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Abstract

Several biogeographic barriers in the Central African highlands have reduced gene flow among 

populations of many terrestrial species in predictable ways. Yet, a comprehensive understanding of 

mechanisms underlying species divergence in the Afrotropics can be obscured by unrecognized 

levels of cryptic diversity, particularly in widespread species. We implemented a multilocus 

phylogeographic approach to examine diversity within the widely distributed Central African 

pygmy chameleon, Rhampholeon boulengeri. Gene-tree analyses coupled with a comparative 

coalescent-based species delimitation framework revealed R. boulengeri as a complex of at least 

six genetically distinct species. The spatiotemporal speciation patterns for these cryptic species 

conform to general biogeographic hypotheses supporting vicariance as the main factor behind 

patterns of divergence in the Albertine Rift, a biodiversity hotspot in Central Africa. However, we 

found that parapatric species and sister species inhabited adjacent habitats, but were found in 

largely non-overlapping elevational ranges in the Albertine Rift, suggesting that differentiation in 

elevation was also an important mode of divergence. The phylogeographic patterns recovered for 

the genus-level phylogeny provide additional evidence for speciation by isolation in forest refugia 
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and dating estimates indicated that the Miocene was a significant period for this diversification. 

Our results highlight the importance of investigating cryptic diversity in widespread species to 

improve understanding of diversification patterns in environmentally diverse regions such as the 

montane Afrotropics.
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1. Introduction

The East African Rift valley system started to form in the early Oligocene from hot mantle 

plumes causing up-lift of the African plate resulting in rifting, the formation of horst and 

grabens, and associated volcanic activity (Chorowicz, 2005; Paul et al., 2014). The Albertine 

Rift (AR) portion in Central Africa was initiated in the late Oligocene (Roberts et al., 2012) 

and increased geophysical rifting in the AR occurred during the Miocene (Macgregor, 

2015). Rifting oscillations influenced forest environments in the AR, largely through uplift 

events that altered climate and drainage patterns across the region (Sepulchre et al., 2006). 

Miocene volcanism has also contributed to the age and distribution of AR forests (Griffiths, 

1993). The paleoclimate of the AR was generally stable through the Cretaceous (Maley, 

1996), during which tropical Africa was dominated by a nearly continuous rainforest block. 

African rainforests began to decline in extent throughout the Cenozoic, with a pronounced 

increase in forest losses after the mid-Miocene (Kissling et al., 2012). Altered precipitation 

patterns across East Africa, driven by global cooling, contributed to the decline of the 

African tropical forest ecosystem in the Miocene (Zachos et al., 2001). Decreased Miocene 

rainfall is linked to the expansion of grass-dominated savannas across East Africa (Jacobs et 

al., 1999), and as grasslands expanded, forests contracted, and thereby forest connectivity 

was greatly reduced during this period (Kissling et al., 2012). These ancient geologically 

and climatically induced forest dynamics during the Miocene have left a profound legacy on 

the geographic distribution of genetic diversity in forest-distributed fauna in the AR (e.g., 
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Tolley et al., 2011), and may have left a greater genetic imprint than Quaternary ice ages 

(Hewitt, 2000).

The proposed timing and mechanisms that underlie the remarkably high biodiversity in 

forests of the AR are not conclusive. One line of evidence supports recent species divergence 

within Pleistocene (upper limit ca. 1.8 Mya) refugial habitats (i.e., Pleistocene Forest Refuge 

Hypothesis [Mayr and O’Hara, 1986]), whereas another suggests that divergence occurred 

before Pleistocene climatic changes and species have been maintained as paleoendemics 

since the Miocene (ca. 5–23 Mya) (i.e., Evolutionary Museum Hypothesis, a derivative of 

the Montane Speciation Hypothesis [Fjeldså and Lovett, 1997]). Both of these hypotheses 

are based on allopatric models of speciation from isolation in forest refugia, but they differ 

greatly in their timing of diversification events. Speciation in forest refugia that formed in 

response to Pleistocene climatic changes have been implicated as biogeographic drivers 

among small mammals (Demos et al., 2014, 2015), land snails (Boxnick et al., 2015; 

Wronski and Hausdorf, 2008), and birds (Bowie et al., 2006; Voelker et al., 2013). In 

contrast, several other taxa, including frogs (Larson et al., 2016; Portillo et al., 2015), 

chameleons (Hughes et al., in press; Tolley et al., 2011), and snakes (Greenbaum et al., 

2015; Menegon et al., 2014) likely diversified during pre-Pleistocene biogeographic events, 

such as the reduction of forests in response to global cooling in the Miocene. Afromontane 

forests have functioned as stable refugia during ancient climate changes and thereby 

promoted vicariance-driven diversification in some AR taxa (e.g., Hughes et al., in press); 

however, this model does not fully account for the lack of genetic structure found in some 

widespread AR species (e.g., Greenbaum et al., 2013, 2015). Several physical biogeographic 

barriers have been identified in the AR, including the Virunga volcanoes that have been 

active from the Plio–Pleistocene to the present (Ebinger and Furman, 2003), and the uplift of 

the Rwenzori mountains that occurred around the Plio–Pleistocene boundary (ca. 3–2 Mya 

[Kaufmann et al., 2015]). These physical features have influenced patterns of gene flow for 

taxa between various highland areas of the AR (e.g., Huhndorf et al., 2007). However, 

genetic patterns for some AR taxa are not congruent with respect to identified barriers, and 

thus species-specific responses have been frequently detected (e.g., Hughes et al., in press). 

Much of the AR is ancient and several of its prominent geological features emerged before 

Pleistocene aridification pulses altered African ecosystems (e.g., deMenocal, 1995), and as a 

result, the AR represents an ideal region to test several biogeographic hypotheses regarding 

the timing and environmental mechanisms of biotic evolution.

The pygmy chameleon genus Rhampholeon currently contains 19 described taxa that are 

largely restricted to sub-montane and montane forests distributed across West, Central, and 

East Africa (Uetz et al., 2017). Many species of Rhampholeon are endemic to small forest 

fragments that face immediate threats of deforestation, and thus nine species are currently 

considered Endangered or Critically Endangered (IUCN, 2017). The Eastern Arc Mountains 

and Southern Rift Highlands, stretching from Kenya south to Tanzania, Malawi, and 

Mozambique, represent the highest regional concentration of species diversity for 

Rhampholeon with 16 species (Tolley and Herrel, 2013). The only pygmy chameleon 

species in West Africa is R. spectrum and its distribution extends from Nigeria and Central 

African Republic south to Gabon (Tilbury, 2010). Rhampholeon hattinghi and R. boulengeri 
occur allopatrically in the AR highlands of Central Africa. The recently described R. 
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hattinghi is a Critically Endangered pygmy chameleon endemic to Mount Nzawa, 

Democratic Republic of the Congo (DRC), a massif in the southern AR (Tolley and Tilbury, 

2015). Rhampholeon boulengeri is currently assessed as Least Concern, because it has a 

relatively large distribution in forest habitats across the AR, west into the Congo Basin 

(DRC) and east to Kakamega Forest (Kenya), and much of this forest is still relatively intact 

(Tolley and Plumptre, 2014). In addition to having one of the largest geographic 

distributions of any Rhampholeon species, R. boulengeri also occurs in forests across a 

remarkably wide range of elevations from 500 m to nearly 2300 m (Tilbury, 2010). 

