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Comparative phylogeographic studies often support shared divergence times for co-distributed species with similar life histories
and habitat specializations. During the late Holocene, West Africa experienced aridification and the turnover of rain forest habitats
into savannas. These fragmented rain forests harbor impressive numbers of endemic and threatened species. In this setting, pop-
ulations of co-distributed rain forest species are expected to have diverged simultaneously, whereas divergence events for species
adapted to savanna and forest-edge habitats should be absent or idiosyncratic. We conducted a Bayesian analysis of shared evolu-
tionary events to test models of population divergence for 20 species of anurans (frogs) and squamates (lizards and snakes) that are
distributed across the Dahomey Gap, a climate change-induced savanna barrier responsible for fragmenting previously contiguous
rain forests of Ghana into two regions: the Togo-Volta Hills and the Southwestern Forests. A model of asynchronous diversification
is supported for anurans and squamates, suggesting that drivers of diversification are not specifically related to ecological and life
history associations with habitat types. Instead, the wide variability of genetic divergence histories exhibited by these species
suggests that biodiversity in this region has been shaped by diversification events that extend beyond the Holocene. Comparisons
of the genealogical divergence index, a measure of the genetic divergence between populations due to the combined effects of

genetic isolation and gene flow, illustrate that these populations represent a broad sampling of the speciation continuum.

KEY WORDS: Comparative phylogeography, Dahomey Gap, diversification, genealogical divergence index, West Africa.
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Identifying the processes that drive the accumulation of tropical
rain forest biodiversity is an important goal for understanding
global patterns of diversification. The Guinean rain forests of
West Africa are a center of biological diversity with spectacular
species richness and endemism (Myers et al. 2000; Plana 2004);
although the factors responsible for generating this diversity
have been studied in detail through a phylogeographic lens for
many species (e.g., Leaché and Fujita 2010; Jongsma et al. 2018;
Leaché et al. 2017), comparative phylogeographic studies are
lacking. In areas with elevated biodiversity levels such as tropical
rain forests, comparative phylogeographic analyses can reveal

how the temporal diversity of species composition is shaped by
shared environmental and geological history and idiosyncratic
responses to recent climate change. Furthermore, simultaneous
analysis of multiple and diverse species across a landscape can
help disentangle the relative importance of shared ancient events
on genetic divergence and speciation.

The Guinean rain forest has experienced dramatic and pro-
longed oscillations in response to glacial cycles (Hamilton and
Taylor 1991; Dupont et al. 2000), which are likely to have
caused turbulent population histories in rain forest species. Dur-
ing the late Holocene, the Dahomey Gap, an expanse of dry
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forest and savanna, fragmented the continuous belt of Guinean
rain forest into its contemporary distribution: the West Africa
core, Central African core, and a small residual patch in the Togo-
Volta Hills (Booth 1958; Maley 1991; Dupont and Weinelt 1996;
Salzmann and Hoelzmann 2005). During wetter periods in the
early Holocene, these forest areas were probably continuous and
not separated by any savanna barriers (Dupont et al. 2000). These
major shifts in the sizes, locations, and fragmentation levels of
the Guinean rain forest and savanna biomes create a rich setting
to test alternative evolutionary models of rain forest fauna diver-
sification (Moritz et al. 2000).

Amphibian and reptile endemism in sub-Saharan West
Africa is high (Penner et al. 2011), and new species are continu-
ing to be discovered and described (e.g., Blackburn et al. 2010;
Rodel et al. 2012; Ofori-Boateng et al. 2018). In Ghana, the am-
phibian and reptile biodiversity has been extensively surveyed,
including the southwestern rain forest, Togo-Volta Hills, and the
Dahomey Gap (Leaché 2005; Rodel et al. 2005; Leaché et al.
2006). Weak signals of genetic divergence between rain forest
populations found in southwestern Ghana and the Togo-Volta
Hills are not unexpected, as these regions may have remained
isolated since the most recent expansion of the Dahomey Gap
approximately 3400 to 4500 years before present (Salzmann
and Hoelzmann 2005). However, an emerging phylogeographic
pattern observed in this region is for deep genetic divergences
among rain forest populations, suggesting more ancient evo-
lutionary origins that predate the most recent expansion of the
Dahomey Gap (Barej et al. 2014; Dowell et al. 2016; Jongsma
et al. 2018; Leaché et al. 2019a). Determining whether these pop-
ulation divergence events are temporally congruent with recent
Holocene climate change or with older biogeographic events
requires a comparative study of the genealogical divergence
among populations in these communities.

