecological gradients as potential diversification mechanisms (Portik

et al., 2017).

Cycles of isolation and connectivity on land bridge islands can

also contribute to diversification in tropical forests of Lower Guinea

(Bell et al., 2017; Leach�e, Fujita, Minin, & Bouckaert, 2014). How-

ever, relying on phylogeographical patterns to infer the timing and

duration of vicariance during marine incursions can be challenging.

For example, Bioko Island is composed of three volcanic peaks on

the continental shelf that range in age from 1–3 Myr (Marzoli et al.,

2000) and is approximately 30 km from the present-day coast of

Cameroon (Figure 1). Rising and retreating sea levels have resulted

in multiple periods of isolation and connectivity, and patterns of

molecular divergence between populations on Bioko and the adja-

cent mainland are consistent with reduced gene flow across the

present-day marine barrier, particularly for amphibians and other

organisms that are poor overseas dispersers (Barej et al., 2014; Bell

et al., 2017; Leach�e et al., 2014). Yet amphibians from multiple
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families colonized two oceanic islands in the Gulf of Guinea archi-

pelago via overseas dispersal (Bell, Drewes, Channing, et al., 2015;

Measey et al., 2007) indicating that these “sweepstakes” overseas

dispersal events have occurred multiple times in the archipelago.

Thus, a model-testing framework that accounts for population

demographic signatures characteristic of population vicariance,

founding events, and intermittent dispersal may greatly improve

inferences about the evolutionary history of land bridge island

populations.

Here, we investigate how putative barriers, refugia, and ecologi-

cal gradients across the Guineo-Congolian rain forest shape genetic

and phenotypic divergence in the leaf-folding frog Afrixalus parador-

salis Perret, 1960, a tree frog species complex comprised of two sub-

species. The nominate form, A. p. paradorsalis, has a broad

distribution across lowland forests throughout Lower Guinea, includ-

ing Cameroon, Gabon, Equatorial Guinea and the Republic of Congo,

and also occurs on Bioko Island. A morphologically distinct popula-

tion in the submontane region surrounding Mt. Manengouba in the

CVL (Figure 1) was previously described as the subspecies A. p.

manengubensis Amiet, 2009. We use the A. paradorsalis species com-

plex to investigate the following questions about diversification

mechanisms in the Guineo-Congolian forests: (a) How many distinct

populations comprise A. paradorsalis? (b) How are these populations

related? (c) Do population boundaries coincide with geographic fea-

tures and effective migration? (d) What demographic mechanisms

have played a role in population diversity and divergence? (e) Does

phenotypic variation (body size and colour pattern) reflect the taxo-

nomic diversity detected by genetic data?

2 | MATERIALS AND METHODS

2.1 | Sampling

We obtained 140 genetic samples of Afrixalus paradorsalis (138 A. p.

paradorsalis and two A. p. manengubensis) from 29 localities across

Cameroon, Gabon, Equatorial Guinea, and Republic of the Congo

(Figure 1). Based on the current understanding of phylogenetic rela-

tionships within the genus Afrixalus (Portik, 2015), we included two

samples of A. osorioi as an outgroup in our mtDNA analyses. Tissue

samples (including liver, muscle, or toe clips) were preserved in 95%

ethanol or RNA later. Specimen vouchers are deposited in natural

history museum collections (Appendix S1).

2.2 | Molecular data collection

We extracted DNA, collected 16S ribosomal RNA (16S) mitochon-

drial sequence data, and used the double-digest RADseq laboratory

protocol (ddRADseq; Peterson, Weber, Kay, Fisher, & Hoekstra,

2012) to collect genome-wide SNP data as described in

Appendix S3. We processed ddRADseq data using the process_rad-

tags module of the STACKS 1.35 workflow (Catchen, Amores, Hohen-

lohe, Cresko, & Postlethwait, 2011; Catchen, Hohenlohe, Bassham,

Amores, & Cresko, 2013), which demultiplexes pooled reads and per-

forms quality filtering. We then used USTACKS to align short reads and

assemble them into sets of loci, requiring a minimum depth of cover-

age of five reads and a maximum of two discrepancies. We gener-

ated a catalog of consensus loci using CSTACKS, and matched the loci
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F IGURE 1 Sampling localities of Afrixalus paradorsalis paradorsalis (circles) and A. p. manengubensis (triangles) in the Lower Guinean forests
of continental Central Africa and Bioko Island. Sampling localities are coloured according to the mitochondrial (mtDNA) haplotype groups and
distinct genetic lineages identified in analyses of the ddRADseq (nuDNA) dataset (Figure 2). Symbols with white borders reflect localities with
only mtDNA sequence data and symbols with no border reflect localities with only morphological data. The right panel depicts the locations of
key mountains along the Cameroon Volcanic Line
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from USTACKS to this catalog using SSTACKS. The POPULATIONS module

was then used to generate alleles for loci present in 75% of all indi-

viduals, which resulted in a dataset of 3,968 loci. We further pruned

this dataset to retain only variant and biallelic loci. If a locus con-

tained multiple SNPs, a single site was chosen at random and

retained for all subsequent analyses. Our final unlinked SNP dataset

consisted of 3,917 loci for 50 individuals and is available on the

Open Science Framework (OSF) (https://osf.io/fvh9k). The mtDNA

sequences generated for this study are deposited in GenBank (acces-

sion numbers: MH378334-378405).

2.3 | Phylogeographical structure and divergence
dating

We conducted Bayesian divergence-dating analyses with our mtDNA

dataset (16S) using BEAST 1.8 (Drummond, Suchard, Xie, & Rambaut,

2012). We used MAFFT 5 (Katoh, Kuma, Toh, & Miyata, 2005) with

the E-INS-I algorithm to align 16S sequences. We performed analy-

ses using a GTR substitution model, and a constant size coalescent

tree prior with a strict molecular clock calibrated with an amphibian

rate of 2% per Myr rate of divergence (Crawford, 2003). Analyses

were run for 100 million generations with sampling every 5,000 gen-

erations, producing a total of 20,000 trees. We examined conver-

gence using TRACER 1.6 (Rambaut, Drummond, & Suchard, 2013),

discarded a burn-in of 25% and generated a maximum clade credibil-

ity tree from 15,000 trees.

For our SNP dataset, we performed a discriminant analysis of

principle components to identify genetic clusters of individuals

(DAPC; Jombart, Devillard, & Balloux, 2010) using the R package

“adegenet” 1.8 (Jombart, 2008; Jombart & Ahmed, 2011) imple-

mented in RStudio (0.99.903). We determined the optimal number

of clusters by running a principle components analysis and calculat-

ing the Bayesian information criterion (BIC; Schwarz, 1978) for

sequential k-values after the retention of 100 principle components.

To minimize over-fitting, an initial DAPC was used to find the

a-score for each set of clusters and this value was used to select the

number of principal components to retain in a subsequent re-analysis

(Jombart, 2008; Jombart & Ahmed, 2011). We also performed hier-

archical population-clustering analyses using the maximum likelihood

approach of ADMIXTURE (Alexander, Novembre, & Lange, 2009). We

used five replicates to evaluate up to six discrete populations per

analysis, and subsequently determined the K value with the lowest

cross-validation error. Preliminary results indicated the two samples

of A. p. manengubensis were highly distinct and they were removed

from hierarchical clustering for A. p. paradorsalis.

We investigated the evolutionary relationships among popula-

tions using the SNP data in a coalescent framework with SNAPP 1.3

(Bryant, Bouckaert, Felsenstein, Rosenberg, & RoyChoudhury, 2012)

implemented in BEAST2 2.4 (Bouckaert et al., 2014). The SNAPP model

is based on the coalescent process and therefore assumes that

shared polymorphisms among lineages are due to incomplete lineage

sorting and not gene flow (Bryant et al., 2012). We subsampled each

distinct population (determined by DAPC and clustering analyses) to

include 2–6 representatives, for a total of 19 samples, estimated

mutation rates (u and v) from the data (0.997 and 1.002, respec-

tively), and fixed the birth rate (k) of the Yule prior to 25. We per-

formed two independent runs with a chain length of one million

generations, sampling every thousand generations. We examined

convergence using TRACER 1.6 (Rambaut et al., 2013) and created a

maximum clade credibility tree from the post-burn-in sample. To

obtain a rough estimate of divergence dates we converted branch

lengths using a human mutation rate of 1 9 10�8 (Lynch, 2010), as

no estimate currently exists for amphibians.

2.4 | Molecular diversity and spatial connectivity

To assess genetic diversity and population divergence in the mtDNA

and SNP data, we used ARLEQUIN 3.5.2 (Excoffier & Schneider, 2005)

to calculate nucleotide diversity—number of segregating sites (hs)

and pairwise sequence comparisons (hp), and expected homozygosity

(hH) for the distinct lineages. For the ddRADseq dataset we included

loci that were present in at least 75% of individuals in a lineage. We

also computed pairwise FST for both the mtDNA and SNP data using

group assignments supported by the 16S gene tree, population clus-

tering methods, and the DAPC.

We visualized spatial patterns of gene flow and genetic diversity

using EEMS (ESTIMATED EFFECTIVE MIGRATION SURFACES; Petkova, Novembre,

& Stephens, 2016), a method that uses genome-wide SNP variation

and locality information to highlight regions where genetic similarity

decays more quickly than expected under isolation by distance. The

number of migration routes and deme sizes is specified through a grid

size, and resistance distance is used to approximate the expected dis-

similarity between two samples. These estimates are interpolated

across geographical space to provide a visualization of levels of gene

flow and diversity across regions. We chose a deme size of 700 and

ran three independent analyses using RUNEEMS_SNPS, with a burn-in of

1,000,000 and MCMC length of 20,000,000. We combined the three

independent runs per deme size, assessed convergence, and generated

surfaces of effective diversity (q) and effective migration rates (m)

using the “R EEMS Plots” R package (Petkova et al., 2016).

2.5 | Demographic modelling

To investigate alternative divergence scenarios for lineages of A. p.

paradorsalis, we used the diffusion approximation method of dadi to

analyse two-dimensional joint site frequency spectra (2D-JSFS;

Gutenkunst, Hernandez, Williamson, & Bustamante, 2009). We

examined several models representing forest refugia, riverine barrier

or ecological gradient divergence scenarios using an established 2D

analysis pipeline (Portik et al., 2017), and created a new set of mod-

els to explicitly investigate divergence events for mainland and island

lineages. Before creating our site frequency spectra, we further fil-

tered our ddRADseq data using a minimum minor allele frequency

threshold (0.05) in the POPULATIONS module of STACKS (Catchen et al.,

2011, 2013). For all analyses we projected down samples to reduce

missing data and maximize the number of segregating sites for
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analyses, resulting in the following allele numbers: northern, 16 alle-

les; southern, 32 alleles; Bioko Island, 18 alleles. Our small sample

size for A. p. manengubensis prevented us from including this lineage

in the demographic modelling.

To determine whether the joint demographic history between

the northern and southern populations was best captured by diver-

gence resulting from forest refugia, riverine barriers or ecological

gradients, we carried out 2D analyses using a set of 21 demographic

models (Appendix S2). In addition to the 15 models described by

Portik et al. (2017), we defined four, three-epoch forest refugia mod-

els that consist of divergence in isolation, followed by secondary

contact with or without instantaneous size change, followed by iso-

lation. We also included two, two-epoch models of continuous gene

flow that allow different migration rates within each epoch. To

determine if pure vicariance or a founder event better explained the

demographic history of the Bioko Island lineage, we generated addi-

tional types of island demographic models (Appendix S2). The vicari-

ance models did not include changes in population size, whereas

founder event models enforced exponential growth in the island

population. For models in both the vicariance and founder event cat-

egories, we included a variable s that defines the fraction of the

ancestral population (nuA) founding each daughter population, where

nuA*s represents the island population and nuA*(1-s) represents the

mainland population. We enforced an upper limit of 0.5 for s, which

constrains the incipient island population at less than 50% of the

ancestral population. To determine if intervals of continuous migra-

tion or discrete admixture events explain additional features of the

2D-JSFS, we defined models that included discrete admixture events

for the vicariance and founder event models, in which a fraction f of

the mainland population is instantaneously present in the post-

admixture island population. These events were placed immediately

after the initial divergence, between two discrete time intervals

allowing for genetic drift, or at the end of a single drift interval.