Rhampholeon hattinghi is similar in appearance to R. boulengeri, and thus was initially 

considered to be a disjunct population of the more widespread species (e.g. Tilbury, 2010); 

however, genetic data revealed it as an independently evolving lineage (Tilbury and Tolley, 

2015). Steindachner (1911) described R. boulengeri from a series of specimens collected by 

Rudolf Grauer in 1908. However, the type locality was imprecisely given as “forest beyond 

the sand hills on the north-western shores of Lake Tanganyika”. Tilbury and Tolley (2015) 

considered the Itombwe Plateau as the type locality because Rudolf Grauer collected 

specimens in 1908 from forests of the Itombwe Plateau, which is located to the northwest of 

Lake Tanganyika, however, Grauer did not write books about his travels and the precise 

localities where he collected in the plateau are unknown (Greenbaum, in press).

In general, Rhampholeon are considered forest specialists with low vagility (Branch et al., 

2014), and are thus unlikely to disperse over long distances regardless of suitable habitat 

corridors (Matthee et al., 2004). As a result, most pygmy chameleon species are endemic to 

the montane localities from where they were originally described (Uetz et al., 2017). The 

morphology of Rhampholeon is considered highly conservative (Branch et al., 2014), from 

which a potential for cryptic species results (Bickford et al., 2007), particularly in 

geographic regions that have received only cursory attention to the biota, such as the AR 

(Greenbaum, in press). Moreover, several recent accounts have drawn attention to the 

likelihood that R. boulengeri represents a species complex (Tilbury, 2010; Tolley and 

Plumptre, 2014; Tilbury and Tolley, 2015). Therefore, R. boulengeri is an excellent model 

for investigating how diverse landscapes with complex histories of geomorphological and 

climatic changes have influenced the distribution of genetic diversity. In this study, we 

investigated the evolutionary history of R. boulengeri with a statistical framework to test 

three hypotheses related to cryptic diversity. We use a multilocus gene-tree and a 

comparative approach with four coalescent-based species-tree estimations to test whether R. 

boulengeri represents a single widespread species in the AR or a complex of genetically 

distinct species. We assess phylogeographic patterns and compare species distributions to 

test whether allopatric speciation driven by forest fragmentation underlies the diversification 

in the R. boulengeri species complex and for the genus in general. We implement fossil-

calibrated Bayesian methods on a large-scale phylogeny to determine whether the timing of 

diversification in Rhampholeon follows a single break-up of African forests followed by 

isolation, or multiple forest fragmentations and reconnections over time.
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2. Materials and methods

2.1. Taxon sampling and DNA sequencing

Forty-six samples of R. boulengeri were collected during field surveys in various forests 

across four Central African countries of the AR from 2008–2016, including Burundi, DRC, 

Rwanda, and Uganda (Table 1). Two additional samples were collected from the Yala Nature 

Reserve, Kakamega Forest, western Kenya. We also included additional sequences in our 

analyses that were not generated for this study: ND2 fragments and one RAG1 fragment for 

two individuals from Bwindi Impenetrable National Park, Uganda (CAS 2016 81–82); a 16S 

fragment for an individual from Irangi (near Kahuzi-Biega National Park), DRC (ZFMK 

47571); and a 16S fragment for an individual from Cyamudongo Forest, Rwanda (ZFMK 

55104) (Fisseha et al., 2013). For phylogenetic analyses, we included 18 of the 19 currently 

recognized Rhampholeon species and three species of Rieppeleon as outgroups (Branch et 

al., 2014). We excluded the species R. beraduccii from phylogenetic analyses because only a 

single sequence for the mitochondrial fragment 16S is available on GenBank. Rhampholeon 
beraduccii, from the Mahenge Mountains in southern Tanzania, is a member of the subgenus 

Rhinodigitum with close affinities to R. acuminatus; however, this phylogenetic placement 

was based on analyses of the 16S gene only (Mariaux and Tilbury, 2006; Fisseha et al., 

2013).

We harvested tissues from the liver or hind limb muscle of chameleons before formalin 

fixation and preserved these tissues in 2-ml vials containing 99% ethanol. Genomic DNA 

was isolated from tissue samples with the Qiagen DNeasy tissue kit (Qiagen Inc., Valencia, 

CA, USA). PCR amplification and cycle sequencing of two mitochondrial gene fragments 

were carried out with the following primers for ND2: L4347 (Macey et al., 1997a) and 

H5934 (Macey et al., 1997b), and 16S: L2510 and H3080 (Palumbi, 1996). A fragment of 

the nuclear gene RAG1 was sequenced using primers G396 (R13) and G397 (R18) (Groth 

and Barrowclough, 1999). Although RAG1 is a relatively slowly evolving nuclear gene 

(Groth and Barrowclough, 1999), it has been demonstrated to be a useful marker for 

studying deep divergences among vertebrates (San Mauro et al., 2004; Sullivan et al., 2006) 

and it also has been used extensively in pygmy chameleon systematics (e.g., Tilbury and 

Tolley, 2015). We used 25 μL PCR reactions with an initial denaturation step of 95 °C for 2 

min, followed by denaturation at 95 °C for 35 s, annealing at 50 °C for 35 s, and extension at 

72 °C for 95 s, with 4 s added to the extension per cycle for 32 (mitochondrial genes) or 34 

(nuclear gene) cycles. Amplification products were visualized on a 1.5% agarose gel stained 

with Invitrogen SYBR Safe DNA gel stain (Thermo Fisher Scientific, Waltham, MA, USA). 

Sequencing reactions were purified with Agencourt CleanSEQ magnetic bead solution 

(Beckman Coulter Inc., Brea, CA, USA) and sequenced with an ABI 3130xl automated 

sequencer at the University of Texas at El Paso (UTEP) Border Biomedical Research Center 

(BBRC) Genomic Analysis Core Facility.

2.2. Gene trees and species trees

We interpreted chromatograph data using the program SeqMan Pro (Swindell and Plasterer, 

1997) and made alignments for each gene using MUSCLE v. 3.6 (Edgar, 2004) in the 

program Mesquite v. 3.04 (Maddison and Maddison, 2015). We conservatively trimmed 
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sequences and made other minor manual adjustments in the program MacClade v. 4.08 

(Maddison and Maddison, 2005). We used PHASE v. 2.1.1 (Stephens and Donnelly, 2003) 

in the program DnaSP v. 5.1 (Librado and Rozas, 2009) to phase haplotypes for the nuclear 

fragment (RAG1). We transformed alignments using SeqPHASE (Flot, 2010) and excluded 

haplotypes with probabilities lower than 0.7 (Harrigan et al., 2008). In addition, we note that 

most double peaks in the nuclear marker were remedied in SeqMan Pro because one allele 

exhibited a much stronger signal than the other did (i.e., unequal heights) (Fontaneto et al., 

2015). Phased RAG1 sequences were used for all species-delimitation analyses (see below).

Phylogenetic analyses were initially conducted on mitochondrial and nuclear data sets that 

revealed similar topologies, and thus we used the concatenated data set for all analyses. 