In this study, we evaluate models of shared evolutionary
divergence using a comparative phylogeographic approach that
evaluates genealogical concordance among codistributed species.
Unlike previous methods that use approximate Bayesian compu-
tation (ABC) to estimate the probability of shared divergence us-
ing single or multiple loci (Hickerson et al. 2007; Oaks 2014),
we take a full-likelihood Bayesian approach that estimates pop-
ulation divergences directly from SNP data without estimating
gene trees (Bryant et al. 2012; Oaks 2019). Compared to the
ABC approach that is sensitive to prior assumptions and biased
toward favoring shared divergences, the full-likelihood Bayesian
approach can calculate the likelihood of the population history
directly from genomic data and produce more accurate and pre-
cise estimates of the number and timing of divergence events
across pairs of populations (Oaks 2019; Oaks et al. 2019). We
also measure the genealogical divergence index (gdi) among pop-
ulations (Jackson et al. 2017; Leaché et al. 2019b) to compare and
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contrast genetic divergences among population pairs of differ-
ent species in a coalescent framework that considers the joint ef-
fects of genetic drift and migration. Contrasting gdi values among
species is a useful approach for evaluating where populations lie
on the speciation continuum and thus the importance of shared
history in generating species composition in the Guinean rain
forests.

Materials and Methods

STUDY SPECIES AND POPULATION SAMPLING

We sampled 20 species, including nine anurans and 11 squamate
reptiles, from two forested regions in Ghana that are separated by
the Dahomey Gap, southwestern Ghana (SW) and the Togo-Volta
Hills (TVH) (Fig. 1A; Table 1; voucher specimen information is
provided in Table S1). Five of the anurans (Amnirana albolabris,
Arthroleptis poecilonotus, Conraua derooi, Hyperolius fusciven-
tris, and Phrynobatrachus plicatus) and seven of the squamates
(Cophoscincopus simulans, Gonionotophis klingi, Hemidactylus
fasciatus/H. kyaboboensis, H. muriceus, Lycophidion nigro-
maculatum, Mochlus guineensis, and Panaspis togoensis) are
rain forest species. The remaining species are distributed in
a combination of degraded forests, forest edges, farmbush,
and savanna habitats. We include one species pair (H. fascia-
tus/H. kyaboboensis) to gauge the relative genetic divergences
of populations against a recognized species pair (Leaché and
Fujita 2010). We define SW and TVH as separate geographic
populations for the purposes of testing shared divergence across
the Dahomey Gap (Fig. 1A). Our expectation is that rain forest
species are more likely to provide evidence for synchronous
population divergence in response to the formation of the Da-
homey Gap. Shared divergence is not expected for the remaining
species, as their ability to tolerate more arid habitats and therefore
potentially exchange genes across the Dahomey Gap should pro-
duce asynchronous divergence times, and perhaps very shallow
population divergences if the populations are in fact exchanging
migrants.

GENOMIC DATA COLLECTION

We collected sequence data using the double-digest RADseq pro-
tocol (ddRADseq; Peterson et al. 2012). Genomic DNA was iso-
lated from tissue samples using QTAGEN DNeasy extraction kits
(QIAGEN Inc., Hilden, Germany). We double- digested 500 ng
of genomic DNA for each sample with 20 units each of a rare
cutter ShHfI (restriction site 5'-CCTGCAGG-3) and a common
cutter Mspl (restriction site 5'-CCGG-3’) in a single reaction for
8 h at 37°C. Fragments were purified with Sera-Mag Speed-
Beads before ligating Illumina adaptors with in-line barcodes.
We included an 8-bp unique molecular identifier before the bar-
code in our adapters to increase diversity on the Illumina flow
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Figure 1. (A) Map of Ghana showing the approximate distributions of rain forest (gray), savanna (white), and the Dahomey Gap. The
locations of the two geographic populations included in the comparative phylogeographic analysis, SW (Southwestern Ghana) and TVH
(Togo-Volta Hills), are indicated with black dots. (B) Approximate prior and posterior probability distributions for the number of divergence
events across population pairs. Prior probabilities are in light gray and posterior probabilities are in dark gray. The “flat prior” spreads
the prior probability across all possible unique divergence events, and the “independent prior” places approximately 50% of the prior
probability on independent divergence for all species (anurans = 9, squamates = 11).