Although we included a model of ancient migration and a model of

secondary contact for the vicariance scenario, these required inter-

vals of continuous migration, which are less plausible for island sys-

tems than discrete admixture events.

Using threefold perturbed random starting parameters, we per-

formed 50 optimization replicates using the Nelder–Mead method (op-

timize_log_fmin) with a maximum of 20 iterations for each of the

models included in the 2D model population comparison sets. Each

optimized parameter set was used to simulate the 2D-JSFS, and the

log-likelihood of the 2D-JSFS given the model was estimated using

the multinomial approach. We used the best scoring replicate of each

model to select starting parameters for a second round of 50 replicate

optimizations involving twofold parameter perturbations, and the

parameter values from the best replicate were subsequently used to

generate onefold perturbed starting parameters for a final set of 100

replicate optimizations. All newly created models for our analyses are

available at: https://github.com/dportik/dadi_pipeline. We compared

the results from our 2D modelling using the Akaike information crite-

rion (AIC), and the replicate with the highest likelihood for each model

was used to calculate AIC scores, DAIC scores, and Akaike weights (xi)

(Burnham & Anderson, 2002). We did not transform raw parameters

using a mutation rate because our primary aim was to perform model

selection, and parameter values should ideally be obtained through

bootstrapping to produce confidence intervals (Gutenkunst et al.,

2009). We provide the estimate of h (h = 4NreflL, where L is the total

length of sequenced region SNPs were ascertained from) the effective

mutation rate of the reference population, which here corresponds to

the ancestral population.

2.6 | Morphological and colour pattern variation

Regional differences in both body size and colour pattern are docu-

mented throughout the range of A. paradorsalis in Cameroon (Amiet,

2009). We collected and analyzed body size data and 14 linear mor-

phological measurements for adult specimens of A. p. paradorsalis

and A. p. manengubensis as described in Appendix S3. We also char-

acterized and examined the phylogenetic distribution of dorsal

colouration as described in Appendix S3, and image data are avail-

able from: osf.io/ghwam.

3 | RESULTS

3.1 | Phylogeographical structure and divergence
dating

We recovered three distinct lineages in our mtDNA dataset that cor-

respond to A. p. manengubensis, northern A. p. paradorsalis (north of

the Sanaga River), and southern A. p. paradorsalis (south of the

Sanaga River; Figure 2a). The Bioko Island population forms a dis-

tinct group nested within northern A. p. paradorsalis and we find

strong support for A. p. manengubensis as sister to the northern and

Bioko Island clade. The main divergence event between the northern

and southern lineages is estimated to have occurred in the Pleis-

tocene at 2.22 Ma (95% highest posterior density region [HPD]

1.53–2.99 Ma), with subsequent divergence between the northern

lineage and A. p. manengubensis approximately 1.56 Ma (0.99–2.19,

95% HPD; Table 1). The estimated times at which lineages in the

Bioko Island population coalesce is approximately 100 ka (40–

230 ka, 95% HPD; Table 1).

In our DAPC analyses of 3,917 unlinked SNPs, we detected four

genetically distinct populations that correspond to A. p. manenguben-

sis and three populations of A. p. paradorsalis (Figure 2c). We

inferred the same three populations of Afrixalus p. paradorsalis with

our hierarchical maximum likelihood population clustering analyses

(Figure 2d). These populations correspond to the northern and

southern lineages recovered in the mtDNA analyses and a distinct

Bioko Island lineage. Our Bayesian phylogenetic analysis of genome-

wide SNP variation using a coalescent model recovered the same lin-

eage relationships as the mtDNA analyses (Figure 2b), and with high

support for all nodes (>95% posterior probability). Based on a human

mutation rate, the divergence between the northern and southern

lineages is estimated at 2.68 Ma (2.20–3.15, 95% HPD), and A. p.

manengubensis diverged from the northern lineage approximately

CHARLES ET AL. | 1785

https://github.com/dportik/dadi_pipeline


0 Ma123

Pliocene Pleistocene

0.51.52.5

0.31

2.22

1.56

0.41

0.77

0.22

0.10

0.49

South

North

A. p. manengubensis

Bioko

0 Ma123

Pliocene Pleistocene

0.52.5

South

North

A. p. manengubensis

Bioko

1.14

2.68 0.42

(a)

South

North Bioko Id
A. p. manengubensis

North Bioko IslandSouth

0.
45

0.
50

0.
55

K Value =

C
ro

ss
-V

al
id

at
io

n 
E

rr
or

1 2 3 4 5

0.
30

0.
35

0.
40

K Value =

C
ro

ss
-V

al
id

at
io

n 
E

rr
or

1 2 3 4 5

1.5

(b)

(c) (d)

A
. p. paradorsalis

A
. p. paradorsalis

A. p. paradosalis

F IGURE 2 Chronograms of the Afrixalus paradorsalis complex from (a) the BEAST analysis of mtDNA (16s) sequence data calibrated with a
2% per Myr divergence rate, and (b) Bayesian coalescent analysis of 3,917 SNPs using SNAPP. Median ages are provided above nodes, with
error bars representing the 95% HPD shown, and nodes with high support are filled black (posterior probability >0.95). Population
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Figure 1

TABLE 1 Summary of divergence date estimates for key nodes in the mitochondrial phylogeography

Northern+Southern A. p. manengubensis TMRCA North North+Bioko TMRCA Bioko TMRCA South

2.22 (1.53–2.99) 1.56 (0.99–2.19) 0.41 (0.20–0.69) 0.22 (0.10–0.42) 0.10 (0.04–0.23) 0.77 (0.42–1.21)

Notes. The median date estimates for a node are given in millions of years, along with associated 95% highest posterior density region.
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1.14 Ma (0.89–1.43, 95% HPD). Finally, the northern and Bioko lin-

eages are estimated to have shared a common ancestor 420 ka

(330–540 ka, 95% HPD).

3.2 | Molecular diversity and spatial connectivity

We found very little diversity in mtDNA or nuDNA in the A. p. manen-

gubensis lineage; however, this is likely due to our small sample size

for A. p. manengubensis (Table 2). By contrast, our sampling for the

Bioko Island population was on par with that of the northern and

southern populations of A. p. paradorsalis and yet our estimates of

genetic diversity were much lower in the island lineage relative to the

continental lineages (Table 2). Estimates of pairwise FST indicate that

the A. p. manengubensis lineage is highly divergent from the northern

lineage of A. p. paradorsalis on the basis of mitochondrial (FST = 0.91)

and nuclear sequence data (FST = 0.42; Table S3.1). Within the three

A. p. paradorsalis lineages, the northern and southern lineages are also

well differentiated (mtDNA FST = 0.82, nuDNA FST = 0.54), whereas

the Bioko lineage is only moderately differentiated from the northern

lineage (mtDNA FST = 0.51, nuDNA FST = 0.23; Table S3.1).

The EEMS analysis highlighted a clear migration barrier along the

Sanaga River, starting in northeast Cameroon and following the river

diagonally to its mouth at the Bay of Douala (Figure 3a). Likewise,

there is a large area of reduced migration in central Gabon that

roughly coincides with the Ogoou�e-Ivindo Rivers. We detected

exceptionally high genetic diversity along a substantial portion of the

CVL and in Gabon at the intersection of the Ogoou�e-Ivindo Rivers

(Figure 3b), and we found comparatively lower genetic diversity in

the Bioko Island lineage.

3.3 | Demographic modelling

For the northern and southern pairwise comparison, we found

unambiguous support for two refugial models (99.9% of the total

model weight) that involve divergence in isolation followed by popu-

lation size expansion and secondary contact (Table S3.2), The models

differ only in whether they include one or two migration rates, and

we found stronger support for the model with a single migration rate

between the populations (DAIC = 3.4, xi = 0.844; Figure 4a). The

model with two migration rates estimated greater migration from

the northern to the southern population (Table S3.2). The initial sizes

of the northern and southern populations were comparable, but the

northern population became larger than the southern population fol-

lowing the period of demographic expansion. We found the three-

epoch refugial models, which involve divergence in isolation, sec-

ondary contact, and contemporary isolation, were generally a poor

fit (DAIC range = 261.2–285.2). These results strongly suggest that

after an initial divergence period in isolation, gene flow has resumed

between the northern and southern regions.

In our investigation of the northern and Bioko Island populations,

we found that models of pure vicariance provided a substantially

better fit to our data than the founder event models (Table S3.3).

The best overall model consists of vicariance and genetic drift, fol-

lowed by a late discrete admixture event (DAIC = 3.0, xi = 0.79; Fig-

ure 4b). Across all the vicariance models included in our analyses,

the point estimates for the proportion of the ancestral population

founding the Bioko Island population ranged from 27.7–36.6%

(Table S3.3) and our results demonstrate that Bioko Island likely

maintained a stable population size, rather than experiencing expo-

nential growth associated with founder events. In the top-ranked

model, we estimated that the fraction of the mainland (northern)

population present in the post-admixture island population (f) was

quite low (1.5%, Table S3.3). These results indicate that if a post-

vicariance exchange did occur between the mainland and Bioko, the

extent of this exchange was minimal. This notion is further sup-

ported by the second-best model, which consists of vicariance with-

out any migration or admixture events (xi = 0.17).

3.4 | Morphological and colour pattern variation

A summary of all measurements is provided in Table S3.4. For

both males and females, most of the total variance in morphology

was captured in the first two principal components (66.9% and

88.7% for males and females, respectively; Tables S3.5, S3.6). The

first principal component (PC1) loaded heavily on SUL indicating

that differences in body size were responsible for most of the

variance (Tables S3.5, S3.6). The second principal component

(PC2) loaded heavily on characters pertaining to leg morphology

(TL, THL, FL; Tables S3.5, S3.6). Both male and female A. p.

manengubensis are strongly differentiated from all populations of

A. p. paradorsalis in our principal components analysis of morpho-

logical variation and in the more extensive SUL dataset (Figure 5).

TABLE 2 Summary statistics for mitochondrial locus (16s) and nuclear SNPs (ddRADseq) collected from the Afrixalus paradorsalis complex

16s Nuclear SNPs

N NH bp hs hp N Loci NA P HE hH

A. p. paradorsalis south 37 17 495 0.0082 0.0108 23 3,310 1.572 0.576 0.0732 0.0789

A. p. paradorsalis Bioko 15 2 495 0.0000 0.0002 14 3,448 1.163 0.164 0.0477 0.0501

A. p. paradorsalis north 19 8 495 0.0058 0.0041 11 3,109 1.315 0.318 0.0759 0.0821

A. p. manengubensis 2 1 495 0.0000 0.0000 2 2,543 0.835 0.051 0.0211 0.0216

N: number of individuals sampled; NH: number of haplotypes; bp: sequence length in base pairs; hs: genetic diversity based on number of segregating

sites; hp: genetic diversity based on pairwise sequence comparisons; loci: number of loci with <25% missing data within the lineage; P: proportion of

polymorphic sites; NA: allelic richness; HE: expected heterozygosity; hH: genetic diversity based on expected homozygosity.
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Among populations of A. p. paradorsalis, pattern type 1 is more

common in the Bioko lineage, with only one out of 15 individuals

exhibiting pattern type 2 (Figure S3.1). Pattern types 1 and 2 are

common in both the northern and southern populations of A. p.

paradorsalis, and occur in the same frequency in A. p. manen-

gubensis, and the distribution of pattern types across the phy-

logeny revealed no clear relationship with population identity or

geography.