Maximum likelihood (ML) analyses were conducted with the GTRGAMMA model in 

RAxML v. 8.2.2 (Stamatakis, 2006; Stamatakis, 2014). All parameters were estimated and a 

random starting tree was used. Support values for clades inferred by ML analyses were 

assessed with the rapid bootstrap algorithm with 1,000 replicates (Stamatakis et al., 2008). 

Bayesian inference (BI) analyses were conducted in MrBayes v. 3.2.2 (Huelsenbeck and 

Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Our model included seven data 

partitions, including a single partition for 16S and three independent partitions for each 

codon position for the protein-coding genes ND2 and RAG1. Concatenated data sets were 

partitioned identically for ML and BI analyses and were run on the CIPRES Science 

Gateway v. 3.3 (http://www.phylo.org/). The Akaike Information Criterion (AIC) and greedy 

search algorithm in PartitionFinder v. 1.1 (Lanfear et al., 2012) were used to establish the 

best model of evolution for each marker. The selected models of evolution were used for all 

BI analyses, but in cases where the model selected in PartitionFinder was not available in 

MrBayes, we set the number of rate categories and other parameters to match the best 

model. Bayesian analyses were conducted with random starting trees, run for 20 million 

generations, and Markov chains were sampled every 1,000 generations. To verify that 

multiple runs converged, AWTY (Nylander et al., 2008) was used. Burn-in was set at 25%, 

and thus the initial 5,000 trees were discarded. Phylogenies were visualized using FigTree v. 

1.3.1 (Rambaut and Drummond, 2009). Bayesian posterior probabilities ≥ 0.95 (Hillis and 

Bull, 1993; Alfaro et al., 2003) and bootstrap values ≥ 70% (Felsenstein, 1981, 1985) were 

considered as strong support. Net sequence divergences (uncorrected p-distances) between 

Rhampholeon lineages for each marker were estimated using MEGA v. 7.0 (Kumar et al., 

2016).

When inferring species limits from multilocus data, two issues are widely recognized: the 

underlying species tree can be different from individual gene trees (Maddison, 1997) and 

that simply increasing the number of loci does not necessarily improve the delimitation of 

species (Degnan and Rosenberg, 2009). To account for these uncertainties, we implemented 

a comparative coalescent framework to estimate species trees for the AR Rhampholeon 
clade and we conservatively interpreted species across four separate species-tree approaches. 

For approach 1, we used the Bayesian *BEAST (Heled and Drummond, 2010) in the 

program BEAST v. 1.8.4 (Drummond et al., 2012) to estimate a species tree for the focal 

taxa. *BEAST necessitates the prior assignment of individuals to presumed species, so we 

based our initial species assignments on reciprocally monophyletic clades recovered in the 

concatenated gene-tree analyses. As additional evidence for species assignments, we 
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compared uncorrected p-distances of the ND2 locus among these clades to described species 

of Rhampholeon. Models of sequence evolution were chosen using the AIC in 

PartitionFinder. We specified unlinked site, clock, and tree models, and implemented a Yule 

process tree prior as this analysis investigates interspecific relationships. We estimated 

species trees with five concurrent runs of 200 million generations that totaled 2 billion 

generations sampled every 20,000 generations. Each run produced 10,000 trees and all runs 

were combined using LogCombiner (Drummond et al., 2012) for a total of 50,000 trees. We 

discarded the initial 10% of trees as burn-in with the program TreeAnnotator (Drummond et 

al., 2012), and used the program Tracer v. 1.5 (Rambaut and Drummond, 2007) to asses 

Effective Sample Size (ESS) values, which were > 200 for all parameters. For approach 2, 

we used the maximum pseudo-likelihood function in the program MP-EST (Liu et al., 2010) 

on the web-server STRAW (Shaw et al., 2013) to estimate a species tree from our collection 

of three ML gene trees (16S, ND2, RAG1). Individual gene trees were generated with 

RAxML under the GTRGAMMA model with 1,000 rapid bootstrap inferences on each 

genetic data set with three Rieppeleon species as the outgroup. The pseudo-likelihood 

function is derived from coalescent theory, assumes no gene flow, and can be validated with 

bootstrap support (Liu et al., 2010). For approach 3, we used the Bayesian program bPTP 

(Zhang et al., 2013) on the web-server (http://species.h-its.org/) to estimate a species tree 

using our ML tree of the concatenated data. The MCMC analysis was run for 500,000 

generations with thinning set to 100 and burn in at 10%. We used a rooted tree and did not 

exclude the Rieppeleon outgroup. Species representation was examined using trace plots to 

check for convergence of the maximum likelihood’s value of each node. For approach 4, we 

used the coalescent model GMYC (Pons et al., 2006; Fujisawa and Barraclough, 2013) on 

the web-server (http://species.h-its.org/gmyc/) to estimate a species tree for the focal taxa 

using both single and multi-threshold models for the dated phylogeny based on the 

concatenated data set obtained in BEAST (see below).

2.3. Divergence dating

We estimated divergence times for the comprehensive Rhampholeon phylogeny using a 

fossil-calibrated Bayesian approach in the program BEAST v. 1.8.4 (Drummond et al., 

2012) run on the CIPRES Science Gateway. We implemented an uncorrelated log-normal 

relaxed clock model with an estimated clock rate to allow for rate heterogeneity among 

lineages (Drummond et al., 2006). We estimated tree shape under the Yule prior (pure birth) 

on our multilocus data set because this prior is best suited for phylogenies describing the 

relationships between different species and assumes a constant speciation rate. In order to 

maximize calibration points, and because inadequate outgroup selections can produce 

misleading dating estimates (Sauquet, 2013), we included at least three species per 

chameleon genus (when available on GenBank) to provide a robust representation of 

Chamaeleonidae in these dating analyses. Furthermore, to utilize as many fossil calibrations 

as possible, we included several major representatives of the superorder Lepidosauria 

totaling 22 squamate taxa plus Sphenodon punctatus (Table S1). In some cases, chimeric 

sequences were constructed using more than one species from the same genus for these 

more distantly related groups (Pyron et al., 2013). We enforced monophyly for six 

chameleon genera based on the relationships recovered in the family level phylogeny of 

Tolley et al. (2013) (i.e., Calumma + Furcifer; Bradypodion + Nadzikambia; Trioceros + 
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Kinyongia), because initial runs produced topologies inconsistent with interspecific 

relationships among chameleon genera, most likely due to incomplete taxon sampling at the 

family level in our phylogeny. Fossil calibrations were placed on nine nodes that correspond 

to some of the oldest known fossils of Lepidosauria (Table 2). Secondary calibrations were 

placed on five nodes to achieve temporal congruence with the most comprehensive time-

calibrated chameleon phylogeny published to date—dating analyses that were based on 12 

genetic markers and included over 90% of all named chameleon species (Tolley et al., 2013). 

