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ABSTRACT

Aim East Africa is one of the most biologically diverse regions, especially in terms

of endemism and species richness. Hypotheses put forward to explain this high

diversity invoke a role for forest refugia through: (1) accumulation of new species

due to radiation within refugial habitats, or (2) retention of older palaeoendemic

species in stable refugia. We tested these alternative hypotheses using data for a

diverse genus of East African forest chameleons, Kinyongia.

Location East Africa.

Methods We constructed a dated phylogeny for Kinyongia using one nuclear

and two mitochondrial markers. We identified areas of high phylogenetic

diversity (PD) and evolutionary diversity (ED), and mapped ancestral areas to

ascertain whether lineage diversification could best be explained by vicariance or

dispersal.

Results Vicariance best explains the present biogeographic patterns, with

divergence between three major Kinyongia clades (Albertine Rift, southern

Eastern Arc, northern Eastern Arc) in the early Miocene/Oligocene (> 20 Ma).

Lineage diversification within these clades pre-dates the Pliocene (> 6 Ma). These

dates are much older than the Plio-Pleistocene climatic shifts associated with

cladogenesis in other East African taxa (e.g. birds), and instead point to a scenario

whereby palaeoendemics are retained in refugia, rather than more recent

radiations within refugia. Estimates of PD show that diversity was highest in the

Uluguru, Nguru and East Usambara Mountains and several lineages (from

Mount Kenya, South Pare and the Uluguru Mountains) stand out as being

evolutionarily distinct as a result of isolation in forest refugia. PD was lower than

expected by chance, suggesting that the phylogenetic signal is influenced by an

unusually low number of extant lineages with long branch lengths, which is

probably due to the retention of palaeoendemic lineages.

Main conclusions The biogeographic patterns associated with Kinyongia are

the result of long evolutionary histories in isolation. The phylogeny is dominated

by ancient lineages whose origins date back to the early Miocene/Oligocene as a

result of continental wide forest fragmentation and contraction due to long term

climatic changes in Africa. The maintenance of palaeoendemic lineages in refugia

has contributed substantially to the remarkably high biodiversity of East Africa.
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INTRODUCTION

Understanding historical biogeography and the processes that

generate diversity is central to ensuring the protection of

diversity. Such information is even more essential in the face

of current rapid climate change, occurring currently with

elevated losses of biodiversity (Parmesan, 2006; Chen et al.,

2009; Forister et al., 2010), and substantial anthropogenic

pressures that are already great enough to threaten unique

floras and faunas (Brooks et al., 2002; Driver et al., 2005;

Burgess et al., 2007; Menegon et al., 2008; Forister et al., 2010;

Sinervo et al., 2010). Of particular interest are the tropics,

where high species richness is accompanied by elevated levels

of endemism and highly nested distribution patterns (sensu

Burgess et al., 2007; Mittelbach et al., 2007; Fjeldså & Bowie,

2008). South and Central America provided early examples for

investigation into origins of this elevated diversity (sensu

Haffer, 1969), with a proposed refugial model invoking

allopatric speciation through periodic habitat fragmentation

brought on by Pleistocene glacial cycles (Haffer, 1997). Recent

studies, however, show that the processes contributing to

elevated Neotropical diversity are complex (Colinvaux et al.,

2000; Willis & Whittaker, 2000; Lessa et al., 2003; Carnaval

et al., 2009), and a single explanatory model is not realistic

(Rull, 2008).

Along these same lines, it has been proposed that excessive

endemism in the African tropics is partly due to climatic

stability through the Pleistocene, whereby the region was

shielded from the large climatic fluctuations that caused

repeated local and regional extinctions in higher latitudes

(Fjeldså & Lovett, 1997; Hewitt, 2000). This climatic buffering

may have permitted speciation through ecological diversifica-

tion in areas that remained stable during periods when global/

regional climate change were severe enough elsewhere to force

major shifts in species distributions (Fjeldså & Lovett, 1997;