4 | DISCUSSION

4.1 | Sky island diversification along the
Cameroonian Volcanic Line

We found that Afrixalus p. manengubensis, the submontane lineage of

the A. paradorsalis complex on Mount Manengouba and the adjacent

Bakossi Mountains, is differentiated from lowland rain forest
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populations of the complex (A. p. paradorsalis) in both our mtDNA

and nuDNA datasets. Mt. Manengouba formed ~1 Ma (Marzoli et al.,

2000), with the oldest geochemical samples from the mountain esti-

mated at 1.55 Ma (Fitton & Dunlop, 1985; Gouhier, Nougier, & Nou-

gier, 1974), and this period of mountain formation roughly coincides

with our estimate of 1.56 Ma (0.99–2.19 Ma) for divergence

between A. p. manengubensis and A. p. paradorsalis. Four additional

anuran species are thought to be endemic to Mt. Manengouba (Car-

dioglossa manengouba, C. trifasciata, Leptodactylodon erythrogaster,

and Phrynobatrachus manengoubensis), and several other amphibians

occur exclusively on Mt. Manengouba and adjacent mountains (Mt.

Kupe, Mt. Nlonako, Bakossi Mts.) (Amiet, 1975; Blackburn, 2008;

Herrmann et al., 2005; Portik et al., 2016; Schmitz, Euskirchen, &

B€ohme, 1999). Comparative evidence from other taxonomic groups

is limited, but elevated genetic diversity or patterns of divergence

across the CVL have been documented in plants (Budde, Gonz�alez-

Mart�ınez, Hardy, & Heuertz, 2013; Hardy et al., 2013), birds (Smith

et al., 2000), and chameleons (Barej et al., 2010). Together, this sug-

gests that endemic diversity in this mountainous region has accumu-

lated in a relatively short period of time—a hypothesis that can be

further tested by estimating divergence times of other co-occurring

endemics. Divergence between submontane and lowland species

may reflect allopatric speciation following the formation of eleva-

tional barriers to dispersal during uplift of the Cameroon Volcanic

Line (CVL). Alternatively, disruptive selection mirroring environmental

variation along the elevational gradient may drive diversification

through ecological speciation (Zhen et al., 2017). Unfortunately, due

to our small sample size we were unable to include A. p. manen-

gubensis in our demographic modelling approach to differentiate

between allopatric and parapatric models of speciation. Dense sam-

pling along ecological and altitudinal gradients across the mountain

ranges coupled with demographic models may provide insights into

the role of gene flow and disruptive selection in driving divergence

between the submontane and lowland lineages of A. paradorsalis.

The significantly smaller mean SUL of both male and female A. p.

manengubensis individuals is characteristic of many submontane and

montane anurans, including the Mt. Manengouba/Bakossi Mts. ende-

mic P. manengubensis, which is also smaller than its nearest relatives

(Zimkus & Gvo�zd�ık, 2013). Smaller body size may arise in montane

populations due to reduced resource availability and slower growth

rates in highland ecosystems (Berven, 1982; Licht, 1975); however,

trends in anuran body size with increasing elevation vary with

respect to life history and other taxon-specific factors (Ma, Tong, &

Lu, 2009). In anurans, differences in male advertisement calls are

considered one of the most important premating barriers to repro-

duction, and the dominant frequency of the call a male produces is

inversely correlated with body size (Gingras, Boeckle, Herbst, &

Fitch, 2013). Consequently, reduced body size in highland popula-

tions may reflect selection for higher frequency calls, potentially as a

response to elevation-induced ecological or environmental variation

such as differences in ambient noise (Hoskin, James, & Grigg, 2009).

Alternatively, because of the strong relationship between body size

and dominant frequency, differences in mating signal may arise as a

by-product of adaptive changes in body size and may ultimately lead

to reproductive isolation. Future studies characterizing the advertise-

ment calls of A. p. manengubensis and A. p. paradorsalis across habi-

tats (e.g., Kirschel et al., 2011), as well as differences in the acoustic

environment, may clarify whether these mechanisms are related to

body size differences between montane and lowland populations.

4.2 | Strong support for climatic refugia underlying
lineage divergence in lowland tropical forests

The distribution of A. p. paradorsalis in Lower Guinea encompasses

several major landscape features, including the CVL, Sanaga River,

and Ogoou�e-Ivindo rivers, multiple proposed historical forest refugia

(Maley, 1996), and two major forest ecotones related to precipitation

and seasonal inversion. We recovered two genetically distinct allopa-

tric populations of A. p. paradorsalis in Lower Guinea through model-

based and nonparametric clustering methods (northern, southern;

Figure 2c,d), and found evidence for decreased effective migration

occurring along the putative population boundary that overlaps with

the Sanaga River (Figure 3a). We did not find any additional popula-

tion structuring coinciding with the CVL, Ogoou�e-Ivindo rivers or

forest-specific ecotones, suggesting that these landscape features

have not played a significant role in the diversification of A. p.

paradorsalis.

To determine whether divergence of the northern and southern

populations resulted from limited dispersal across the Sanaga River

or from climate-induced forest contractions, we assessed demo-

graphic models derived from expected population demographic

responses to riverine barriers and climatic refugia. Our demographic

model selection supported a refugial model involving divergence in

isolation, followed by size expansion in both populations accompa-

nied by gene flow (Figure 4a; Table S3.2). Given the results of con-

temporary gene flow across the Sanaga River, an isolation by river

scenario for these lineages is only feasible if major historical changes

occurred in course or flow of the Sanaga River surrounding the early

Pleistocene divergence time between the lineages. A combination of

evidence from offshore fluvial paleodrainage systems (Ngueutchoua

& Giresse, 2010) and divergence-dating estimates of endemic fresh-

water fishes (Day et al., 2013; Goodier, Cotterill, O’Ryan, Skelton, &

de Wit, 2011; Pinton, Agn�ese, Paugy, & Otero, 2013) indicates that

recent changes in the course of the Sanaga are unlikely, and there-

fore the initial isolation of A. p. paradorsalis populations is better

explained by shifts in forest cover that occurred in this time period

(Anhuf et al., 2006; Cowling et al., 2008; Maley, 1996; deMenocal,

2004). Our results parallel those of the sympatric Gaboon Forest

Frog (Scotobleps gabonicus), including temporal overlap in the forest-

refugia-driven divergence of the northern and southern populations

across these species (A. p. paradorsalis: 2.22 Ma, 1.53–2.99 Ma 95%

HPD; S. gabonicus: 2.97 Ma, 2.61–3.34 Ma 95% HPD; Portik et al.,

2017). If forest-refugia continue to emerge as a widespread mecha-

nism of divergence, investigating the synchronicity of divergence

times across taxa could statistically demonstrate whether species

display a shared response to key climate change events.
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4.3 | Marine incursions underlie vicariance and
population divergence on Bioko Island

The Bioko population of A. p. paradorsalis is moderately genetically

differentiated from the northern population of A. p. paradorsalis in

both our mtDNA and SNP datasets, indicating that the island popu-

lations are genetically isolated from their mainland counterparts. We

recovered a late Pleistocene origin for the monophyletic Bioko lin-

eage (TMRCA 40–230 ka based on mtDNA). This divergence time

estimate overlaps with those obtained for the Bioko Island popula-

tions of Hyperolius ocellatus (30–290, and 90–460 ka) and H. tubercu-

latus (40–210 ka), and the three sets of estimates coincide with

periods of land bridge connectivity between Bioko and the continent

(Bell et al., 2017). Although amphibians have dispersed overseas to

colonize the oceanic islands in the Gulf of Guinea archipelago (Bell,

Drewes, Channing, et al., 2015; Measey et al., 2007), relatively

recent divergence and moderate genetic diversity in Bioko’s amphib-

ian populations (relative to those on S~ao Tom�e and Pr�ıncipe; Bell,

Drewes, & Zamudio, 2015) are more consistent with vicariance due

to marine incursions than founder events resulting from overseas

dispersal (Bell et al., 2017). Furthermore, the best-fit demographic

model strongly supports a scenario of vicariance by marine incursion,

rather than overseas dispersal (Figure 4b, Table S3.3). Our demo-

graphic modelling also revealed support for a discrete admixture

pulse, in which a small proportion of the mainland population

entered the Bioko Island population in the recent past (comprising

~1.5% of the Bioko population, Table S3.3). Although we found sup-

port for an exchange between the island and mainland, it is quite

limited in extent, and models involving more extensive island–main-

land interactions (such as periods of continuous gene flow) were a

poor fit (Table S3.3). The monophyly of mtDNA haplotypes on Bioko

Island also supports a pattern of limited exchange, as multiple colo-

nization events would be expected to produce a pattern of para-

phyly with the mainland clade (Figure 2a).

Peripatric speciation may occur between island and mainland

populations of A. p. paradorsalis if the two lineages undergo substan-

tial divergence due to independent selective pressures or genetic

drift prior to the next period of connectivity, leading to reproductive

isolation even if sympatry is eventually restored. Alternatively, in the

absence of reproductive isolation, introgression may occur during

secondary contact, and genomic and phenotypic differentiation may

erode as a result. Though we did not find significant morphological

differences between island and mainland populations of A. p.

paradorsalis, the relative rarity of Pattern Type 2 on Bioko (Fig-

ure S3.1) may reflect a difference in allele frequency between these

two groups, particularly if dorsal colour pattern follows a single locus

mode of inheritance in which each pattern is encoded by a separate

allele, as demonstrated in Eleutherodactylus coqui (O’Neill & Beard,

2010). In addition, although Bioko Island and northern A. p. parador-

salis males do not differ in body size and therefore likely produce

advertisement calls with similar dominant frequencies, a recent study

of advertisement call evolution in island reed frogs indicates that clo-

sely related, allopatric species may differ dramatically in the number

of pulses a male produces per call (Gilbert & Bell, 2018). Conse-

quently, future efforts to characterize advertisement calls across

island and mainland populations of A. p. paradorsalis may recover

early stages of divergence in this important component of species

recognition and mate choice.

ACKNOWLEDGEMENTS

The Cameroon Ministry of Forests and Wildlife (MINFOF) and Min-

istry of Scientific Research and Innovation (MINRESI) provided nec-

essary permits for conducting research and exportation to D.C.B.,

D.M.P., G.F.M.J., M.T.K., and V.G. Fieldwork in Cameroon was sup-

ported by National Science Foundation grant DEB # 1202609 to

D.C.B., and under the approval of the Institutional Animal Care and

Use Committee (2014-2) at the California Academy of Sciences. For

assistance with aspects of fieldwork in Cameroon, we thank B.

Evans, S. Menzepoh, L. Scheinberg, B. Freiermuth, W.P.T. Nkonme-

neck, D. Dornk, D. Fotibu, and M. Lebreton. For fieldwork in Gabon

we thank the CENAREST, ANPN, and the Direction de la Faune et

des A�eres Prot�eg�ees for permits, the Wildlife Conservation Society

Gabon Program for logistical support, and B. Stuart, N. Emba-Yao, F.

Moiniyoko, B. Hylayre, E. Ekomy, A. Dibata, T. Ogombet, U. Eyagui,

P. Endazokou, for assistance in the field. For fieldwork in Equatorial

Guinea, supported by National Science Foundation grant DEB #

1309171 to R.C.B., we thank Universidad Nacional de Guinea Equa-

torial and Jose Manuel Esara Echube for permits, the Bioko Biodiver-

sity Protection Program, ExxonMobil Foundation, and Mobil

Equatorial Guinea Inc. for logistical support, and A. Fertig and P.

McLaughlin for assistance in the field. V.G. would like to thank M.

Dolinay, E.B. Fokam, and M. Jirk�u for assistance in the field, logistical

support and additional material. His research was supported by the

Czech Science Foundation (GACR # 15-13415Y), and Ministry of

Culture of the Czech Republic (DKRVO 2017/15, National Museum,

00023272). Fieldwork in the Republic of Congo was part of a rapid

biodiversity initiative, commissioned by Flora Fauna & Man, Ecologi-

cal Services Ltd (FFMES), with J. Gaugris of FFMES conducting the

study organization and design, and permits issued by the Groupe

d’Etude et de Recherche sur la Diversit�e Biologique. We thank M.