For each calibration, we used a translated log-normal distribution, with an offset equal to the 

age of the fossil or node split. The treatment of date estimates from independent molecular 

analyses as point calibrations without consideration of associated error can increase the 

probability of type I errors (Ho and Phillips, 2009). We attempted to mitigate this potential 

pitfall by accounting for calibration uncertainty in our use of dates from Tolley et al. (2013) 

and including multiple primary calibrations rather than relying on a single point calibration 

(Graur and Martin, 2004). We estimated phylogenetic relationships from five concurrent 

runs of 100 million generations each and we sampled trees every 5,000 generations. We used 

the program LogCombiner to combine the trees produced from the five runs, which resulted 

in 100,000 trees. We discarded 10% of the trees (10,000 trees) as burn-in and summarized 

parameter values from the posterior probabilities on the maximum clade credibility tree 

using the program TreeAnnotator. The program Tracer was used to confirm stationarity and 

adequate ESS of the posterior probabilities (> 200 for each estimated parameter). Bayesian 

posterior probabilities ≥ 95% were considered as strong support.

3. RESULTS

3.1. Sampling, sequencing, and evolutionary models

We generated 138 new sequences of three genetic markers for a multilocus data set 

consisting of 2045 bp per sample (16S: 450 bp; ND2: 690 bp; RAG1: 905 bp). There were 

no gaps in the alignments of any of the three loci after we conservatively omitted a 

hypervariable region consisting of 16 bp from the 16S ribosomal gene. The most appropriate 

substitution models estimated for each locus were GTR+G for 16S; GTR+G for ND2 1st 

codon position, HKY+G for ND2 2nd codon position, TrN+G for ND2 3rd codon position; 

and HKY+G for RAG1 1st and 2nd codon positions, K80 for RAG1 3rd codon position.

3.2. Gene trees and genetic distances

Phylogenetic relationships among Rhampholeon species, reconstructed from the 

concatenated data set, were similar and with comparable node support using BI and ML 

methods. Six distinct clades representing R. boulengeri were recovered (Fig. 1). The recently 

described species R. hattinghi, endemic to Mount Nzawa in the southern AR, was recovered 

with strong support as sister to the R. boulengeri clade. A population of R. cf. boulengeri, 
collected from high-elevation forests of the Itombwe Plateau in eastern DRC (R. sp. 

Itombwe), formed a distinct clade that was weakly supported as sister to R. sp. 3. 

Rhampholeon sp. 1 contained samples from populations occupying mid to high-elevation 

forests in eastern DRC, southwestern Uganda, and the Yala Nature Reserve near Kakamega 

Forest Reserve in western Kenya. Rhampholeon sp. 1 was recovered as sister to R. sp. 2 

(with strong support in BI analyses), which comprised widely distributed populations from 
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low and mid-elevation forests in eastern DRC and western Uganda (Figs. 1–3). 

Rhampholeon sp. 3 contained populations from mostly mid-elevation forests of the Itombwe 

Plateau and some high-elevation forests around the southern and western sides of Lake Kivu, 

including Nyungwe National Park in Rwanda and Kahuzi-Biega National Park in DRC 

(Figs. 1–3). Rhampholeon sp. 4 contained two samples collected from high-elevation forests 

of the Rugege Highlands, including Mount Bigugu of Nyungwe National Park and Mpishi 

village near Kibira National Park in Burundi, and was found to be closely related to R. sp. 5, 

which contained populations from high-elevation forests of Bururi Forest Reserve in 

southern Burundi and Rwenzori Mountains National Park in western Uganda (Figs. 1–3).

Pairwise sequence divergences (uncorrected p-distances) between the undescribed lineages 

were generally high and comparable to currently recognized Rhampholeon species (Table 

S2). For the ND2 locus, p-distances ranged from 4.8–6.4% between R. sp. 1 and R. sp. 2; 

6.2–7.3% between R. sp. 2 and R. sp. 3; 4.1–6.6% between R. sp. 3 and R. sp. 4; and 5.8–

7.4% between R. sp. 4 and R. sp. 5. Moreover, p-distance ranges for this locus between 

undescribed clades and R. sp. Itombwe from the Itombwe Plateau were also relatively high: 

4.2–5.9% for R. sp. 1; 5.9–6.2% for R. sp. 2; 3.2–4.4% for R. sp. 3; 5.1–5.2% for R. sp. 4; 

and 5.1–6.4% for R. sp. 5. Lastly, intraspecific p-distances among these species were 

comparatively low (see Table S2).

3.3. Divergence dating

Results from the calibrated dating analyses indicate that the genus Rhampholeon diverged 

from other chameleons in the early Eocene at 53.59 Mya (51.92–56.19 Mya, 95% highest 

posterior densities [HPD]), and initial branching within the genus occurred in the mid-

Eocene at 44.99 Mya (39.29–50.44 Mya, HPD) (Fig. 4). The majority of species-level 

diversification occurred in the Miocene, although several lineages arose earlier (Eocene and 

Oligocene), and a few originated in the Pliocene. The only West African species, R. 
spectrum, diverged in the early Eocene at 41.31 Mya (33.56–47.33 Mya, HPD) from its 

sister clade, which includes species from the Eastern Arc Mountains of Tanzania. The most 

southerly species, R. gorongosae and R. marshalli, also diverged in the Eocene from a sister 

clade containing primarily East African species. The AR clade diverged in the mid-Miocene 

at 18.06 Mya (12.59–23.27 Mya, HPD) from its closest relative, R. acuminatus from the 

Nguru Mountains in eastern Tanzania. The earliest divergence of AR Rhampholeon (i.e., 

split between R. hattinghi and the R. boulengeri clade) occurred near the start of the late 

Miocene at 11.14 Mya (7.68–14.68 Mya, HPD) (Fig. 4). The divergence of R. sp. Itombwe 

from the other five R. cf. boulengeri species (R. sp. 1, R. sp. 2, R. sp. 3, R. sp. 4, and R. sp. 

5) was dated in the late Miocene around 7.16 Mya (5.34–9.01 Mya, HPD). The initial 

divergence within the remaining R. boulengeri clade was estimated in the late Miocene at 

6.25 Mya (4.78–7.72 Mya, HPD), with most of the species-level divergence at the Miocene–

Pliocene boundary around 4–5 Mya (Fig. 4). For example, estimated splits between R. sp. 1 

and R. sp. 2 occurred at 5.33 Mya (3.84–6.81 Mya, HPD); R. sp. 3 was estimated to have 

diverged from the clade containing R. sp. 4 and R. sp. 5 at 5.74 Mya (4.27–7.08 Mya, HPD); 

and the divergence between R. sp. 4 and R. sp. 5 was estimated to have occurred at 5.54 Mya 

(3.69–6.61 Mya, HPD).
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3.4. Species delimitation

The four species-tree analyses recovered similar clade topology and node support values to 

our concatenated gene-tree analyses. The nodes representing R. hattinghi and R. sp. 

Itombwe were generally well-supported across analyses (Fig. 5). Similarly, node support 

values for R. sp. 2 were high in the species trees derived from MP-EST and bPTP, yet 

weaker support for this species was found in the *BEAST species tree. The results from 

GMYC and bPTP differed from *BEAST and MP-EST in that additional species were 

delimited beyond the five cryptic species recognized in the gene-tree analyses of the R. 
boulengeri clade. For example, GMYC recovered four additional species and bPTP six 

additional species, whereas MP-EST and *BEAST both recovered the more conservative 

estimate of five species (Fig. 5). Evaluating the congruent evidence of these four coalescent-

based species-tree inferences leads us to recognize five cryptic species within the R. 
boulengeri clade.