Fjeldså et al., 1997). Indeed, East Africa contains one of the

highest known concentrations of endemic plants and verte-

brates on Earth (Myers et al., 2000; Lovett et al., 2005), which

is in part due to high species richness and endemism within

Afro-montane forest patches throughout the Eastern Arc

Mountains (EAM) and the Albertine Rift to the west (Burgess

et al., 2004, 2007). These montane forests are relicts of a once

widespread pan-African forest, which became fragmented due

to aridification starting in the early Oligocene, and have

persisted through Pleistocene glaciation cycles, due to Indian

Ocean circulation bringing reliable orographic rainfall (Lovett,

1993a,b; Wasser & Lovett, 1993; Jacobs, 2004). At present, they

are confined to the summits and slopes of mountain blocks

and volcanic cones (e.g. Mount Kilimanjaro) that are separated

by vast expanses of savanna, resulting in what are essentially

forest ‘islands’. In particular, the Eastern Arc Mountains,

which are centred in the Afro-tropics, are considered to have

been climatically stable in general (Lovett, 1993a; Mumbi

et al., 2008; Finch et al., 2009), giving credence to hypotheses

that link elevated diversity and environmental stability

(Fjeldså, 1994).

Although climatic stability of the Eastern Arc Mountains

corresponds well with species richness for many taxa (Fjeldså &

Lovett, 1997; Fjeldså et al., 1997), the differing ages of

topographical features which retain forests could also explain

patterns of richness and diversity (Voelker et al., 2010). East

Africa has undergone orogeny through block faulting for

several hundred million years, with the most recent uplift of

the present-day Eastern Arc Mountains c. 7 Ma. In contrast,

prominent volcanic features of the landscape are much

younger, with the formation of major volcanoes such as

Mount Kenya, Mount Kilimanjaro and Mount Meru all

occurring between c. 1.5 and 2.5 Ma (Griffiths, 1993; Chor-

owicz, 2005; Le Gall et al., 2008; Nonnotte et al., 2008). Major

volcanism continued in some areas through the Pleistocene to

as recently as c. 150,000 years ago (Chorowicz, 2005; Nonnotte

et al., 2008). In the Albertine Rift, considerable volcanism and

uplift also occurred in the Miocene and Plio-Pleistocene, with

substantial activity persisting into the late Pleistocene,

c. 40,000 years ago (Griffiths, 1993; Kampunzu et al., 1998).

Both lava and lahar flows had substantial impact on the region

(Nonnotte et al., 2008) and repeated eruptions would have

devastated forested volcanic slopes and surrounds for hun-

dreds of kilometres (Griffiths, 1993). Thus, patterns of

diversity in forests on block faulted mountains (old) and

volcanic slopes (young and volatile) might be viewed as a

contrast between young and old forests due to geological

history, rather than climatic stability.

Regardless, dated floral and faunal phylogenies have focused

on palaeoclimate to construct hypotheses around events

affecting biogeographical patterns on the African continent

(Bowie et al., 2004, 2006; Couvreur et al., 2008). These in turn

provide insight into competing, but not mutually exclusive

hypotheses to explain these patterns. One such hypothesis is

that high diversity in climatically stable refugia has been

permitted through retention of ‘palaeoendemics’. This hypoth-

esis predicts that there should be multiple ancient lineages in

dated phylogenies (Wasser & Lovett, 1993; Burgess et al.,

1998). An alternative hypothesis is that high diversity in

climatically stable refugia is generated through elevated

speciation rates due to exploitation of novel niches (e.g.

heterogeneous habitats, ecotones), resulting in an abundance

of lineages with recent origins and parapatric distributions

(sensu Haffer, 1969; Terborgh, 1992b).

While some authors support the latter model (sensu

Terborgh, 1992b; Fjeldså & Lovett, 1997; Plana, 2004; Black-

burn & Measey, 2009), multiple examples of both animals and

plants are required to obtain a more comprehensive view of

the most important events that shaped East African biota. A

suite of recent studies in hyper-diverse Madagascar have given

credence to a synergism of processes (for a review, see Vences

et al., 2009) leaving it unclear as to whether the search for a

dominant factor is realistic. It might also transpire that

particular hypotheses work better for specific taxa, with some

taxa displaying the majority of their diversity as palaeoendem-

ics while others show evidence of relatively rapid adaptation

and speciation (Grenyer et al., 2006; Tolley et al., 2008).

Palaeoendemic chameleon lineages in East Africa
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Obtaining dated phylogenies for groups that are particularly

diverse but also restricted to forested habitat is likely to

produce the most useful data to test hypotheses of how refugia

contribute to high endemism and diversity.