McElroy for assistance with ddRADseq data collection, and D. Tar-

box, N. Knight, F. Tillack, and A.-G. Zassi-Boulou for contributing

SUL measurements and photographs of dorsal colouration. This pro-

ject was funded by a National Science Foundation DDIG (DEB:

1311006) awarded to D.M.P., a Gaige Award from the American

Society of Ichthyologists and Herpetologists awarded to K.L.C., and

National Science Foundation grants (DEB: 1457232; DEB: 1456098)

awarded to M.K.F. and A.D.L. This work used the Vincent J. Coates

Genomics Sequencing Laboratory at UC Berkeley, supported by NIH

S10 OD018174 Instrumentation Grant.

DATA ACCESSIBILITY

We developed a project page (https://osf.io/fvh9k) using the Open

Science Framework that includes our ddRADseq haplotypes format

CHARLES ET AL. | 1791

https://osf.io/fvh9k


files (osf.io/nrsy6), and the input data, analysis instructions, and

results files for BEAST (osf.io/g54k7), EEMS (osf.io/5dcy2), SNAPP (osf.io/

b7395), ADMIXTURE (osf.io/b8u7 g), and dadi (osf.io/63vy7). All newly

created demographic models for our analyses are incorporated into

an updated version of the model-testing pipeline of Portik et al.

(2017), freely available at: https://github.com/dportik/dadi_pipeline.

All mitochondrial sequences generated for this project are deposited

in GenBank (accession numbers: MH378334-378405).

ORCID

Rayna C. Bell http://orcid.org/0000-0002-0123-8833

David C. Blackburn http://orcid.org/0000-0002-1810-9886

Adam D. Leach�e http://orcid.org/0000-0001-8929-6300

Daniel M. Portik http://orcid.org/0000-0003-3518-7277

REFERENCES

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based

estimation of ancestry in unrelated individuals. Genome Research, 19,

1655–1664. https://doi.org/10.1101/gr.094052.109

Amiet, J.-L. (1975). Ecologie et distribution des Amphibiens Anoures de

la region de Nkongsamba (Cameroun). Annales de la Facult�e des

Sciences de Yaound�e, 20, 33–107.

Amiet, J.-L. (2009). Observations sur les Afrixalus du Cameroun (Amphib-

ia, Anura, Hyperoliidae). Revue Suisse de Zoologie, 116, 53–92.

https://doi.org/10.5962/bhl.part.79490

Anhuf, D., Ledru, M.-P., Behling, H., Da Cruz Jr., F. W., Cordeiro, R. C.,

Van der Hammen, T., . . . Da Silva Dias, P. L. (2006). Paleo-environ-

mental change in Amazonian and African rainforest during the LGM.

Palaeogeography, Palaeoclimatology, Palaeoecology, 239, 510–527.

https://doi.org/10.1016/j.palaeo.2006.01.017

Barej, M. F., Ineich, I., Gvozd�ık, V., Lhermitte-Vallarino, N., Gonwouo, N.

L., LeBreton, M., . . . Schmitz, A. (2010). Insights into chameleons of

the genus Trioceros (Squamata: Chamaeleonidae) in Cameroon, with

the resurrection of Chamaeleon serratus Mertens, 1922. Bonn Zoologi-

cal Bulletin, 57, 211–229.

Barej, M. F., R€odel, M. O., Loader, S. P., Menegon, M., Gonwouo, N. L.,

Penner, J., . . . Schmitz, A. (2014). Light shines through the spindrift –

the phylogeny of African Torrent Frogs (Amphibia, Anura, Petropede-

tidae). Molecular Phylogenetics and Evolution, 71, 261–273. https://d

oi.org/10.1016/j.ympev.2013.11.001

Bell, R. C., Drewes, R. C., Channing, A., Gvo�zd�ık, V., Kielgast, J., L€otters,
S., . . . Zamudio, K. R. (2015). Overseas dispersal of Hyperolius reed

frogs from Central Africa to the oceanic islands of S~ao Tom�e and

Pr�ıncipe. Journal of Biogeography, 42, 65–75. https://doi.org/10.

1111/jbi.12412

Bell, R. C., Drewes, R. C., & Zamudio, K. R. (2015). Reed frog diversifica-

tion in the Gulf of Guinea: Overseas dispersal, the progression rule,

and in situ speciation. Evolution, 64, 904–915. https://doi.org/10.

1111/evo.12623

Bell, R. C., Parra, J. L., Badjedjea, G., Barej, M. F., Blackburn, D. C., Bur-

ger, M., . . . Zamudio, K. R. (2017). Idiosyncratic responses to climate-

driven forest fragmentation and marine incursions in reed frogs from

Central Africa and the Gulf of Guinea Islands. Molecular Ecology, 26,

5223–5244. https://doi.org/10.1111/mec.14260

Berven, K. A. (1982). The genetic basis of altitudinal variation in the wood

frog Rana sylvatica II. An experimental analysis of larval development.

Oecologia, 52, 360–369. https://doi.org/10.1007/BF00367960

Blackburn, D. C. (2008). A new species of Cardioglossa (Amphibia: Anura:

Arthroleptidae) endemic to Mount Manengouba in the Republic of

Cameroon, with an analysis of morphological diversity in the genus.

Zoological Journal of the Linnean Society, 154, 611–630. https://doi.

org/10.1111/j.1096-3642.2008.00397.x

Bouckaert, R., Heled, J., K€uhnert, D., Vaughan, T., Wu, C.-H., Xie, D., . . .

Drummond, A. J. (2014). BEAST 2: A software platform for Bayesian

evolutionary analysis. PLOS Computational Biology, 10, e1003537.

https://doi.org/10.1371/journal.pcbi.1003537

Bryant, D., Bouckaert, R., Felsenstein, J., Rosenberg, N. A., & RoyChoud-

hury, A. (2012). Inferring species trees directly from biallelic genetic

markers: Bypassing gene trees in a full coalescent analysis. Molecular

Biology and Evolution, 29, 1917–1932. https://doi.org/10.1093/molbe

v/mss086

Budde, K. B., Gonz�alez-Mart�ınez, S. C., Hardy, O. J., & Heuertz, M.

(2013). The ancient tropical rainforest tree Symphonia globulifera L. f.

(Clusiaceae) was not restricted to postulated Pleistocene refugia in

Atlantic Equatorial Africa. Heredity, 111, 66–76. https://doi.org/10.

1038/hdy.2013.21

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel

inference: A practical information-theoretic approach. New York:

Springer.

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J.

H. (2011). Stacks: Building and genotyping loci de novo from short-

read sequences. G3: Genes, Genomes, Genetics, 3, 171–182.

Catchen, J. M., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W.

A. (2013). Stacks: An analysis tool set for population genomics.

Molecular Ecology, 22, 3124–3140. https://doi.org/10.1111/mec.

12354

Cowling, S. A., Cox, P. M., Jones, C. D., Maslin, M. A., Peros, M., & Spall,

S. A. (2008). Simulated glacial and interglacial vegetation across

Africa: Implications for species phylogenies and trans-African migra-

tion of plants and animals. Global Change Biology, 14, 827–840.

Crawford, A. J. (2003). Relative rates of nucleotide substitution in frogs.

Journal of Molecular Evolution, 57, 636–641. https://doi.org/10.1007/

s00239-003-2513-7

Day, J. J., Peart, C. R., Brown, K. J., Friel, J. P., Bills, R., & Moritz, T.

(2013). Continental diversification of an African catfish radiation

(Mochokidae: Synodontis). Systematic Biology, 62, 351–365. https://d

oi.org/10.1093/sysbio/syt001

deMenocal, P. B. (2004). African climate change and faunal evolution

during the Pliocene-Pleistocene. Earth and Planetary Science Letters,

220, 3–24. https://doi.org/10.1016/S0012-821X(04)00003-2

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian

phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology and

Evolution, 29, 1969–1973. https://doi.org/10.1093/molbev/mss075

Excoffier, L. G. L., & Schneider, S. (2005). Arlequin ver. 3.0: An integrated

software package for population genetics data analysis. Evolutionary

Bioinformatics, 1, 47–50.

Fitton, J. G., & Dunlop, H. M. (1985). The Cameroon Line, West Africa,

and its bearing on the origin of oceanic and continental alkalic basalt.

Earth and Planetary Science Letters, 72, 23–38. https://doi.org/10.

1016/0012-821X(85)90114-1

Gilbert, C. M., & Bell, R. C. (2018). Evolution of advertisement calls in an

island radiation of African reed frogs. Biological Journal of the Linnean

Society, 123, 1–11.

Gingras, B., Boeckle, M., Herbst, C. T., & Fitch, W. T. (2013). Call acous-

tics reflect body size across four clades of anurans. Journal of Zoology,

2, 143–150. https://doi.org/10.1111/j.1469-7998.2012.00973.x

Goodier, S. A. M., Cotterill, F. P. D., O’Ryan, C., Skelton, P. H., & de Wit,

M. J. (2011). Cryptic diversity of African Tigerfish (genus Hydrocynus)

reveals palaeogeographic signatures of linked Neogene geotectonic

events. PLoS ONE, 6, e28775. https://doi.org/10.1371/journal.pone.

0028775

1792 | CHARLES ET AL.

https://github.com/dportik/dadi_pipeline
http://orcid.org/0000-0002-0123-8833
http://orcid.org/0000-0002-0123-8833
http://orcid.org/0000-0002-0123-8833
http://orcid.org/0000-0002-1810-9886
http://orcid.org/0000-0002-1810-9886
http://orcid.org/0000-0002-1810-9886
http://orcid.org/0000-0001-8929-6300
http://orcid.org/0000-0001-8929-6300
http://orcid.org/0000-0001-8929-6300
http://orcid.org/0000-0003-3518-7277
http://orcid.org/0000-0003-3518-7277
http://orcid.org/0000-0003-3518-7277
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.5962/bhl.part.79490
https://doi.org/10.1016/j.palaeo.2006.01.017
https://doi.org/10.1016/j.ympev.2013.11.001
https://doi.org/10.1016/j.ympev.2013.11.001
https://doi.org/10.1111/jbi.12412
https://doi.org/10.1111/jbi.12412
https://doi.org/10.1111/evo.12623
https://doi.org/10.1111/evo.12623
https://doi.org/10.1111/mec.14260
https://doi.org/10.1007/BF00367960
https://doi.org/10.1111/j.1096-3642.2008.00397.x
https://doi.org/10.1111/j.1096-3642.2008.00397.x
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1038/hdy.2013.21
https://doi.org/10.1038/hdy.2013.21
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1007/s00239-003-2513-7
https://doi.org/10.1007/s00239-003-2513-7
https://doi.org/10.1093/sysbio/syt001
https://doi.org/10.1093/sysbio/syt001
https://doi.org/10.1016/S0012-821X(04)00003-2
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1016/0012-821X(85)90114-1
https://doi.org/10.1016/0012-821X(85)90114-1
https://doi.org/10.1111/j.1469-7998.2012.00973.x
https://doi.org/10.1371/journal.pone.0028775
https://doi.org/10.1371/journal.pone.0028775


Gouhier, J., Nougier, J., & Nougier, D. (1974). Contribution a l’�etude vol-

canologique du Cameroun (‘Ligne du Cameroun’–Adamaoua). Annales

de la Facult�e des Sciences, Universit�e de Yaound�e, Cameroun, 17, 69–

78.

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C.

D. (2009). Inferring the joint demographic history of multiple popula-

tions from multidimensional SNP frequency data. PLoS Genetics, 5,

e1000695.

Haffer, J. (1997). Alternative models of vertebrate speciation in Amazo-

nia: An overview. Biodiversity and Conservation, 6, 451–477. https://d

oi.org/10.1023/A:1018320925954

Hardy, O. J., Born, C., Budde, K., Da€ınou, K., Dauby, G., Duminil, J., . . .