4. Discussion

4.1. Molecular systematics and species delimitation

While our phylogenetic analyses are consistent with the evolutionary relationships across the 

genus Rhampholeon recovered in previous studies (Matthee et al., 2004; Mariaux and 

Tilbury 2006; Fisseha et al., 2013; Tolley et al., 2013; Branch et al., 2014; Tilbury and 

Tolley, 2015), the additional populations sampled from diverse forest environments of the 

Albertine Rift (AR) represent five previously unrecognized species. All of the AR species 

were recovered in the same clade, and importantly, none of the new species were conspecific 

with described Rhampholeon from the AR (i.e., R. hattinghi). We found three pygmy 

chameleon species associated with the Itombwe Plateau, which is likely to be the type 

locality for R. boulengeri (see commentary in Introduction). Because the type specimens 

were not consulted, we did not assign the nominal R. boulengeri to any of the three lineages 

with populations from the Itombwe Plateau, South Kivu Province, eastern DRC. 

Nevertheless, one lineage (R. sp. Itombwe) is likely to be the bona fide R. boulengeri, 
because it is currently endemic to the plateau, but an integrative taxonomic assessment is 

required before names can be appropriately assigned within this clade. The recognition of 

widespread cryptic diversity in R. boulengeri was not entirely unexpected given the 

extensive range of this species and previous accounts that pointed to the potential for cryptic 

species. Indeed, a recent phylogeny by Tilbury and Tolley (2015) showed three distinct 

clades of R. boulengeri across three localities in the AR (samples EBG 1613, 1702 from the 

Itombwe Plateau, eastern DRC; two samples CAS 2016 81–82 from Bwindi Impenetrable 

National Park, southwestern Uganda; and one sample CT 347 from Rwenzori Mountains 

National Park, western Uganda). The comprehensive sampling in our present study that 

included those samples and multiple populations across the range of R. boulengeri in the AR 

and Kenya, allowed for much greater resolution for detecting species, and thus provided a 

far greater understanding of diversity in R. boulengeri across its geographic distribution. In 

particular, we can confirm the two cryptic species recovered by Tilbury and Tolley (2015) 

plus the recognition of at least six cryptic species currently recognized under R. boulengeri. 
The species-level phylogeographical patterns we recovered were indicative of diversification 

in isolation, either due to forest fragmentation (allopatric), or in some cases, elevational 
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zonation (parapatric). Nevertheless, we found that one new species is actually widespread 

(R. sp. 1), extending from eastern DRC to western Kenya, a finding that supports the strong 

affinities of herpetofauna between these highlands (Bwong et al., 2009; Lötters et al., 2007; 

Wagner and Böhme 2007; Wagner et al., 2008). Based on our findings, we speculate that 

observations of R. boulengeri from other localities in the AR and western Kenya likely 

represent one of the new species, or potentially additional novel lineages (e.g., de Witte, 

1965; Spawls et al., 2002; Tilbury, 2010; Stipala, 2014).

Across all four approaches to reconstruct species trees, we consistently found support for the 

recognition of at least six species within R. boulengeri sensu lato (including the nominal 

species). Of the four species-tree reconstruction methods, two directly estimated phylogenies 

based on the genetic data (*BEAST and MP-EST), and these produced a speciation scenario 

most similar to the gene-tree analyses. The other two methods (GMYC and bPTP) assessed 

tree topologies based on the gene trees generated from ML and BI analyses, and these 

produced inflated speciation scenarios relative to the other approaches. We considered that 

the additional lineages delimited by GMYC (four) and bPTP (six) to be artifacts of the 

model and disregarded them as over-split species. The recognition of six species within R. 
boulengeri is based on our conservative interpretation of the results across species-tree and 

gene-tree estimates, which has improved our understanding of diversity in this group at a 

greater resolution than prior studies. These species are morphologically conservative (i.e., 

cryptic), and thus morphological characters reported in historical accounts on the species 

(e.g., Schmidt, 1919) are insufficient to delimit species boundaries in this group. The long-

standing recognition of R. boulengeri as a single species was due to limited sampling across 

the geographic range of the species, lack of topotypic material in previous molecular studies, 

and absence of species-tree approaches to delimit species, which have been shown to 

accurately recover species in empirical tests (e.g., Camargo et al., 2012).

A caveat to the MP-EST results is that the branch lengths in this analysis represent 

coalescent units and not sequence divergences (Liu et al., 2010). It is likely that incomplete 

lineage sorting in the deeper branches of the gene tree led to the recovery of low support for 

some nodes in the species-tree produced by *BEAST (Drummond et al., 2012). Although 

GMYC has been demonstrated to be a useful tool for species-delimitation (e.g., Talavera et 

al., 2013), concerns have been raised regarding spatially induced increases in intraspecific 

genetic variation leading to over-splitting (Bergsten et al., 2012). It has also been 

demonstrated that GMYC can over-estimate the number of species when compared with 

other evidence commonly used in taxonomic studies (e.g., morphology) (Miralles and 

Vences, 2013). Incomplete lineage sorting and loci with different evolutionary rates cannot 

be ruled out as sources of topological incongruence across species-tree analyses (Sistrom et 

al., 2014; Xi et al., 2014).

Although our species-tree analyses provide a suitable scenario for speciation among lineages 

of R. boulengeri, multi-species coalescent models can be misleading, recovering high 

posterior probabilities at the population level rather than the species level (Sukumaran and 

Knowles, 2017). This can be exacerbated by improper parameter selections (Olave et al., 

2014) leading to overestimation of species delimitation (Niemiller et al., 2012; Carstens et 

al., 2013). Regardless, our comparative approach to species-delimitation with a conservative 

Hughes et al. Page 11

Mol Phylogenet Evol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interpretation leads to the same general outcome across the methods, and we are therefore 

confident in our overall interpretation.

Based on monophyly in phylogenetic analyses and supported by morphological characters 

(Klaver and Böhme, 1986; Loveridge, 1956; Matthee et al., 2004), Rhampholeon are divided 

into three sub-genera: Rhampholeon (Rhampholeon) with four species (spectrum, spinosus, 

temporalis, and viridis); Rhampholeon (Rhinodigitum) with 13 species (acuminatus, 

beraduccii, boulengeri, bruessorworum, chapmanorum, hattinghi, maspictus, moyeri, 
nchisiensis, nebulauctor, platyceps, tilburyi, and uluguruensis); and Rhampholeon (Bicuspis) 

with two species (gorongosae and marshalli). These sub-generic allocations have been 

upheld in recent taxonomic investigations of the genus (e.g., Branch et al., 2014). Although 

our the divisions of Matthee et al. (2004), the utility of sub-generic molecular phylogenetic 

results support classifications in systematics is equivocal and thus its usage has become 

generally uncommon in herpetological classifications (e.g., Frost et al., 2009; Frost and 

Hillis, 1990), with some notable exceptions (e.g., Wallach et al., 2009).