In this regard, forest-restricted chameleons are an excellent

group with which to test the competing refugial models. In

general, chameleons have strong associations with vegetation

structure and have limited dispersal capability (Bickel & Losos,

2002; Tolley et al., 2006, 2008, 2010; Measey et al., 2009;

Hopkins & Tolley, 2011), and in East Africa, a species-rich

genus of chameleon (Kinyongia; Tilbury et al., 2006) is

strongly associated with forested habitat (Tilbury et al., 2006;

Mariaux et al., 2008; Menegon et al., 2009). Species of this

genus occur in most of the major inselbergs (e.g. Taita Hills,

Usambara Mountains), on volcano slopes (e.g. Mount Kili-

manjaro, Mount Meru, Mount Kenya), and in mountain

chains (e.g. Rwenzori Mountains and Virunga Mountains) that

have been historically forested (but may presently suffer from

land transformation). These chameleons do not occur in the

surrounding savanna, although a few species can tolerate

altered habitats in formerly forested areas (e.g. small subsis-

tence gardens or ‘shambas’). There are currently 17 described

species in the genus, but other lineages/species may exist

(Menegon et al., 2009).

Using Bayesian phylogenetic dating methods, we tested the

contrasting hypotheses by investigating the evolutionary

relationships within the genus Kinyongia in the context of

East African biogeography. We hypothesized that biogeo-

graphic patterns and evolutionary relationships correspond to

the changes in climate that have driven forest distribution, but

that this will be offset by the relative ages of the topographic

features where forests occur (i.e. old mountain blocks

versus young volcanic features). A phylogeny dominated by

palaeoendemics with non-overlapping distributions for sister

taxa would indicate a good fit for the palaeoendemic model.

Alternatively, the prevalence of recent radiations and para-

patric distributions of closely related sister species (perhaps on

the same mountain block) should indicate that chameleon

diversity is dependent upon an elevated speciation rate model.

Chameleons of this genus have not moved into the expanding

savanna that replaced forest throughout the Miocene and

Pliocene, and therefore are not expected to show extensive

radiations that correspond with habitat changes, as is evident

in other genera, e.g. Bradypodion (Tolley et al., 2006, 2008).

Thus, we expect the palaeoendemic refugial hypothesis to be

more appropriate for this taxon, with its high dependence on

forest habitat.

MATERIALS AND METHODS

Phylogenetic analyses

A phylogenetic analysis was performed on 53 individuals from

the genus Kinyongia using Bayesian inference based on a

2139 bp dataset for two mitochondrial (ND2, 856 bp; 16S,

462 bp) and one nuclear (RAG-1, 821 bp) marker (Fig. 1; and

see Appendix S1 in the Supporting Information). The dataset

included multiple examples from 15 of the 17 described species

[samples of two new species (Nečas, 2009; Nečas et al., 2009)

were unavailable: Kinyongia asheorum from Mount Nyiru and

Kinyongia vanheygeni from the Poroto Mountains]. In addi-

tion, some taxa occur in more than one mountain block or

Tanzania

Kenya

Uganda

Burundi

Rwanda

Nguru

Virunga

Mahenge

Uluguru

Rwenzori

Udzungwa

Mount Meru

South Pare

North Pare

Mount Kenya

Kilimanjaro
Taita Hills

Mount Hanang

East Usambara
West Usambara

0 100 200 30050
Kilometres

Figure 1 Map of East Africa showing major

mountain blocks and volcanic features. Sites

from which chameleons were sampled are

indicated by dots colour coded to the main

biogeographic regions (orange, Albertine

Rift; black, Kenyan Highlands; blue, northern

Eastern Arc; green, southern Eastern Arc;

pink, volcanic mountain cones).
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volcanic mountain, but our sampling included only one

locality (we lacked Kinyongia tavetana from South Pare

Mountains and Kinyongia uthmoelleri from Ngorongoro). In

all purely molecular phylogenies to date, chameleon genera

aside from Brookesia form a polytomy (Townsend & Larson,

2002; Matthee et al., 2004; Tilbury et al., 2006; Tilbury &

Tolley, 2009b; Townsend et al., 2011), so the choice of

outgroup (Bradypodion) is not dependent upon an explicit

sister species relationship between the ingroup and the

outgroup taxa.