Poncet, V. (2013). Comparative phylogeography of African rain forest

trees: A review of genetic signatures of vegetation history in the Gui-

neo-Congolian region. Comptes Rendus Geoscience, 345, 284–296.

https://doi.org/10.1016/j.crte.2013.05.001

Herrmann, H.-W., B€ohme, W., Herrmann, P. A., Plath, M., Schmitz, A., &

Solbach, M. (2005). African biodiversity hotspots: The amphibians of

Mt Nlonako, Cameroon. Salamandra, 41, 61–81.

Heuertz, M., Duminil, J., Dauby, G., Savolainen, V., & Hardy, O. J.

(2014). Comparative phylogeography in rainforest trees from Lower

Guinea. PLoS ONE, 9, e84307. https://doi.org/10.1371/journal.

pone.0084307

Hoskin, C. J., James, S., & Grigg, G. C. (2009). Ecology and taxonomy-dri-

ven deviations in the frog call-body size relationship across the

diverse Australian frog fauna. Journal of Zoology, 278, 36–41.

https://doi.org/10.1111/j.1469-7998.2009.00550.x

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis of

genetic markers. Bioinformatics, 24, 1403–1405. https://doi.org/10.

1093/bioinformatics/btn129

Jombart, T., & Ahmed, I. (2011). Adegenet 1.3-1: New tools for the analy-

sis of genome-wide SNP data. Bioinformatics, 27, 3070–3071.

https://doi.org/10.1093/bioinformatics/btr521

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of

principal components: A new method for the analysis of genetically

structured populations. BMC Genetics, 11, 94. https://doi.org/10.

1186/1471-2156-11-94

Jones, P. J. (1994). Biodiversity in the Gulf of Guinea: An overview. Biodi-

versity and Conservation, 3, 772–784. https://doi.org/10.1007/

BF00129657

Katoh, K., Kuma, K., Toh, H., & Miyata, T. (2005). MAFFT version 5:

Improvement in accuracy of multiple sequence alignment.

Nucleic Acids Research, 33, 511–518. https://doi.org/10.1093/nar/

gki198

Kirschel, A. N. G., Slabbekoorn, H., Blumstein, D. T., Cohen, R. E., de

Kort, S. R., Buermann, W., & Smith, T. B. (2011). Testing alterna-

tive hypotheses for evolutionary diversification in an African

songbird: Rainforest refugia versus ecological gradients. Evolu-

tion, 65, 3162–3174. https://doi.org/10.1111/j.1558-5646.2011.

01386.x

Leach�e, A. D., Fujita, M. K., Minin, V. N., & Bouckaert, R. R. (2014). Spe-

cies delimitation using genome-wide SNP data. Systematic Biology,

63, 534–542. https://doi.org/10.1093/sysbio/syu018

Leroux, M. (1983). Le Climat de I’ Afrique Tropicale, Vol. 1, 2. Paris: Cham-

pion Slatkine.

Licht, L. E. (1975). Comparative life history features of the western spot-

ted frog, Rana pretiosa, from low- and high-elevation populations.

Canadian Journal of Zoology, 53, 1254–1257. https://doi.org/10.

1139/z75-150

Lynch, M. (2010). Rate, molecular spectrum, and consequences of human

mutation. Proceedings of the National Academy of Sciences USA, 107,

961–968. https://doi.org/10.1073/pnas.0912629107

Ma, X., Tong, L., & Lu, X. (2009). Variation of body size, age structure

and growth of a temperate frog, Rana chensinensis, over an

elevational gradient in Northern China. Amphibia-Reptilia, 30, 111–

117. https://doi.org/10.1163/156853809787392685

Maley, J. (1996). The African rain forest – Main characteristics of

changes in vegetation and climate from the Upper Cretaceous to

the Quaternary. Proceedings of the Royal Society of Edinburgh,

104B, 31–73.

Marzoli, A., Piccirillo, E. M., Renne, P. R., Bellieni, G., Iacumin, M., Nyobe,

J. B., & Tongwa, A. T. (2000). The Cameroon Volcanic Line Revisited:

Petrogenesis of continental basaltic magmas from lithospheric and

asthenospheric mantle sources. Journal of Petrology, 41, 87–109.

https://doi.org/10.1093/petrology/41.1.87

Measey, G. J., Vences, M., Drewes, R. C., Chiari, Y., Melo, M., &

Bourles, B. (2007). Freshwater paths across the ocean: Molecular

phylogeny of the frog Ptychadena newtoni gives insights into

amphibian colonization of oceanic islands. Journal of Biogeography,

34, 7–20.

Moritz, C., Patton, J. L., Schneider, C. J., & Smith, T. B. (2000). Diversifi-

cation of rainforest faunas: And integrated molecular approach.

Annual Review of Ecology and Systematics, 31, 533–563. https://doi.

org/10.1146/annurev.ecolsys.31.1.533

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B., &

Kent, J. (2000). Biodiversity hotspots for conservation priorities. Nat-

ure, 403, 853–858. https://doi.org/10.1038/35002501

Ngueutchoua, G., & Giresse, P. (2010). Sand bodies and incised

valleys within the Late Quaternary Sanaga-Nyong delta complex on

the middle continental shelf of Cameroon. Marine and Petroleum Geol-

ogy, 27, 2173–2188. https://doi.org/10.1016/j.marpetgeo.2010.06.

011

Oates, J. F., Bergl, R. A., & Linder, J. M. (2004). Africa’s Gulf of Guinea

forests: Biodiversity patterns and conservation priorities. Advances in

Applied Biodiversity Science, 6, 1–90.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Pow-

ell, G. V. N., Underwood, E. C., . . . Kassem, K. R. (2001). Terrestrial

ecoregions of the World: A new map of life on Earth. BioScience, 51,

933–938. https://doi.org/10.1641/0006-3568(2001)051[0933:

TEOTWA]2.0.CO;2

O’Neill, E. M., & Beard, K. H. (2010). Genetic basis of a color pattern

polymorphism in the Coqui frog Eleutherodactylus coqui. Journal of

Heredity, 101, 703–709. https://doi.org/10.1093/jhered/esq082

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H.

E. (2012). Double digest RADseq: An inexpensive method for de

novo discovery and genotyping in model and non-model species.

PLoS ONE, 7, e37135. https://doi.org/10.1371/journal.pone.

0037135

Petkova, D., Novembre, J., & Stephens, M. (2016). Visualizing spatial pop-

ulation structure with estimated effective migration surfaces. Nature

Genetics, 48, 94–100. https://doi.org/10.1038/ng.3464

Pinton, A., Agn�ese, J.-F., Paugy, D., & Otero, O. (2013). A large-scale phy-

logeny of Synodontis (Mochokidae, Siluriformes) reveals the influence

of geological events on continental diversity during the Cenozoic.

Molecular Phylogenetics and Evolution, 66, 1027–1040. https://doi.

org/10.1016/j.ympev.2012.12.009

Plana, V. (2004). Mechanisms and tempo of evolution in the African Gui-

neo-Congolian rainforest. Philosophical Transactions of the Royal Soci-

ety of London Series B, Biological Sciences, 359, 1585–1594. https://d

oi.org/10.1098/rstb.2004.1535

Portik, D. M. (2015). Diversification of Afrobatrachian frogs and the her-

petofauna of the Arabian Peninsula. PhD Thesis. Berkeley: University

of California.

Portik, D. M., Jongsma, G. F., Kouete, M. T., Scheinberg, L. A., Freier-

muth, B., Nkonmeneck, W. P. T., & Blackburn, D. C. (2016). A survey

of amphibians and reptiles in the foothills of Mount Kupe, Cameroon.

Amphibian and Reptile Conservation, 10(2) [Special Section], 37–67

(e131).

CHARLES ET AL. | 1793

https://doi.org/10.1023/A:1018320925954
https://doi.org/10.1023/A:1018320925954
https://doi.org/10.1016/j.crte.2013.05.001
https://doi.org/10.1371/journal.pone.0084307
https://doi.org/10.1371/journal.pone.0084307
https://doi.org/10.1111/j.1469-7998.2009.00550.x
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1007/BF00129657
https://doi.org/10.1007/BF00129657
https://doi.org/10.1093/nar/gki198
https://doi.org/10.1093/nar/gki198
https://doi.org/10.1111/j.1558-5646.2011.01386.x
https://doi.org/10.1111/j.1558-5646.2011.01386.x
https://doi.org/10.1093/sysbio/syu018
https://doi.org/10.1139/z75-150
https://doi.org/10.1139/z75-150
https://doi.org/10.1073/pnas.0912629107
https://doi.org/10.1163/156853809787392685
https://doi.org/10.1093/petrology/41.1.87
https://doi.org/10.1146/annurev.ecolsys.31.1.533
https://doi.org/10.1146/annurev.ecolsys.31.1.533
https://doi.org/10.1038/35002501
https://doi.org/10.1016/j.marpetgeo.2010.06.011
https://doi.org/10.1016/j.marpetgeo.2010.06.011
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1093/jhered/esq082
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1038/ng.3464
https://doi.org/10.1016/j.ympev.2012.12.009
https://doi.org/10.1016/j.ympev.2012.12.009
https://doi.org/10.1098/rstb.2004.1535
https://doi.org/10.1098/rstb.2004.1535


Portik, D. M., Leach�e, A. D., Rivera, D., Blackburn, D. C., R€odel, M. O.,

Barej, M. F., . . . Fujita, M. K. (2017). Evaluating mechanisms of diver-

sification in a Guineo-Congolian tropical forest frog using demo-

graphic model selection. Molecular Ecology, 26, 5245–5263. https://d

oi.org/10.1111/mec.14266

Rambaut, A., Drummond, A. J., & Suchard, M. (2013). Tracer v1.6.0.

Retrieved from http://beast.bio.ed.ac.uk/.

Schmitz, A., Euskirchen, O., & B€ohme, W. (1999). Zur Herpetofauna einer

montanen Regenwaldregion in SW-Kamerun (Mt. Kupe und Bakossi-

Bergland). I. Einleitung, Bufonidae, und Hyperoliidae. Herpetofauna

(Weinstadt), 21(121), 5–17.

Schwarz, G. (1978). Estimating the dimension of a model. The Annals

of Statistics, 6, 461–464. https://doi.org/10.1214/aos/1176344136

Smith, T. B., Holder, K., Girman, D., O’Keefe, K., Larison, B., & Chan, Y.

(2000). Comparative avian phylogeography of Cameroon and Equato-

rial Guinea mountains: Implications for conservation. Molecular Ecol-

ogy, 9, 1505–1516. https://doi.org/10.1046/j.1365-294x.2000.

01032.x

Smith, T. B., Wayne, R. K., Girman, D. J., & Bruford, M. W. (1997). A role

for ecotones in generating rainforest biodiversity. Science, 276, 1855–

1857. https://doi.org/10.1126/science.276.5320.1855

Stuart, S. N., Adams, R. J., & Jenkins, M. (1990). Biodiversity in sub-

Saharan Africa and its islands: Conservation, management, and

sustainable use. Occasional Paper of the IUCN Species Survival Commis-

sion, 6, 1–242.

Zhen, Y., Harrigan, R. J., Ruegg, K. C., Anderson, E. C., Ng, T. C., Lao, S.,

. . . Smith, T. B. (2017). Genomic divergence across ecological gradi-

ents in the Central African rainforest songbird (Andropadus virens).

Molecular Ecology, 26, 4966–4977. https://doi.org/10.1111/mec.

14270

Zimkus, B. M., & Gvo�zd�ık, V. (2013). Sky Islands of the Cameroon

Volcanic Line: A diversification hot spot for puddle frogs

(Phrynobatrachidae: Phrynobatrachus). Zoologica Scripta, 42,

591–611.