cell and filter for PCR duplicate reads. The libraries were size-
selected (between 415 and 515 bp after accounting for adapter
length) on a Blue Pippin Prep size fractionator (Sage Science,
Beverly, MA). The final library amplification used proofread-
ing Taq and Illumina’s indexed primers (TruSeq i7 indices). The
fragment size distribution and concentration of each pool (5—
8 samples per pool; 24 pools total) was determined on an Ag-
ilent 2200 TapeStation and qPCR was performed to quantify
library concentrations before multiplexing equimolar amounts
of each pool for sequencing on one Illumina HiSeq 4000 lane
(151 bp, single-end reads) at the QB3 facility at UC Berkeley.
The data for Conraua derooi were collected with similar pro-
tocols on a different sequencing lane (50bp reads) along with
other Conraua samples as part of a separate study (Fujita et al.
unpubl. ms.).

For two species, we used previously collected ddRAD-
seq data, including Agama picticauda (Krishnan et al. 2019;
SRA study accession #SRP108438) and Hemidactylus fascia-
tus (Leaché et al. 2014a; Dryad Digital Repository: https://doi.
org/10.5061/dryad.r55fb). These data were collected with similar
protocols, but with reduced sequencing effort (50bp reads).

We processed raw Illumina reads using the program iPyRAD
version 0.6.10 (Eaton 2017). We demultiplexed samples using
their unique barcode sequences with no mismatches allowed.
Sites with Phred quality scores under 99% (Phred score = 20)

were changed into N characters and reads with >5 Ns were dis-
carded. We assembled data for each species separately to maxi-
mize the number of retained loci using a clustering threshold of
90% (within and between samples). Consensus sequences that
had low coverage (<6 reads), excessive undetermined or het-
erozygous sites (>8), or too many haplotypes (>2 for diploids)
were discarded. A paralog filter for removing loci with exces-
sive shared heterozygosity among samples was applied (paralog
filter = 0.5). We minimized missing data by only retaining loci
present for all samples of a species, but this restriction was re-
laxed to >75% to obtain more loci for eight species (Table 1).
The demultiplexed sequences for all newly collected data (includ-
ing Conraua) are available on the NCBI Sequence Read Archive
(PRJNA 531179; Table S1).

To characterize population differentiation due to genetic
structure between SW and TVH, we calculated Fsy values (Weir
and Cockerham 1984) using VCFtools version 0.1.15 (Danecek
et al. 2011). We calculated Fst as the mean value across all SNPs
assuming two populations (TVH vs. SW).

BAYESIAN ANALYSIS OF SHARED EVOLUTIONARY
EVENTS

We used a full-likelihood Bayesian approach, ecoevolity (Oaks
2019; Oaks et al. 2019), to test the simultaneous divergence
hypothesis for population pairs distributed across the Dahomey
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Table 1. Summary of the ddRADseq data collected for 20 population pairs of tropical anurans and squamate reptiles in Southwestern

Ghana (SG) and the Togo-Volta Hills (TVH). Samples sizes are shown as the number of individuals sampled per population (nsg, nTyy)-

Only loci present for a minimum number of individuals (min. ind.) were used in downstream analyses. Estimates of Fst are averaged

across all SNPs.

Species Habitat nsg, nryy Min. ind.  Loci Sites SNPs % variable  Fsr

Anurans
Afrixalus dorsalis Savanna 3,3 6 521 67,653 2252 3.33 0.143
Amnirana albolabris Rain forest 3,6 7 3797 493,435 10,038  2.03 0.256
Arthroleptis poecilonotus Rain forest 8,11 16 363 47,014 3752 7.98 0.243
Conraua derooi Rain forest 8,7 15 1954 64,297 1879 2.92 0.695
Hyperolius concolor Savanna 7,7 14 170 22,098 785  3.55 0.045
H. fusciventris Rain forest 4,3 5 183 23,602 1526 6.47 0.507
Leptopelis spiritusnoctis Savanna 1,5 10 815 105,764 6354  6.01 0.112
Phrynobatrachus plicatus Rain forest 4,2 6 1524 197,746 5002 2.53 0.073
Sclerophrys maculata Savanna 43 7 188 24,393 977 4.01 0.156