Sequences for 33 of these individuals are from earlier studies

(Matthee et al., 2004; Tilbury et al., 2006; Menegon et al.,

2009; Tilbury & Tolley, 2009b) and are available in GenBank

(Appendix S1). For the remaining samples, total genomic

DNA was extracted from ethanol preserved (95%) tail tips,

liver or muscle using the Qiagen DNA Easy extraction kit

(Qiagen Ltd., Crawley, UK) following the standard protocol, or

by salt extraction. Fragments were amplified in 25 lL reaction

volumes containing 2 lL of the DNA extract (c. 25 ng lL)1),

0.25 lM of each primer, 0.2 mM dNTPs, 2.5 mM MgCl2, 10·
thermophilic buffer (50 mM KCl, 10 mM Tris-HCl, pH 9) and

0.25 U Super-Therm Taq DNA polymerase. The polymerase

chain reaction (PCR) profile was 95 �C for 1 min, followed by

35 cycles of 35 s at 95 �C, 30 s at 50–55 �C (primer dependent)

and 1 min at 72 �C, with a final extension at 72 �C for 30 s.

The PCR product was electrophoresed on a 1% agarose gel

containing GoldViewTM (Geneshun Biotech Ltd., Guangdong,

China), and visualized by ultraviolet light. PCR products were

sent to Macrogen (Seoul, Korea) for clean-up and sequencing.

Sequences were checked and aligned with GeneiousPro v. 4.8

(Drummond et al., 2007). All new sequences have been

deposited in the European Molecular Biology Laboratory

(EMBL) (Appendix S1).

The phylogenetic analysis was implemented in MrBayes v.

3.0b4 (Huelsenbeck & Ronquist, 2001). Modeltest v. 3.06

(Posada & Crandall, 1998) was run initially, and indicated that

the GTR+G+I model of DNA substitution was the best fit for

the combined dataset and for mitochondrial markers, but a

simpler model (HKY+I+G) was appropriate for the nuclear

marker. Thus, MrBayes was run specifying six rate categories

(nst = 6) for the mitochondrial markers, and two rate

categories for RAG-1 (nst = 2), plus invariable sites, and the

alpha shape parameter for the gamma distribution to account

for among-site rate heterogeneity. The dataset was constructed

with seven partitions, which were allowed to estimate model

parameters independently for each codon for ND2 and RAG-1,

plus independently for 16S. The Markov chain Monte Carlo

(MCMC) was run three times in parallel (each with four

independent chains) for 10 · 106 generations with trees

sampled every 1000 generations. To ensure that over-param-

eterization would not affect the tree topology or support

values, an additional MCMC was run with only 3 partitions

(one for each marker) using the same model priors as above.

Burn-in was determined by examining stationarity of log

likelihood tree scores, standard deviation of split frequencies,

and an effective sample size (ESS) > 200 for all parameters.

Log-likelihood tree scores for the MCMC reached a plateau

in < 20,000 generations for all runs, but the average standard

deviation of the split frequencies did not stabilize until

5 · 106 generations. Thus, the first 5000 trees were consid-

ered burn-in and were removed from the analysis. The

MCMC was run separately for the nuclear and the mito-

chondrial datasets using the same conditions as above, to

ensure the two types of markers did not produce conflicting

topologies. Nodes with posterior probability ‡ 0.95 were

considered supported. Finally, a maximum likelihood (ML)

search was run in garli v. 1.0 (Zwickl, 2006), using the

GTR+I+G model indicated by Modeltest for the combined

dataset, with all parameters estimated, and a random starting

tree. This analysis was run three times to ensure that

independent ML searches produced the same topologies.

Nodes with a bootstrap value of ‡ 75% were considered

supported in this analysis.

A separate phylogenetic analysis was run to estimate

divergence times using an uncorrelated log normal relaxed

molecular clock in beast v. 1.4.8 (Drummond & Rambaut,

2007). Input xml files were generated in BEAUti v. 1.4.8

(Drummond & Rambaut, 2007) and edited to allow the

parameters to be estimated separately for each data partition

(one for each gene), using a Yule model of speciation, a

random starting tree, and the GTR+I+G model of sequence

evolution. The MCMC was run twice, for 20 million gener-

ations each, and a 10% burn-in, with runs combined using

LogCombiner v. 1.4.8 (Drummond & Rambaut, 2007). There

are no primary calibration points within Kinyongia, so the

beast analysis included two individuals from each Kinyongia

lineage, plus 2–3 representatives from most other genera of

chameleons in order to accommodate two fossil calibration

points. The outgroup consisted of three species from the

chameleon genus Brookesia (Brookesia thieli, Brookesia brygooi

and Brookesia peyrierasi) as this genus has been shown to be a

sister clade to all the other genera (Townsend & Larson, 2002;