BIOSKETCH

Author contributions: D.M.P., K.L.C., and R.C.B conceived of the

study; D.M.P., R.C.B., D.C.B., M.B., V.G., G.F.M.J., and M.T.K. col-

lected field samples; K.L.C. performed lab work with assistance

and funding from A.D.L and M.K.F.; K.L.C., R.C.B, and D.M.P. per-

formed analyses and wrote the manuscript, with final approval

from co-authors.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Charles KL, Bell RC, Blackburn DC,

et al. Sky, sea, and forest islands: Diversification in the

African leaf-folding frog Afrixalus paradorsalis (Anura:

Hyperoliidae) of the Lower Guineo-Congolian rain forest. J

Biogeogr. 2018;45:1781–1794. https://doi.org/10.1111/

jbi.13365

1794 | CHARLES ET AL.

https://doi.org/10.1111/mec.14266
https://doi.org/10.1111/mec.14266
http://beast.bio.ed.ac.uk/
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.1046/j.1365-294x.2000.01032.x
https://doi.org/10.1046/j.1365-294x.2000.01032.x
https://doi.org/10.1126/science.276.5320.1855
https://doi.org/10.1111/mec.14270
https://doi.org/10.1111/mec.14270
https://doi.org/10.1111/jbi.13365
https://doi.org/10.1111/jbi.13365


Species Catalog No. Field No. Locality Lat Long Elev. Clade 16s SNPs Morphology Photos

A. p. manengubensis CAS 254144  DMP 1086 CMSW 4.96060 9.65370 1292 Sky island MH378370 X Full X

A. p. manengubensis CAS 254169  DMP 1104 CMSW 4.95963 9.65243 1292 Sky island MH378371 X Full X

A. p. manengubensis ZMB 86730 LG 0556 CMSW 5.04082 9.81647 1934 Sky island -- -- SUL only X

A. p. manengubensis ZMB 86731 LG 0557 CMSW 5.04082 9.81647 1934 Sky island -- -- SUL only X

A. p. manengubensis ZMB 86732 LG 0558 CMSW 5.04082 9.81647 1934 Sky island -- -- SUL only X

A. p. paradorsalis ZMB 86733 LG 0721 CMLI 4.98151 9.85677 1578 North -- -- SUL only X

A. p. paradorsalis CAS 103337 CMLI 3.969167 9.717333 200 -- -- -- Full

A. p. paradorsalis CAS 103338 CMLI 3.969167 9.717333 200 -- -- -- Full

A. p. paradorsalis CAS 103339 CMLI 3.969167 9.717333 200 -- -- -- Full

A. p. paradorsalis CAS 103340 CMLI 3.969167 9.717333 200 -- -- -- Full

A. p. paradorsalis CAS 207523 EGBS 3.32492  8.671139 1144 Bioko MH378380 X Full X

A. p. paradorsalis CAS 207524 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207525 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207526 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207527 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207528 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207529 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207530 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207531 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207532 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207533 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207534 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207535 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207536 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207537 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207538 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207539 EGBS 3.32492  8.671139 1144 -- -- -- Full --

A. p. paradorsalis CAS 207570 EGBS 3.46133 8.55242 2 Bioko MH378379 X Full X

A. p. paradorsalis CAS 207571 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207573 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207574 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207576 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207577 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207578 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207579 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207581 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207582 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207584 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207585 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207586 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207587 EGBS 3.46133 8.55242 2 -- -- -- Full --

A. p. paradorsalis CAS 207590 EGBN 3.71106 8.66664 57 Bioko MH378381 X Full X

A. p. paradorsalis CAS 207591 EGBN 3.71106 8.66664 57 Bioko MH378378 X Full X

A. p. paradorsalis CAS 207592 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207593 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207594 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207595 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207596 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207597 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 207598 EGBN 3.71106 8.66664 57 -- -- -- Full --

A. p. paradorsalis CAS 249906 DMP 601 CMSW 5.72488 9.34938 57 North MH378374 -- -- X

A. p. paradorsalis CAS 249907  DMP 602 CMSW 5.72488 9.34938 57 North MH378373 X Full X

A. p. paradorsalis CAS 249942  DMP 647 CMLI 5.08328 9.95135 853 North MH378385 X Full X

A. p. paradorsalis CAS 249943 DMP 648 CMLI 5.08328 9.95135 853 North KX492598 X Full X

A. p. paradorsalis CAS 249969 BJE 3084 CMCE 4.61155 12.22542 601 South MH378346 X Full X

A. p. paradorsalis CAS 250038  BJE 3273 CMNW 6.33595 10.03513 122 North MH378372 X -- X

A. p. paradorsalis CAS 253323 DCB 284 CMEA 2.64450 14.03115 531 South MH378358 X Full X

A. p. paradorsalis CAS 253324 DCB 285 CMEA 2.64450 14.03115 531 South MH378359 X Full X

A. p. paradorsalis CAS 253947 DMP 887 CMLI 4.84975 9.77183 513 North KX671716 X Full X

A. p. paradorsalis CAS 253948  DMP 888 CMLI 4.84975 9.77183 513 North KX671717 X Full X

A. p. paradorsalis CAS 253949 DMP 889 CMLI 4.84975 9.77183 513 North MH378384 X Full X

A. p. paradorsalis CAS 253950  DMP 890 CMLI 4.84975 9.77183 513 North MH378386 X Full X

A. p. paradorsalis CAS 253951 DMP 891 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253952 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253953 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253954 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253962 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253963 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253964 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 253966 CMLI 4.84975 9.77183 513 -- -- -- Full --

A. p. paradorsalis CAS 256750 CMLI 4.849681 9.771869 510 -- KX671718 -- Full --

Table S1: Sampling localities, mitochondrial clade assignment, and voucher information. Abbreviations as follow: CMCE (Cameroon-Centre), CMEA (Cameroon-East), 

CMLI (Cameroon-Littoral), CMNW (Cameroon-Northwest), CMSO (Cameroon-South), CMSW (Cameroon-Southwest), CMWE (Cameroon-West), EGBN (Equatorial 

Guinea-Bioko Norte Province), EGBS (Equatorial Guinea-Bioko Sur Province), GAES (Gabon-Estuaire), GAMO (Gabon-Moyen-Ogooué), GAOI (Gabon-Ogooué-

Ivindo), GAWN (Gabon-Woleu-Ntem), RCNI (Rep Congo-Niari).



A. p. paradorsalis CAS 256751 CMLI 4.849681 9.771869 510 -- KX671719 -- Full --

A. p. paradorsalis CAS 256752 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256753 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256754 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256755 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256756 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256757 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256758 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256759 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256911 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 256912 CMLI 4.849681 9.771869 510 -- -- -- Full --