Squamates
Agama picticauda Savanna 12,8 15 427 16,635 943  5.67 0.265
Cophoscincopus simulans ~ Rain forest 17,2 17 2133 275,544 5493 1.99 0.331
Gonionotophis klingi Rain forest 1,1 2 2965 384,699 3749 097 -
Hemidactylus brookii Savanna 2,4 6 4923 639,615 11,443 1.79 0.099
H. fasciatus/kyaboboensis ~ Rain forest 4.6 10 1774 69,080 2358 3.41 0.466
H. mabouia Savanna 4.4 6 302 39,106 2625  6.71 0.347
H. muriceus Rain forest 1,4 5 1206 156,437 4184 2.67 0.010
Lycophidion Rain forest 1,1 2 4259 550,396 14,998 2.72 -

nigromaculatum

Mochlus guineensis Rain forest 23 4 187 24,109 632 2.62 0.000
Panaspis togoensis Rain forest 1,3 4 170 22,104 331 1.50 0.129
Trachylepis affinis Savanna 2,2 4 5708 740,123 14,552 1.97 0.439

Gap. Ecoevolity treats each pair of populations as a species tree
with two tips and uses a Dirichlet process prior to estimate the
number and timing of divergence events and the assignment of
pairs to the events (Oaks 2019). The assumptions of the model
include constant population size along each branch, no migra-
tion, and that the relative mutation rates are similar among species
(Oaks 2019). We suspect that migration is probably relevant for
some of the savanna species, and that the consequence of ignor-
ing migration in the coalescent analysis would be a compression
of divergence times toward the present (Leaché et al. 2014b).
We tested for shared divergence among the anurans (nine popu-
lation pairs) and squamates (11 population pairs) separately. The
Dirichlet process uses a concentration parameter to determine the
prior probability for shared divergence events (Oaks 2019). We
compared analyses using two assumptions regarding this prior,
including an “independent prior” that places approximately 50%
of the prior probability on independent divergences for all species
and a “flat prior” that attempts to evenly spread the prior proba-
bility across all possible numbers of unique divergence events.
Details on the specific prior settings are provided in Table S2.
For each analysis, we ran four independent analyses for 150,000
generations, sampling every 100th generation. We assessed con-

4 EVOLUTION 2020

vergence and mixing by inspecting the potential scale reduction
factor and effective sample sizes of the continuous parameters.

CHARACTERIZING THE SPECIATION CONTINUUM

To further characterize the genetic divergence between the 20
population pairs, we used the gdi. The gdi is a measure of genetic
divergence between two populations affected by the combined ef-
fects of genetic isolation and gene flow (Jackson et al. 2017), and
is calculated as follows:

gdi=1—e 2%, (1.1)

where 21/0, is the divergence time in coalescent units (one coa-

lescent time unit is 2N, generations) and e 27?4

is the probability
of deep coalescence. Values for gdi can range from O to 1, with
values near 0 indicating panmictic populations, and values near 1
indicating genetically distinct populations that are candidates for
species (Jackson et al. 2017; Leaché et al. 2019b).

We calculated gdi values for each population pair using the
multispecies coalescent (MSC) model implemented in BPP ver-
sion 3.4 (Yang and Rannala 2010; Rannala and Yang 2013). The

MSC approach provides a measure of uncertainty in population
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parameter estimates, and gdi can be calculated using the posterior
probability distributions for v and 6 (Leaché et al. 2019b). The
posterior probability distributions for T and 6 were estimated us-
ing a fixed species tree containing just two populations, TVH and
SW (analysis A0O; Yang 2015). Diffuse inverse-gamma priors
for 0 and t were designated as follows: 6 IG(3, 0.02) with mean
0.02/(3 — 1) = 0.01, and 7IG(3, 0.04) with mean 0.04/(3 — 1) =
0.02. These priors correspond roughly to an expectation of 1% se-
quence variation within a population, and 4% sequence variation
between populations. To assess convergence, we compared the
posterior distributions from four independent runs (MCMC burn-
in = 10K, retained samples = 10K, sample interval = 5). We
calculated gdi for each species by combining all samples from
the posterior distributions using equation (1.1).