4.2. Historical biogeography

The estimated divergence dates we recovered for the genus Rhampholeon closely resembled 

analyses by Townsend et al. (2011) and Tolley et al. (2013), and were roughly similar to 

those by Matthee et al. (2004). The similarity of our dates to the independent ones of Tolley 

et al. (2013) was not entirely unexpected given our co-opting of some dates as secondary 

calibrations. Taxon sampling for Rhampholeon varied across these studies: Townsend et al. 

(2011) included five species; Matthee et al. (2004) included 12; Tolley et al. (2013) included 

13; and we included 18. Our dates were also consistent with the estimates provided by 

Branch et al. (2014) that were derived from a general rate of evolutionary change of the ND2 

marker for several Mozambican Rhampholeon species. The 95% HPD intervals overlapped 

across these studies indicating that multiple independent approaches to divergence dating 

converged on similar estimates for the timing of lineage diversification in Rhampholeon.

In contrast to other studies on East African taxa that found genetic legacies left by 

Quaternary climatic changes (e.g., Cox et al., 2014; Demos et al., 2014; Roy et al., 2014), 

there was no evidence of Pleistocene radiations in Rhampholeon (i.e., no support for the 

Pleistocene Forest Refuge Hypothesis [Mayr and O’Hara, 1986]). Rather, we found evidence 

that paleoendemic lineages persisted in montane forest refugia since the Eocene (i.e., 

support for aspects of the Evolutionary Museum Hypothesis, although in montane regions, 

whereas the hypothesis originally identified lowlands as refugia [Fjeldså and Lovett, 1997]). 

These ancient lineages were maintained in small montane forest refugia during the 

increasingly arid climate of the Pliocene and Pleistocene (e.g., deMenocal, 1995, 2004). 

Diversification dates for forest-dependent Rhampholeon species in our genus-level 

phylogeny generally overlap with those of Couvreur et al. (2008) for diversification of 

African tropical rainforests since the Oligocene and follow general patterns of African forest 

declines during the Miocene presented by Kissling et al. (2012). The high number of ancient 

species confined to small forest fragments suggests that Rhampholeon lineages did not 

immigrate during the early Pliocene when forest connectivity likely increased across East 

Africa (e.g., Maley, 1996; Zachos et al., 2001).
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The estimated divergence dates recovered within Rhampholeon suggest an initial split 

around 45 Mya (± 10 Mya) (this study; Matthee et al., 2004; Townsend et al., 2011; Tolley et 

al., 2013). This divergence does not correspond to two spatially disparate clades, but rather, 

consists of two deeply divergent clades that are generally sympatric at present. One of the 

major clades includes the West African R. spectrum, which split from an East African group 

(R. spinosus, R. temporalis, and R. viridis) around 40 Mya (± 10 Mya), generally coincident 

with the break-up of West/Central and East African forests (Couvreur et al., 2008). The 

other major Rhampholeon clade, which includes all the remaining species in the genus, 

diverged in the Eocene and has remained on the eastern side of sub-Saharan Africa. The 

Eastern Arc Mountains and Southern Rift Highlands harbor a particularly species-rich 

Rhampholeon clade, which first diversified in the Eocene and then underwent extensive 

diversification events during the Miocene, especially in the highlands of Malawi and 

Mozambique. The Central African clade that is restricted to high-elevation forests of the AR 

diverged from a common ancestor with the East African R. acuminatus in the Miocene 

around 18 Mya (± 5 Mya) (this study; Matthee et al., 2004; Tolley et al., 2013). This period 

correlates with some of the initial uplift (Wichura et al., 2010) and subsequent drying of East 

Africa’s climate (Sepulchre et al., 2006), which caused the break-up of forest habitats 

between Central and East Africa.

We found that the Miocene epoch was an important period for diversification of East African 

Rhampholeon species. In the Miocene, the environment of the AR was experiencing 

dramatic changes from both climatological and geological factors, which derive from arid 

conditions induced by a combination of reduced atmospheric CO2 concentrations globally 

(Cerling et al., 1997) and tectonic uplifts that altered climatic patterns in East Africa 

(Sepulchre et al., 2006). Global cooling trends that began after the late Oligocene warming 

heightened during the Miocene, and these drops in temperature altered precipitation patterns 

(Jacobs, 2004; Sepulchre et al., 2006), which increased aridity across the African continent 

(Böhme, 2003; Werdelin and Sanders, 2010; Wichura et al., 2015). A global cooling trend in 

the Miocene is evident from sedimentation records (Pickford et al., 1993), and supported by 

climate-driven faunal turnovers from the fossil record of East Africa (Leakey et al., 1996) 

and the AR (Senut and Pickford, 1994). Rainfall vicissitudes throughout the Neogene across 

Central and East Africa (Pickford, 1992; Wynn, 2003) resulted in drastically transformed 

vegetation patterns (Cerling et al., 1997; Feakins et al., 2005), which manifested in the 

extensive development of savannas (Cerling, 1992; Meadows and Linder, 1993; Jacobs et al., 

1999; Jacobs, 2004) and the interrelated fragmentation of forests (Couvreur et al., 2008; 

Kissling et al., 2012). Not only was the Miocene climate a significant influence, but tectonic 

activities were also drivers of major environmental change in the AR. Initial rifting of the 

AR began around the Oligocene–Miocene boundary (Roberts et al., 2012), and most of the 

geophysical rifting and volcanism in East Africa occurred during the Miocene (e.g., Wichura 

et al., 2010), with increased activity from 10–5 Mya around the Miocene–Pliocene boundary 

(Paul et al., 2014; Macgregor, 2015). These geological changes also shifted climatic patterns 

towards increased aridity and thus reinforced the global weather trends, which were linked 

to substantial decreases in the extent of tropical rainforest across sub-Saharan Africa in the 

Miocene (Kissling et al., 2012). General trends of forest fragmentation during the Miocene 

likely underlie most of the species-level diversification patterns in Rhampholeon, a finding 
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that is similar to East African thicket rats (Bryja et al., 2017) and forest chameleons (Hughes 

et al., in press).

Among the AR Rhampholeon species, diversification events since the mid-Miocene were 

most common, a finding that is similar to several other forest-adapted taxa in the region 

(e.g., Tolley et al., 2011; Greenbaum et al., 2015; Portillo et al., 2015; Larson et al., 2016; 

Hughes et al., in press). Short internodes and low support among the species in the R. 
boulengeri complex are consistent with a rapid radiation event across the Miocene–Pliocene 

boundary (ca. 6–4 Mya). Diversification patterns for the entire genus Rhampholeon are 

consistent with vicariance-driven speciation via forest fragmentation during the Miocene; 

however, this pattern does not fully explain the diversification within the R. boulengeri 
complex. For example, the distribution of R. sp. 5 is extensive yet disjunct, ranging from the 

Rwenzori Mountains to the highlands of southern Burundi. The geologically young 

Rwenzori Mountains (Kaufmann et al., 2015) were surrounded by bodies of water since the 

mid-Pleistocene (Beadle, 1981), which were likely barriers to dispersal. In fact, many 

vertebrate taxa are endemic to this massif (Butynski and Kalina, 1993), including two forest 

chameleon species (Tilbury, 2010). However, we found that R. sp. 5 was present in high-

elevation forests of the Rwenzori Mountains and Bururi Nature Reserve of southern 