A. p. paradorsalis CAS 258105 GFMJ 1176 GAMO -0.05205 11.16493 150 South MH378364 X SUL only X

A. p. paradorsalis CUMV 14900 BLS 13563 GAES 0.45358 10.27809 75 South MH378362 X Full X

A. p. paradorsalis CUMV 14903 BLS 13589 GAES 0.45358 10.27809 75 South MH378365 X Full X

A. p. paradorsalis CUMV 14920 BLS 13694 GAOI 0.51121 12.80278 530 South MH378363 X SUL only X

A. p. paradorsalis CUMV 14921 BLS 13695 GAOI 0.51121 12.80278 530 South MH378357 X SUL only X

A. p. paradorsalis CUMV 14925 BLS 13699 GAOI 0.51121 12.80278 530 South -- X SUL only X

A. p. paradorsalis CUMV 14926 BLS 13700 GAOI 0.51121 12.80278 530 South MH378334 X SUL only X

A. p. paradorsalis CUMV 14927 BLS 13701 GAOI 0.51121 12.80278 530 South -- X SUL only X

A. p. paradorsalis CUMV 14928 BLS 13734 GAOI 0.51121 12.80278 530 South -- X SUL only X

A. p. paradorsalis CUMV 15024 BLS 14027 GAOI 0.51121 12.80278 530 South -- X SUL only X

A. p. paradorsalis CUMV 15025 BLS 14028 GAOI 0.51121 12.80278 530 South -- X -- --

A. p. paradorsalis CUMV 15054 BLS 14135 GAOI 0.51121 12.80278 530 South MH378356 X Full X

A. p. paradorsalis CUMV 15055 BLS 14136 GAOI 0.51121 12.80278 530 South MH378368 X Full X

A. p. paradorsalis CUMV 15056 BLS 14137 GAOI 0.51121 12.80278 530 South MH378367 X Full X

A. p. paradorsalis CUMV 15057 BLS 14138 GAOI 0.51121 12.80278 530 South MH378366 -- Full X

A. p. paradorsalis CUMV 15058 BLS 14139 GAOI 0.51121 12.80278 530 South MH378355 X Full X

A. p. paradorsalis CUMV 15059 BLS 14145 GAOI 0.51121 12.80278 530 South MH378369 -- Full X

A. p. paradorsalis CUMV 15060 BLS 14146 GAOI 0.51121 12.80278 530 South MH378336 X Full X

A. p. paradorsalis CUMV 15061 BLS 14148 GAOI 0.51121 12.80278 530 -- -- -- Full --

A. p. paradorsalis CUMV 15069 BLS 14181 GAOI 0.51121 12.80278 530 South MH378335 X SUL only X

A. p. paradorsalis CUMV 15172 RCB 070 EGBS 3.39172 8.76260 7 Bioko MH378377 X SUL only X

A. p. paradorsalis CUMV 15173 RCB 071 EGBS 3.39172 8.76260 7 Bioko MH378376 X SUL only X

A. p. paradorsalis CUMV 15174 RCB 072 EGBS 3.39172 8.76260 7 Bioko MH378388 -- -- X

A. p. paradorsalis CUMV 15175 RCB 073 EGBS 3.39172 8.76260 7 Bioko MH378393 X SUL only X

A. p. paradorsalis CUMV 15176 RCB 074 EGBS 3.39172 8.76260 7 Bioko MH378395 X SUL only X

A. p. paradorsalis CUMV 15187 RCB 128 EGBS 3.52870 8.83497 277 Bioko MH378389 X SUL only X

A. p. paradorsalis CUMV 15190 RCB 153 EGBS 3.46647 8.64142 443 Bioko MH378391 X Full X

A. p. paradorsalis CUMV 15191 RCB 154 EGBS 3.46647 8.64142 443 Bioko MH378392 X Full X

A. p. paradorsalis CUMV 15192 RCB 155 EGBS 3.46732 8.64110 441 Bioko MH378394 X Full X

A. p. paradorsalis CUMV 15193 RCB 156 EGBS 3.46732 8.64110 441 Bioko MH378387 X Full X

A. p. paradorsalis CUMV 15209 RCB 172 EGBS 3.46732 8.64110 441 Bioko MH378390 X Full X

A. p. paradorsalis CUMV 15567 BLS 14878 GAOI -0.04256 12.29834 276 South MH378349 X SUL only X

A. p. paradorsalis IRSEN 0367 MBUR 03777 RCNI -2.42081 12.87225 551 South MH378341 -- SUL only X

A. p. paradorsalis IRSEN 0369 MBUR 03778 RCNI -2.42081 12.87225 551 South MH378339 -- SUL only X

A. p. paradorsalis IRSEN 0366 MBUR 3302 RCNI -2.31689 12.79922 668 South MH378337 -- SUL only X

A. p. paradorsalis IRSEN 0368 MBUR 3376 RCNI -2.31689 12.79922 668 South MH378344 -- SUL only X

A. p. paradorsalis MVZ 234707 CMWE 5.00800 10.17890 682 North MH378382 X -- --

A. p. paradorsalis MVZ 234708 CMWE 5.00800 10.17890 682 North MH378375 X SUL only X

A. p. paradorsalis NMP6V 75667/1 GA063 GAOI 0.80708 13.47230 758 South MH378347 -- SUL only X

A. p. paradorsalis NMP6V 75667/2 GA064 GAOI 0.80708 13.47230 758 South MH378354 -- SUL only X

A. p. paradorsalis NMP6V 75667/3 GA065 GAOI 0.80708 13.47230 758 South MH378353 -- SUL only X

A. p. paradorsalis NMP6V 75667/4 GA066 GAOI 0.80708 13.47230 758 South MH378352 -- SUL only X

A. p. paradorsalis NMP6V 75667/5 GA067 GAOI 0.80708 13.47230 758 South MH378351 -- SUL only X

A. p. paradorsalis NMP6V 75667/6 GA068 GAOI 0.80708 13.47230 758 South MH378348 X SUL only X

A. p. paradorsalis NMP6V 75667/7 GA069 GAOI 0.80708 13.47230 758 South MH378350 -- SUL only X

A. p. paradorsalis NMP6V 75668/1 GA088 GAWN 1.00265 10.79940 628 South MH378361 -- SUL only X

A. p. paradorsalis NMP6V 75668/2 GA089 GAWN 1.00265 10.79940 628 South MH378360 -- SUL only X

A. p. paradorsalis NMP6V 75669 vgCM16_273 CMSO 2.77950 10.82580 653 South MH378400 -- SUL only X

A. p. paradorsalis NMP6V 75670/1 vgCM16_301 CMSW 4.06828 9.06892 180 North MH378397 -- SUL only X

A. p. paradorsalis NMP6V 75670/2 vgCM16_302 CMSW 4.06828 9.06892 180 North MH378402 -- SUL only X

A. p. paradorsalis NMP6V 75670/3 vgCM16_303 CMSW 4.06828 9.06892 180 North MH378403 -- SUL only X

A. p. paradorsalis NMP6V 75671/1 vgCM16_326 CMLI 4.75511 9.87256 302 North MH378398 -- SUL only X

A. p. paradorsalis NMP6V 75671/2 vgCM16_327 CMLI 4.75511 9.87256 302 North MH378399 -- SUL only X

A. p. paradorsalis NMP6V 73375/1 vg05_C096 CMSW 4.06828 9.06892 180 North MH378396 -- SUL only X

A. p. paradorsalis NMP6V 73375/2 vg05C097 CMSW 4.06828 9.06892 180 North MH378383 X SUL only X

A. p. paradorsalis NMP6V 73375/3 vg05C098 CMSW 4.06828 9.06892 180 North MH378401 -- SUL only X

A. p. paradorsalis NMP6V 73375/4 vg05C099 CMSW 4.06828 9.06892 180 North -- -- SUL only X

A. p. paradorsalis NMP6V 73375/5 vg05C100 CMSW 4.06828 9.06892 180 North -- -- SUL only X

A. p. paradorsalis ZMB 86028 MBUR 3284 RCNI -2.31689 12.79922 668 South MH378345 -- SUL only X

A. p. paradorsalis ZMB 86029 MBUR 3300 RCNI -2.31689 12.79922 668 South MH378338 -- SUL only X

A. p. paradorsalis ZMB 86030 MBUR 3396 RCNI -2.30869 12.80247 670 South MH378343 -- SUL only X

A. p. paradorsalis ZMB 86031 MBUR 03575 RCNI -2.31689 12.79922 668 South MH378342 X SUL only X

A. p. paradorsalis ZMB 86032 MBUR 03856 RCNI -2.47981 12.95867 780 South MH378340 -- SUL only X

A. osorioi CAS 256140  DMP 1308 UG 0.43226 32.96107 outgroup MH378405 -- -- --

A. osorioi CAS 256141 DMP 1309 UG 0.43226 32.96107 outgroup MH378404 -- -- --



Catalogue abbreviations refer to the following institutions

CAS: California Academy of Sciences

CUMV: Cornell University Museum of Vertebrates

IRSEN: Institut National de Recherche sir les Sciences Exactes et Naturelles

MVZ: Museum of Vertebrate Zoology

NMP: National Museum, Prague

ZMB: Museum für Naturkunde, Berlin
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Supplemental Methods 

 

Molecular Data Collection. We extracted DNA from tissue using high-salt DNA extraction 

(Aljanabi & Martinez 1997), and polymerase chain reaction (PCR)-amplified and cycle 

sequenced a portion of the 16S mitochondrial gene using the primers 16SA and 16SB (Palumbi 

et al. 2001). Each PCR reaction contained 1 ng template DNA, 9.315 μl H20, 1.35 μl 10X 

Buffer, 0.22 μl of each primer, 0.25 μl dNTPs, and 0.075 μl of Taq DNA polymerase (Roche 

Diagnostics, Indianapolis, IN, USA). We used a thermocycler protocol for amplification 

beginning with denaturation for 1 min 30 seconds at 94 °C, followed by 33 cycles [45 s 

denaturation at 94 °C, 45s annealing at 55 °C, 1 minute 30 s extension at 72 °C], with the final 

extension occurring at 72 °C for 5 min. We purified PCR products using ExoSAP-IT (USB 

Corp., Cleveland, OH, USA) and carried out sequencing using a BigDye Terminator Cycle 

Sequencing Kit v.3.1 (Applied Biosystems, Foster City, CA, USA) on an ABI automated 3730xl 

Genetic Analyzer (Applied Biosystems). Sequences were edited using Geneious Pro 5.1.7 

(Biomatters Ltd.). 

We used the double-digest RADseq laboratory protocol (ddRAD-seq; Peterson et al. 

2012) to collect genome-wide SNP data from 50 A. paradorsalis individuals. We performed a 

SPRI bead cleanup on the extracted samples, and used a Qubit assay (Invitrogen) to quantify the 

concentration to standardize to 250–750 ng total DNA per sample. Samples were double digested 

using restriction enzymes SbfI (rare cutter) and MspI (common cutter) in a single reaction with 

the manufacturer’s recommended buffer (New England Biolabs) for 5 hours at 37 ºC. We 

performed a bead cleanup on the digested DNA before ligating barcodes and Illumina adapters 

(Peterson et al. 2012). We pooled samples and performed a double bead cleanup to ensure 

samples were free of adapters and dimers before size-selecting fragments between 415 and 515 

bp (excluding adapter length) using a Blue Pippin Prep (Sage Science). Samples were PCR 

amplified prior to a final Qubit quantification assay and a quality check on an Agilent 

Tapestation Bioanalyzer (Agilent Technologies Inc, Santa Clara, CA, USA). We sequenced eight 

pooled libraries on a single lane of an Illumina HiSeq 2000 (100 bp, single end) at the Vincent J. 

Coates Genomics Sequencing Laboratory at the University of California, Berkeley.  

 

Morphological and Color Pattern Variation. Morphological measurements of adult frogs were 



taken using dial calipers, to the nearest 0.1 mm using Mitutoyo Absolute Digimatic Calipers. Sex 

was determined by 1) the presence (or absence) of a gular gland (indicating males in hyperoliid 

frogs), or 2) eggs visible through skin or tissuing incision (indicating females). The following 15 

morphological characters were measured, and those consistent with Watters et al. (2016) are 

marked with an asterisk: snout–urostyle length (SUL*, direct-line distance from tip of snout to 

posterior margin of vent), head width (HW*, at the widest point; angle at the jaws), head length 

(HLD*, from the corner of the mouth to the tip of the snout; HLJ, from the tip of the snout  to the 

posterior aspect of mandibular articulation), nostril to snout length (NS, measured from the 

centre of the nostril to the tip of the snout), internarial distance (IN*, shortest distance between 

the inner margins of the nostrils), eye–nostril distance (EN*, from the anterior corner of the eye 

to the posterior margin of the nostril), horizontal eye diameter (EE*), interorbital distance (IO*, 

the shortest distance between the anterior corners of the orbits), tibia length (TL*, distance from 

the outer surface of the flexed knee to the heel/tibiotarsal inflection), thigh length (THL*, 

distance from the vent to the knee articulation), tibiale-fibulare length (TFL, measured from the 

ankle to the base of the foot), foot length (FL*, from the base of the inner metatarsal tubercle to 

the tip of toe IV), forearm length (FLL*, from the flexed elbow to the base of the outer palmar 

tubercle), and hand length (HL*, measured from the base of the hand to the tip of the third 

finger). A total of 89 A. p. paradorsalis and 2 A. p. manengubensis specimens were measured by 

D.M.P. An additional 46 A. p. paradorsalis and 3 A. p. manengubensis specimens were 

measured by other authors and we only include SUL from these specimens due to measurer 

biases in the other traits.  

Male and female measurements were analyzed separately to account for sexual size 

dimorphism. First, we corrected morphological measurements following Brown et al. (2017) 

using the allometric equation Xadj = X – ß(SUL –SULmean) where Xadj is the adjusted value of the 

morphometric variable measurement, X is the original value, ß is the coefficient of the linear 

regression of X against SUL in the dataset, SUL is the snout-urostyle length of the individual, 

and SULmean is the overall mean snout-urostyle length in the dataset. We performed a principal 

component analysis (PCA) to find the best low dimensional representation of morphological 

variation in the dataset and whether continuous morphological variation could form the basis of 

statistically detectible group structure. We created boxplots of male and female SUL variation 



across the entire morphological dataset using ggplot. All statistical analyses were performed in R 

v. 3.3.0. 

Specimens were photographed in life or in preservation and assigned to a qualitative 

pattern type “1,” “2,” or “intermediate” on the basis of dorsal coloration (Fig. S3.1). In 

individuals with pattern type 1, a dark unbroken mid-dorsal band extends posteriorly from the 

inter-orbital region towards the urostyle, whereas in individuals with pattern type 2, this band is 

either broken or absent, and may instead appear as one or two discrete dark patches on lighter 

ground coloration (Fig. S3.1). To assess whether pattern type is associated with distinct 

phylogeographic lineages, we examined the distribution of the pattern type for each frog on the 

mtDNA phylogeny (Fig. S3.1). 
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Figure 1. Mitochondrial phylogeny (16s) indicating dorsal color pattern type for specimens of A. 
p. paradorsalis and A. p. manengubensis 
 



Table 1. Estimates of pairwise FST values.  
  A. p. manengubensis  A. p. paradorsalis North A. p. paradorsalis South  
A. p. paradorsalis North (mtDNA) 0.905   
A. p. paradorsalis North (nuDNA) 0.416   
A. p. paradorsalis South (mtDNA) 0.772 0.818  
A. p. paradorsalis South (nuDNA) 0.495 0.545  
A. p. paradorsalis Bioko (mtDNA) 1.000 0.509 0.839 
A. p. paradorsalis Bioko (nuDNA) 0.596 0.230 0.624 

 
Comparisons between A. p. manengubensis, and A. p. paradorsalis on Bioko Island, North of the Sanaga River, and South of the 

Sanaga River for mtDNA (16s) and nuDNA (3,917 ddRADseq SNPs). All values are significant with corresponding p-values below 

the 0.05 threshold. 

  



Table 2. The demographic models and parameter value estimates for the Northern and Southern population comparison.  