Results

GENOMIC DATA

The anuran data provided 170-3797 loci, with the raw sequence
variation (% variation) ranging from roughly 2-8% (Table 1).
The characteristics of the squamate reptile data were similar,
with 170-5708 loci and % variation ranging from 0.97-6.71%
(Table 1). Population differentiation due to genetic structure,
measured as the mean Fgr value across all SNPs, varied widely
from 0.045-0.695 in anurans and 0.0-0.466 in squamates (Ta-
ble 1). Low samples sizes for the two snake species in the study
(n = 2; Gonionotophis klingi and Lycophidion nigromaculatum)
prevented the calculation of Fgsr values.

BAYESIAN ANALYSIS OF SHARED EVOLUTIONARY
EVENTS

The ecoevolity analyses strongly rejected the hypothesis of
shared divergence (number of events = 1) across the Dahomey
Gap (Fig. 1). Instead, based on the 95% credible set of mod-
els, a minimum of six independent divergence events were sup-
ported for anurans and a minimum of seven for squamates (Fig. 1;
Tables S3 and S4). Comparisons of analyses using priors that fa-
vored independent divergence versus a flat prior had minor in-
fluence on the posterior probability distributions for the number
of events, and analyses using either prior provided strong support
against shared divergence among all population pairs (Fig. 1; Ta-
bles S3 and S4).

Strong support for shared divergence was found in two cases
for anurans (Fig. 2), including Afrixalus dorsalis + Sclerophrys
maculata (inhabitants of degraded forest habitats) and Arthrolep-
tis poecilonotus + Conraua derooi (inhabitants of rain forest,
but Arthrolepis is also found in clearings and moist degraded
forests). Within squamates (Fig. 2), one shared divergence in-
cluded three lizards that are found throughout savanna and for-

est edge habitats: Agama picticauda, Hemidactylus mabouia, and
Trachylepis affinis. A second shared divergence in squamates in-
cluded a rain forest snake (Gonionotophis klingi) and rain forest
lizard (Panaspis togoensis). Reducing the size of the dataset to a
maximum of 200 loci per species produced qualitatively similar
results for divergence values, but with less precision (Fig. S1).

CHARACTERIZING THE SPECIATION CONTINUUM

The MSC analyses of the 20 population pairs provided a wide
range of gdi values ranging from <0.2 to nearly 1.0 (Fig. 3).
Five anurans were consistent with a single species model (gdi <
0.2): Amnirana albolabris, Hyperolius concolor, Leptopelis spir-
itusnoctis, Phrynobatrachus calcaratus, and Sclerophrys mac-
ulata; three population pairs were supported as potential can-
didate species (gdi > 0.7): Arthroleptis poecilonotus, Conraua
derooi, and Hyperolius fusciventris (Fig. 3). For squamate rep-
tiles, five were supported as potential candidate species (gdi
> 0.7), and the remaining had intermediate or low gdi values
(Fig. 3). The populations supported as potential candidate species
included Cophoscincopus simulans, Hemidactylus fasciatus/H.
kayboboensis, Lycophidion nigromaculatus, Panaspis togoensis,
and Trachylepis affinis (Fig. 3). Reducing the size of the datasets
to a maximum of two samples per species typically caused an in-
crease in gdi values, which likely reflects the decreased estimates
of 6 that result from sampling only two alleles per population
(Fig. S2). We also report a positive correlation between gdi and
Fsr values (Fig. S3).