Townsend et al., 2011). The beast analysis was run using

several different scenarios for priors on calibration points

(Appendix S2). Two calibration priors were always included

for genera in which fossils have been dated: Chamaeleo

andrusovi, c. 18 Ma (Čerňanský, 2010), and Bradypodion sp.,

c. 5.2 Ma (P. Haarhoff, West Coast Fossil Park, pers. comm.,

2007), providing lower age limits for the genera. Assignment of

priors was guided by previous studies, which suggest that most

chameleon genera probably diverged no earlier than 35 Ma

(Matthee et al., 2004), and that Bradypodion is c. 15 million

years old (Tolley et al., 2008). The choice of priors for the root

node was guided by information from molecular dating

(Matthee et al., 2004; Townsend et al., 2011), based on the

split between Brookesia and the other genera of chameleons

between c. 45 and 75 Ma. Finally, the taxonomic scope of the

dating analysis was widened and beast was run using

outgroup taxa from the family Agamidae (Appendix S2). For

each run, the effective sample size for all parameters was

checked using Tracer v. 1.4.1 (Rambaut & Drummond,

2007).

Palaeoendemic chameleon lineages in East Africa
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Biogeographic analyses

To investigate historical biogeography and generate a hypoth-

esis of dispersion over the landscape for the genus Kinyongia,

ancestral character state reconstruction for biogeographic areas

based on areas of avian endemism (Fjeldså & Bowie, 2008) was

carried out in Mesquite v. 2.74 (Maddison & Maddison,

2006). For each taxon, the present area of occurrence was

coded as belonging to one of five biogeographic areas:

southern Eastern Arc, northern Eastern Arc, volcanoes,

Albertine Rift and the Kenyan Highlands (Fig. 1). Character

history (i.e. areas) was traced on the ultrametric beast tree

using the likelihood reconstruction in Mesquite and the

Markov k-state 1 parameter mode (all states equally probable).

Character states were considered unequivocal when propor-

tional likelihoods were ‡ 0.95.

An index of evolutionary distinctiveness (ED) was investi-

gated (Isaac et al., 2007) using the Tuatara v. 1.01 package for

Mesquite (Maddison & Mooers, 2007). This analysis uses

total branch lengths from tip to root of terminal taxa weighted

by the number of descendant taxa to generate an index of

distinctiveness for each taxon. Essentially, taxa that occur on

long branches will receive higher values of ED than those on

short branches, given the same number of daughter lineages in

a clade. This method also returns high scores for young taxa in

cases where long branches lead to the split between sister

species (Isaac et al., 2007). The analysis was conducted using

the ultrametric tree produced by beast, but did not include an

evaluation of taxa outside the Kinyongia clade. Two other

measures of conservation importance were also estimated, the

equal splits distinctiveness measure (EDc) (Redding & Mooers,

2006) and Vane-Wright et al.’s (1991) measure of taxonomic

distinctness. EDc is similar to ED, whereby terminal branch

length of a taxon is added to the length of all ancestral

branches, which are equally weighted according to the number

of splits in that clade (Redding & Mooers, 2006). Vane-Wright

et al.’s (1991) taxonomic distinctness measure takes into

account the number of branches leading to each terminal,

from tip to root.

Faith’s phylogenetic diversity (PD; Faith, 1992) was

estimated for each mountain block and for each of the five

biogeographic areas. PD differs from other metrics such as

ED, because it is a sum of the phylogenetic diversity of the

species occurring in a geographic area, rather than an index

of the distinctiveness of a single lineage. The ultrametric

dated beast tree was used in conjunction with a presence/

absence matrix coded for the taxa occurring in each

mountain block. PD (using the dated phylogeny, PD is given

as ‘evolutionary age’) was estimated in R 2.5.1 (R Develop-

ment Core Team, 2005) using the ape package (Paradis et al.,

2004) and a script written by R. Grenyer (University of

Oxford, pers. comm.). To determine whether PD in a given

mountain block was different than expected by chance, 10,000

randomizations of PD were performed using the R script (e.g.

Forest et al., 2007) to obtain a null model for comparison to

the observed PD.