Model Log-L AIC delta 
AIC Weight theta nu1 nu2 nu1a nu2a nu1b nu2b m12 m21 m12a m21a m12b m21b T1 T2 T3 

Divergence and symmetrical 
secondary contact, size change -488.6 991.2 0.0 0.844 207.5 � � 0.037 0.158 14.299 1.281 0.912 � � � � � 2.249 0.033 � 

Divergence and asymmetrical secondary 
contact, size change -489.3 994.6 3.4 0.155 444.1 � � 0.020 0.047 0.997 0.469 0.219 1.404 � � � � 0.589 0.010 � 

Divergence with ancient symmetrical 
migration, size change -505.7 1025.3 34.1 <0.01 212.7 � � 0.070 0.082 1.093 1.029 0.110 � � � � � 2.661 0.012 � 

Divergence with ancient asymmetrical 
migration, size change -510.5 1037.1 45.9 <0.01 175.8 � � 0.070 0.174 1.786 0.930 0.101 0.129 � � � � 3.919 0.021 � 

Divergence with asymmetric migration, 
size change -520.5 1057.1 65.9 <0.01 493.3 � � 0.023 0.086 2.161 0.409 0.909 0.261 � � � � 0.810 0.021 � 

Divergence with no migration, size 
change -567.4 1146.8 155.6 <0.01 380.5 � � 0.026 0.033 3.974 1.815 � � � � � � 0.828 0.020 � 

Divergence and asymmetrical secondary 
contact -582.1 1176.1 184.9 <0.01 584.2 0.171 0.153 � � � � 0.442 0.628 � � � � 0.189 0.013 � 

Divergence with symmetric migration, 
two epoch -588.2 1188.5 197.3 <0.01 609.1 0.151 0.139 � � � � � � 0.066 � 0.269 � 0.134 0.051 � 

Divergence with symmetric migration -591.1 1190.3 199.1 <0.01 616.1 0.150 0.137 � � � � 0.247 � � � � � 0.188 � � 
Divergence with asymmetric migration -591.1 1192.2 201.0 <0.01 618.4 0.149 0.135 � � � � 0.242 0.255 � � � � 0.186 � � 
Divergence with no migration -607.5 1220.9 229.7 <0.01 647.1 0.104 0.099 � � � � � � � � � � 0.109 � � 
Divergence with ancient asymmetrical 

migration -608.1 1228.2 237.0 <0.01 649.0 0.104 0.097 � � � � 0.132 0.895 � � � � 0.031 0.076 � 

Divergence with symmetric migration, 
size change -608.8 1231.5 240.3 <0.01 487.1 � � 0.257 0.250 20.181 0.361 0.196 � � � � � 0.012 0.334 � 

Divergence with ancient symmetrical 
migration -620.7 1251.4 260.2 <0.01 441.2 0.338 0.291 � � � � 0.261 � � � � � 0.675 0.001 � 

Divergence and symmetrical secondary 
contact -620.8 1251.6 260.4 <0.01 414.5 0.359 0.336 � � � � 0.133 � � � � � 0.205 0.373 � 

Divergence and symmetrical secondary 
contact, three epoch -620.2 1252.4 261.2 <0.01 396.8 0.219 0.204 � � � � 17.970 � � � � � 7.516 0.586 0.224 

Divergence and asymmetrical secondary 
contact, three epoch -624.5 1263.0 271.8 <0.01 210.0 0.566 0.379 � � � � 1.001 6.542 � � � � 9.913 0.417 0.592 

Divergence and symmetrical secondary 
contact, size change, three epoch -630.0 1275.9 284.7 <0.01 116.9 � � 0.859 0.827 0.228 11.369 0.543 � � � � � 9.089 1.929 0.510 

Divergence and asymmetrical secondary 
contact, size change, three epoch -629.2 1276.4 285.2 <0.01 192.5 � � 0.440 0.518 0.032 1.060 1.002 0.415 � � � � 5.738 1.034 0.208 

Divergence with asymmetric migration, 
two epoch -644.6 1305.1 313.9 <0.01 1141.1 0.088 0.127 � � � � � � 2.230 9.089 1.929 0.439 0.319 2.707 � 

No divergence model -13017.2 26040.4 25049.2 <0.01 350.6 � � � � � � � � � � � � � � � 

Abbreviations are as follows: AIC– Akaike information criterion; ωi – Akaike weights; Theta (4NrefµL) – the effective mutation rate of the reference population 

(ancestral population); nu1, nu2 – effective population sizes of one (Northern) and two (Southern) under constant size models; ); nu1a, nu2a – effective 

population sizes before instantaneous size change; ); nu1b, nu2b – effective population sizes after instantaneous size change; m12 – migration rate from 



Table 3. The demographic models and parameter value estimates for the Northern and Bioko Island population comparison.  

Model Log-L AIC ∆AIC ωi theta nuA nu1 nu2 m12 m21 T1 T2 s f 

Vicariance with late discrete admixture -332.1 676.2 0.0 0.79 381.6 0.069 0.411 0.025 � � 0.010 � 0.354 0.015 

Vicariance and no migration -334.6 679.2 3.0 0.17 377.6 0.072 1.246 0.808 � � 0.010 � 0.363 � 

Vicariance with early discrete admixture -335.3 682.7 6.5 0.03 378.2 0.076 1.381 0.569 � � 0.011 � 0.366 0.448 

Vicariance with discrete admixture, two epoch -339.7 693.4 17.2 <0.01 408.5 0.199 2.575 0.504 � � 0.040 0.011 0.229 0.403 

Vicariance, secondary contact with asymmetric migration -368.1 752.1 75.9 <0.01 229.7 0.438 3.066 1.556 0.999 9.942 9.685 0.326 0.176 � 

Founder event and discrete admixture, two epoch -411.2 836.5 160.3 <0.01 18.8 19.994 0.675 3.233 � � 1.177 0.201 0.455 0.535 

Founder event and no migration -430.7 871.4 195.2 <0.01 26.5 11.276 0.572 1.145 � � 0.793 � 0.398 � 

Founder event and early discrete admixture -430.1 872.3 196.1 <0.01 26.4 11.198 2.153 1.402 � � 0.887 � 0.406 0.335 

Founder event and late discrete admixture -434.0 880.0 203.8 <0.01 28.6 10.300 0.013 1.349 � � 0.847 � 0.371 0.003 

Vicariance and ancient asymmetric migration -438.6 893.1 216.9 <0.01 396.4 0.636 2.948 0.207 1.970 4.333 2.031 0.010 0.277 � 

Abbreviations are as follows: AIC– Akaike information criterion; ωi – Akaike weights; Theta (4NrefµL) – the effective mutation rate of the reference population 

(ancestral population); nuA, nu1, nu2 – effective population sizes of ancestral, one (Northern) and two (Bioko); m12 – migration rate from population two to 

population one; m21 – migration rate from population one to population two; ; T1,T2 are unscaled time intervals (see models for details); s – fraction of ancestral 

population in daughter populations (population one = nuA*(1-s), population two = nuA*s); f – fraction of population two to be derived from population one as a 

result of admixture event. 

  



Table 4. Summary of morphological measurements for A. p. paradorsalis and A. p. 
manengubensis.  
 

 A. p. paradorsalis A. p. manegoubensis 

 
Males  
(N=81) 

Females  
(N=8) 

Males  
(N=1) 

Females  
(N=1) 

SUL 29.7 (26.2 – 32.9) 32.3 (30.3 – 34.1) 24.2 27.4 
HW 9.3 (8.2 – 10.3) 9.7 (9.3 – 10.2) 7.5 8.2 
HLD 8.4 (7.2 – 9.7) 9.2 (8.6 – 10.1) 7.3 7.75 
HLD
J 9.6 (8.2 – 10.6) 10.5 (9.6 – 11.2) 7.5 8.5 
NS 1.2 (0.9 – 1.4) 1.3 (1.1 – 1.4) 1.0 1.1 
IN 2.3 (2.0 – 2.7) 2.5 (2.4 – 2.6) 2.0 2.1 
EN 2.5 (1.9 – 3.1) 2.7 (2.6 – 2.9) 1.9 2.4 
EE 4.9 (4.2 – 5.5) 5.2 (4.9 – 5.5) 4.3 4.5 
IO 3.4 (2.9 – 4.1) 3.7 (2.7 – 4.3) 2.8 2.7 
TL 13.9 (12.2 – 15.0) 15.1 (13.8 – 15.9) 11.7 11.9 
THL 13.5 (12.0 – 15.2) 14.8 (13.6 – 15.9) 11.4 11.3 
TFL 8.5 (7.5 – 9.5) 9.2 (8.4 – 9.7) 6.9 7.0 
FL 13.9 (12.6 – 15.7) 14.7 (14.1 – 15.3) 11.9 12.4 
FLL 6.9 (5.7 – 8.0) 7.5 (6.6 – 7.8) 5.4 5.9 
HL 9.3 (8.4 – 10.6) 10.0 (9.3 – 11.7) 7.3 7.9 

 
Mean and range (minimum – maximum) values of snout-urostyle length (SUL), head width (HW), head length 
diagonal from corner of mouth (HLD), head length diagonal from jawbone end (HLDJ), nostril-snout (NS), inter-
narial (IN), eye to nostril (EN), Eye Distance (EE), Inter-orbital (IO), Tibiafibula Length (TL), Thigh Length (THL), 
Tibiale Fibulare Length (TFL), Foot Length (FL), Forelimb Length (FLL), and Hand Length (HL). Sample sizes for 
SUL are 135 and 5 for A. p. paradorsalis and A. p. manengubensis, respectively.   
  



Table 5. Character loadings for male PCA.  
 PC1 PC2 PC3 PC4 PC5 
SUL 0.9876 0.0788 -0.0424 -0.0173 0.0207 
HWadj -0.0691 0.2385 -0.3189 -0.2461 0.1526 
HLDDadj 0.0239 0.1395 -0.5602 -0.3804 -0.4109 
HLDJadj -0.0566 0.0834 -0.3385 -0.2493 0.0751 
NSadj -0.0164 0.0072 0.0276 -0.0121 0.0084 
INadj -0.0233 0.0203 0.0170 -0.0442 -0.0022 
IOadj -0.0623 0.0782 -0.0149 -0.0148 0.0014 
ENadj -0.0021 0.0176 -0.0044 -0.0515 -0.0093 
EEadj -0.0591 0.0295 -0.0356 -0.0427 -0.1137 
TLadj -0.0872 0.4783 -0.0971 -0.0405 0.0539 
THLadj 0.0025 0.4876 0.6404 -0.5257 -0.0234 
TFLadj -0.0061 0.2350 -0.0605 0.0654 0.1808 
FLadj -0.0158 0.5056 -0.0016 0.5761 -0.5465 
FLLadj -0.0040 0.1809 -0.1786 0.0350 0.4264 
HLadj -0.0068 0.3044 -0.1017 0.3317 0.5216 
St dev 1.4233 0.7784 0.5690 0.4920 0.3890 
Prop var 0.5151 0.1541 0.0823 0.0615 0.0385 
Cumulative prop 0.5151 0.6691 0.7515 0.8130 0.8515 

 
The top five principal components from the principal components analysis of 15 continuously varying 
morphological measurements are shown among A. p. paradorsalis and A. p. manengubensis males. 



Table 6. Character loadings for female PCA. 
 

 PC1 PC2 PC3 PC4 PC5 
SUL -0.7687 -0.0390 0.0207 0.0462 0.0588 
HWadj 0.0021 -0.1972 -0.0875 -0.2257 0.0313 
HLDDadj 0.0026 -0.0720 -0.1095 0.1809 0.5916 
HLDJadj 0.0009 -0.1132 -0.6481 0.6167 -0.0561 
NSadj 0.0000 -0.0017 -0.0017 -0.0180 0.0865 
INadj 0.6394 -0.0258 0.0211 0.0529 0.0684 
IOadj 0.0009 -0.1389 -0.0997 -0.0759 0.2768 
ENadj 0.0004 -0.0518 -0.0843 -0.0080 -0.0689 
EEadj 0.0001 -0.0347 -0.0650 0.2463 -0.4042 
TLadj 0.0062 -0.4301 0.0191 -0.1102 0.4159 
THLadj 0.0104 -0.7017 0.3293 0.2116 -0.2796 
TFLadj 0.0039 -0.2860 -0.0715 -0.1315 0.1641 
FLadj 0.0035 -0.3128 0.0304 -0.2105 -0.2498 
FLLadj 0.0027 -0.1903 -0.0466 0.2469 0.0663 
HLadj -0.0005 -0.1569 -0.6490 -0.5336 -0.2015 
St dev 2.7715 1.4328 0.8416 0.4771 0.3965 
Prop var 0.6996 0.1870 0.0645 0.0207 0.0143 
Cumulative prop 0.6996 0.8865 0.9510 0.9718 0.9861 

 
The top five principal components from the principal components analysis of 15 continuously varying 
morphological measurements are shown among A. p. paradorsalis and A. p. manengubensis females. 
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