Discussion

Several factors are thought to be responsible for generating the
high levels of diversity observed in tropical Africa, including vi-
cariance through isolation in forest refugia, river barriers, and lo-
cal adaptation along ecotones (Moritz et al. 2000; Plana 2004).
Phylogeographic studies of single species have provided sup-
port for each of these models (Portik et al. 2017; Charles et al.
2018; Leaché et al. 2019a), although comparative studies that test
for shared divergences among species across important biogeo-
graphic areas in this region have not been conducted. Our com-
parative study of 20 species separated by the Dahomey Gap, one
of the largest and most formidable biogeographic barriers in West
Africa, rejects a history of shared divergence (Fig. 1). Instead,
the comparative phylogeographic results provide strong evidence
for independent divergence events among species, suggesting that
the spatiotemporal dynamics of population divergence play a cru-
cial role in the diversification of communities in this region.
The loose association of the anuran and squamate communities
with the Dahomey Gap suggests that the influence of this barrier
on population divergences was intermittent and incomplete, and
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Figure 2. Posterior distributions (box and whisker plots) of divergence times (expressed as sequence divergence) for each population
pair, separated by anurans and squamates. Species that show evidence for shared divergence are grouped in boxes with dashed lines.

would therefore be enlightened by further studies of population
demographic histories.

It is reasonable to assume that codistributed species with
similar life history strategies or habitat associations might expe-
rience a shared response to extrinsic diversification events. This
is because phenotypes are typically the targets of selection, and
they therefore play an important role in determining local adap-
tation and diversification (Zamudio et al. 2016). We found mixed
evidence for shared divergence among species with similar life
history strategies and ecological associations. Four examples of
shared divergence were supported by our comparative phylogeo-
graphic analyses (Fig. 2); two involved rain forest species and two
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included species inhabiting savanna and forest edges. However,
for the two instances of codivergence in anurans, the species are
terrestrial (Sclerophrys maculata) versus arboreal (Afrixalus dor-
salis), or aquatic (Conraua derooi) versus terrestrial (Arthrolep-
tis poecilonotus). One example of codivergence in squamates
includes two rain forest species that are both terrestrial leaf-
litter specialists (Gonionotophis klingi and Panaspis togoensis),
whereas the other example includes three savanna species that
are either terrestrial (Trachylepis affinis) or arboreal (Agama pic-
ticauda and Hemidactylus mabouia). Despite these examples of
shared divergence that each involve a few species, the majority of
divergences occurred independently (Fig. 1). A limitation of the
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ecoevolity model is that it does not include migration, but even if
there were repeated episodes of migration in the past, the method
still allows us to test when each pair stopped sharing genes most
recently.

A major assumption of the comparative phylogeographic
analysis is that all species share the same substitution rate. Dif-
ferences in substitution rates among species could result in dif-
ferences in the estimated divergence times and a general lack of
evidence for shared divergence (Oaks 2019). Restricting com-
parative phylogeographic analyses to closely related species, or
species contained in the same genus, is one way of reducing po-
tential problems with the substitution rate assumption, as close
relatives should have similar rates (Oaks et al. 2019). Our anal-

yses of anurans and squamates each contained multiple species
from the same genus, and in each case the species diverged inde-
pendently (Fig. 2). This suggests that substitution rate variation
may not be driving differences in divergence times. For example,
the anurans Hyperolius concolor and H. fusciventris diverged at
opposite ends of the spectrum (Fig. 2). In squamates, we included
four Hemidactylus pairs, none of which were supported as codi-
verging (Fig. 2). These two outcomes alleviate some concerns
about our simplifying assumption of equal rates of substitution
among species.

The overall picture from this comparative phylogeographic
investigation is that species are evolving idiosyncratically
in these communities. The comparative species delimitation
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approach using the gdi heuristic raises an important question con-
cerning the equivalence of the populations that were compared,;
specifically, do some of these populations represent distinct
species, and more generally, where do these populations lie on
the path to speciation? Assuming that these 20 population-pairs
are equivalent units of analysis is questionable given that their
population divergence histories represent a broad spectrum of the
speciation continuum (Fig. 3). Although some of the populations
are only weakly differentiated (gdi < 0.2), others have high levels
of genealogical divergence (gdi > 0.7) that could be indicative
of separate evolutionary lineages (Fig. 3). One of the pairs in-
cluded in this study, Hemidactylus fasciatus + H. kyaboboensis,
provides a frame of reference for contrasting gdi levels against
independent evolutionary lineages, and several of the sampled
populations have gdi values that are equivalent with these lin-
eages (e.g., Conraua and Hyperolius fusciventris; Fig. 3). It is
possible that some of these population pairs are more accurately
described as separate species given their gdi measurements, but
additional types of data and a broader phylogeographic perspec-
tive should be considered before making taxonomic changes.
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