Burundi. These two localities are separated by a great distance (> 450 km), and although 

samples from these locales formed distinct clades, we detected minimal intraspecific genetic 

distance between these clades (Fig. S2). Furthermore, we estimated that R. sp. 5 diverged 

prior to the uplift of the Rwenzori Mountains (ca. 3–2 Mya), and thus geological uplift alone 

cannot explain the diversification of this species. It is possible that R. sp. 5 occurs at other 

localities between these sites, but potential populations have yet to be sampled. If the 

allopatric distribution between populations of R. sp. 5 is real, perhaps there were forest 

connections that are now gone, or fluctuations in the historical water levels of the AR crater 

lakes (Salzburger et al., 2014) isolated ancestral populations, and subsequent population-

level extinctions between these sites produced its present-day distribution. Nevertheless, 

there are several endemic species that have widespread, yet disjunct distributions in the AR, 

including one bird (Bradypterus graueri [Kahindo et al., 2017]), three tree frogs (Hyperolius 
castaneus, H. discodactylus, and Leptopelis karissimbensis [Greenbaum et al., 2013; Liedtke 

et al., 2014; Portillo et al., 2015]), and three small mammals (Hylomyscus vulcanorum, 

Lophuromys woosnami, and Sylvisorex vulcanorum [Huhndorf et al., 2007; Demos et al., 

2014, 2015]).

4.3. Elevational zonation and cryptic diversity

A model of allopatric speciation driven by forest fragmentation throughout the Cenozoic has 

been proposed for forest-dependent chameleons (Tolley et al. 2011; Matthee et al., 2004; 

Townsend et al., 2011; Tolley et al., 2013; Branch et al., 2014; Ceccarelli et al., 2014). This 

model fits the pattern of cladogenesis for pygmy chameleons from our genus level 

phylogeny, but is a poor fit within the R. boulengeri complex because we found evidence 

that sister species occur in near sympatry yet occupy distinct elevational zones. The complex 

patterns of cryptic diversity we found in the AR suggest that traditional biogeographic 

barriers for the region may be inadequate to explain the diversity in R. boulengeri, and thus 

we contend that elevational zonation and parapatric speciation have played more significant 

Hughes et al. Page 14

Mol Phylogenet Evol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



roles in generating diversity within this group than previously recognized. Elevational 

zonation as a mechanism of speciation has been well characterized in the Americas for 

amphibians and reptiles (e.g., Arteaga et al., 2016; Kozak and Wiens, 2010; Hutter et al., 

2013; Wake and Lynch, 1976), yet its role in the divergence of African taxa is not well 

understood. Fuchs et al. (2011) found species-level genetic differentiation between montane 

and lowland forms of the bird species Phyllastrephus debilis from the Eastern Arc 

Mountains of Tanzania. However, Cox et al. (2014) found mixed support for an elevational 

gradient speciation model in their study on the songbird genus Zosterops from the Eastern 

Afromontane highlands of Kenya.

In contrast to the Montane Speciation Hypothesis (Fjeldså and Lovett, 1997) that predicts 

geographical isolation will result from the inability of species to adapt to new environmental 

conditions (i.e., allopatric speciation via niche conservatism [Kozak and Wiens, 2010]), we 

argue that the Gradient Speciation Hypothesis (Moritz et al., 2000) is more appropriate to 

explain diversification in the R. boulengeri complex. This hypothesis predicts that sister taxa 

will occupy distinct but adjacent habitats, because new species formation occurred via 

adaptation to different climatic regimes along an altitudinal gradient (i.e., parapatric 

speciation via niche differentiation [Moritz et al. 2000]). The six species of the R. boulengeri 
species complex, five of which are endemic to the region, occur along an elevational 

gradient (800–2,600 m) in the AR and they might be expected to show little genetic 

differentiation across a relatively small area of continuous habitat, yet they exhibit an 

extraordinary degree of genetic diversification. This is significant considering that all of the 

species are members of an ancient clade that diversified in the late Miocene. Furthermore, 

the elevated levels of genetic variation were not accompanied by pronounced morphological 

variation, which is likely because the selection pressures exerted upon the phenotype to 

occupy the leaf-litter ecological niche have been the same across species. Several species in 

the R. boulengeri complex are partly sympatric (e.g., R. sp. 1, R. sp. 2, R. sp. 3, and R. sp. 

Itombwe), but not syntopic because they occur in largely non-overlapping elevational zones 

(Figs. 2–3). These patterns of elevational zonation were likely promoted by parapatric 

speciation, in which adaptation to physical factors such as temperature or differentiation in 

climatic niches initiated processes that lead to species formation. Specifically, pulses of 

forest expansion and contraction throughout the Miocene–Pliocene boundary could be 

invoked to explain a parapatric pattern of high-elevation species (R. sp. 1) as sister to a 

lower-elevation species (R. sp. 2). As historical forests migrated up in elevation, ancestral 

populations may have adapted to novel lower thermal limits and thus physiological 

thresholds changed, and during periods of greater forest connectivity, dispersal to warmer, 

low-elevation forests may have been hampered. A similar scenario may also explain the 

divergence of R. sp. 3 to the clade containing R. sp. 4 and R. sp. 5, and perhaps explain the 

divergence between R. hattinghi and R. sp. Itombwe.

The highest regional concentration of diversity in the R. boulengeri complex (four species) 

is found in the South Kivu Province of eastern DRC. In Kahuzi-Biega National Park, three 

species (R. sp. 1, R. sp. 2, and R. sp. 3) occur along an elevational gradient (800–2030 m), 

and similarly in association with the Itombwe Plateau, three species (R. sp. 2, R. sp. 3, and 

R. sp. Itombwe) occur along a slightly greater elevational gradient (1060–2311 m). The 

extensive volcanism and orogeny in this province (e.g., Pasteels et al., 1989; Kampunzu et 
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al., 1998; Ebinger and Furman, 2003), especially during the Miocene, likely contributed to 

the emergence of new ecological conditions, and thus may account for some of the patterns 

of elevated genetic diversity in pygmy chameleons along elevational gradients in these 

particular highlands.

4.3. Conservation implications

Although pygmy chameleons are considered less threatened by the illegal wildlife trade than 

by habitat loss, several African countries supply large numbers of chameleon exports to 

satisfy international demand (Carpenter et al., 2004; Robinson et al., 2015). In an effort to 

reduce pressure on natural populations for species in the legal trade, all pygmy chameleon 

species were added to CITES Appendix II in 2016, which represents an important first step 

towards the sustainable trade in pygmy chameleons. For these reasons and more detailed 

below, we wish to call attention to several serious threats to the biological integrity of the 

AR that pose challenges to pygmy chameleon conservation. Although the AR is extremely 

biologically diverse (see Plumptre et al., 2007), the amount of unrecognized diversity in 

pygmy chameleons in the AR suggests that the discovery of cryptic taxa in this region is still 

in its initial stages (see Bickford et al., 2007). Moreover, a recent study demonstrated that 

Central Africa is one of the three most under-sampled regions on the continent with respect 

to its herpetofauna (Tolley et al., 2016). The forests that harbor elevated levels of pygmy 

chameleon diversity in the AR face severe challenges from an extremely dense human 

population (Burgess et al., 2007) and international demand for petroleum products (von 

Einsiedel, 2014). Near ubiquitous occupation of land by humans across the AR has imposed 

unprecedented pressures upon its natural environments, especially the forest habitats that are 

being converted to agriculture at an alarming rate (Barnes, 1990; Butsic et al., 2015). 

Political disputes and armed conflict among the various countries of the AR has also 

irreparably damaged many of its natural environments (Glew and Hudson, 2007; Hanson et 

al., 2009; Kanyamibwa, 1998). Adding to these problems is the threat posed by predicted 

climate change (Carr et al., 2013), and a recent model indicated that by 2070, over 40% of 

the AR region will be unsuitable for most of its current ecosystems (Ponce-Reyes et al., 

2017). Unfortunately, these interwoven threats in the AR (Brooks et al., 2004) are rampant 

across tropical biodiversity hotspots worldwide (Mittermeier et al., 2011; Myers et al., 2000) 

and, in part, they underlie the current global extinction crisis (Kolbert, 2014). Exacerbating 

these issues is the rate of species discovery, which is thought to be so slow (Fontaine et al., 

2012) that numerous species will be lost before they are known to science (Costello et al., 

2013). Moreover, declines in biodiversity not only affect ecosystem function (see Loreau et 

al., 2001); they also induce losses to our understanding of character variation via direct 

losses in data. Our understanding of variation across space and through time is what 

evolutionary biology and biogeography are founded upon. To that end, no single type of data 

should be excluded as we endeavor to decipher the history of life on Earth and thus we must 

increase the rate of rescue for as many types of data as possible (e.g., Hughes et al., 2016). 

Lastly, we have identified a significant gap between the taxonomy and the diversity of AR 

pygmy chameleons and because specific names are critical to species conservation, we plan 

to do a follow-up study, using an integrative taxonomic approach, to describe these distinct 

populations as new species.
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Highlights

• Species diversity of pygmy chameleons in the Albertine Rift is 

underestimated

• Rhampholeon boulengeri is a complex of at least 6 species

• Diversification via allopatry underlies genetic patterns in genus-level 

phylogeny

• The R. boulengeri complex exhibits signatures of parapatric speciation

• We discuss the importance of investigating cryptic diversity in the montane 

Afrotropics
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Figure 1. 
Bayesian phylogeny of pygmy chameleon species (genus Rhampholeon) from the Albertine 

Rift, Central Africa, and western Kenya. Color-coded rectangles correspond to the Albertine 

Rift/western Kenya species as follows (from top of phylogeny down): pink – R sp. 1; blue – 

R. sp. 2; yellow – R. sp. 3; green – R. sp. Itombwe; purple – R. sp. 4; red – R. sp. 5; orange – 

R. hattinghi. This color scheme is retained throughout all figures. Uncorrected p-distances 

for the ND2 marker are given as a range for selected species on the right. Nodes supported 

by both ML (≥ 70% bootstrap) and BI (≥ 0.95 posterior probabilities) are denoted with black 

circles, nodes supported by BI only are denoted with white circles, and nodes supported by 

ML only are denoted with grey circles. * = specific locality not available. ** = only 16S data 

were available.
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Figure 2. 
Elevation map of the Albertine Rift, Central Africa showing sampling localities of pygmy 

chameleons (genus Rhampholeon) used in this study. Two samples from western Kenya are 

not shown. Photographs of representative individuals for the new species are displayed on 

the right. Orange square represents the species R. hattinghi.
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Figure 3. 
Elevational zonation of seven pygmy chameleon species (genus Rhampholeon) from the 

Albertine Rift, Central Africa, and western Kenya. The upper and lower known elevational 

limits of species distributions are indicated by colored rectangles. White circles within the 

colored rectangles represent samples used in the phylogenetic analyses. The topology is 

based on the complete phylogeny in Fig. 4.
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Figure 4. 
Bayesian chronogram of the pygmy chameleon genus Rhampholeon. Posterior probabilities 

≥ 95% are denoted by filled circles adjacent to nodes. Numbers near nodes denote mean 

highest posterior densities (HPD) and blue bars at nodes represent 95% HPD.
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Figure 5. 
Comparative species-tree estimations for seven pygmy chameleon species (genus 

Rhampholeon) from the Albertine Rift, Central Africa, and western Kenya. Numbers above 

nodes denote posterior probabilities for the Bayesian analyses *BEAST and bPTP, and 

bootstrap values for MP-EST.
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Table 2

Divergence-date priors for primary (top) and secondary (bottom) calibrations. Node numbers correspond to 

those indicated in Fig. S2. The translated log-normal (TL) zero-offset is presented in millions of years ago 

(Mya), parameter values (mean and standard deviation) follow in parentheses, and posterior (calculated) ages 

are presented as median with 95% confidence interval in parentheses.

PRIMARY CALIBRATIONS

Node TL zero-offset (mean, 
SD)

Median (95% CI) Source

1 238 (1.4, 0.7) 242 (239.4–249.6) Fossil rhynchocephalian from Middle Triassic (Jones et al., 2013)

2 161 (1.8, 1.0) 167 (162.2–192.3) Stem scincomorph Balnealacerta from Middle Jurassic (Evans, 1998)

3 110 (1.8, 1.3) 116 (110.7–161.3) Stem teiids (e.g. Ptilodon) from Early Cretaceous (Nydam and Cifelli, 2002; 
Winkler et al., 1990)

4 61 (1.6, 0.8) 66.1 (62.4–80) Fossil amphisbaenian Plesiorhineura tsentasi from Middle Paleocene (Sullivan, 
1985)

5 128 (1.0, 0.5) 130.7 (129.2–134.2) Fossil lizard Dalinghosaurus longidigitus from Early Cretaceous (Evans and Wang, 
2005)

6 70 (1.8, 1.0) 76.1 (71.2–101.3) Fossil anguid Odaxosaurus from Late Cretaceous (Sullivan and Lucas, 1996)

7 70 (1.8, 1.0) 76.1 (71.2–101.3) Stem acrodont iguanian clade Priscagaminae from Late Cretaceous (Keqin and 
Norell, 2000)

8 70 (1.2, 1.9) 73.3 (70.2–145.6) Fossil pleurodont iguanian Saichangurvel from Late Cretaceous (Conrad and 
Norell, 2007)

9 99 (1.0, 0.5) 101.7 (100.2–105.2) Stem chameleon from Albian-Cenomanian boundary, Cretaceous (Daza et al., 
2016)

SECONDARY CALIBRATIONS

Node TL zero-offset (mean, 
SD)

Median (95% CI) Source

10 62.8 (1.0, 0.5) 64.8 (63.3–68.3) Node 1 by codon in Table S4 (Tolley et al., 2013)

11 51.2 (1.0, 0.5) 53.9 (52.4–57.4) Node 2 by codon in Table S4 (Tolley et al., 2013)

12 47.5 (1.0, 0.5) 50.2 (48.7–53.7) Node 3 by codon in Table S4 (Tolley et al., 2013)

13 45.6 (1.0, 0.5) 48.3 (46.8–51.8) Node 4 by codon in Table S4 (Tolley et al., 2013)

14 33.4 (1.0, 0.5) 36.1 (34.6–39.6) Node 5 by codon in Table S4 (Tolley et al., 2013)
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