RESULTS

Phylogenetic analyses

The phylogeny (Fig. 2) showed three well-supported clades

that correspond to the geographic regions Albertine Rift/

Kenyan Highlands (AR/KH), northern Eastern Arc (NEA),

southern Eastern Arc (SEA). Two reversals of this pattern are

present: one NEA species (Kinyongia tenuis, East Usambara

Mountains) is within the SEA clade, and one SEA species

(Kinyongia fischeri, Nguru Mountains) is within the NEA

clade. Most lineages in the phylogeny are found only in a single

mountain block, with two exceptions (K. tavetana: North

Pare Mountains, Mount Kilimanjaro and Mount Meru and

K. uthmoelleri: South Pare Mountains, Mount Hanang). Levels

of sequence divergence between terminal lineages (Appen-

dix S3) are higher than those found at the species level in other

chameleon genera (Tolley et al., 2004, 2006; Tilbury et al.,

2006; Tilbury & Tolley, 2009a,b).

The effects of different dating scenarios on the divergence

dates were minimal (Appendix S2), with 95% highest posterior

density (HPD) overlapping between scenarios. Only the run

using the agamids as the outgroup taxa showed older dates

across the phylogeny, but all 95% HPD intervals for this run

were markedly larger than in the other runs. Overall, the dating

analysis suggests that the origin of the genus occurred > 30 Ma

(Fig. 3; Appendix S2). The three main clades within Kinyongia

are also ancient, with origins roughly 25–30 Ma. Most

diversification within clades is dated to the mid-Miocene,

although a few extant lineages are more ancient and date to the

early Miocene (e.g. K. uthmoelleri, Kinyongia excubitor, Kin-

yongia uluguruensis). Colonization of extant species from the

North (K. tavetana) and South Pare (K. uthmoelleri) Moun-

tains to the forested slopes of the three volcanoes (Mount

Kilimanjaro/Meru and Hanang, respectively) occurred more

recently (5–6 Ma) but pre-dates the formation of the volcanoes

themselves (Griffiths, 1993; Le Gall et al., 2008). Relatively few

lineages can be dated to the Pliocene, and none to the

Pleistocene.

Biogeographic analyses

The likelihood optimization of ancestral areas show the highest

probability of origin in the southern Eastern Arc (Fig. 4), but

the proportional likelihood is low (0.48), and the result should

be considered equivocal. The distribution over the present

biogeographic regions appears to be rooted deep in the past,

with little subsequent interchange between areas. There are a

few exceptions (Fig. 4), with (1) the movement of species into

the forested slopes of newly formed volcanoes (K. tavetana and

K. uthmoelleri), (2) the Miocene interchange at the contact

zone between the northern and southern Eastern Arc (East

Usambara: K. tenuis, and Nguru: K. fischeri), and (3) the early

divergence of chameleons from the Albertine Rift (Kinyongia

adolfifriderici, Kinyongia carpenteri, Kinyongia xenorhina) and

the Kenyan Highlands (Fig. 3).

K. A. Tolley et al.
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Measures of diversity showed similar patterns to each other.

The analysis of evolutionary diversity (ED) suggests that

exceptionally distinct lineages occur in the Kenyan Highlands

(K. excubitor), the South Pare Mountains (K. uthmoelleri) and

the Uluguru Mountains (K. uluguruensis). The ED values for

these three species are outside the 95% confidence interval of

the mean for ED. Clade-weighted evolutionary distinctiveness

(EDc) showed one addition to the pattern: Kinyongia oxyrhina

from the Uluguru Mountains also lies outside the 95%

confidence interval for the mean of EDc. Vane-Wright et al.’s

distinctness measure appears to be the least sensitive to the

identification of distinctive lineages, with only two taxa,

K. excubitor and K. uluguruensis, falling outside the 95%

confidence intervals for that metric.

Phylogenetic diversity (PD) was highest in the mountain

blocks closest to the coastal plains (Fig. 5), especially East

Usambara, Nguru and Uluguru. In these three mountain

blocks, the species richness (two species each) is not remark-

able (Fig. 5) suggesting that higher PD is not due to a greater

number of species. Randomizations indicated that PD was

actually lower than expected by chance in all of these

mountains, and in several others (East and West Usambara,

Nguru, Udzungwa, Uluguru, Taita Hills, and the Albertine

Rift: P < 0.05, two-tailed comparison of observed PD to

randomized distribution). PD was not different than expected

in the remaining mountains (Kenyan Highlands, Mount

Kilimanjaro, Mount Meru, Mount Hanang, North and South

Pare, and Mahenge), nor was it lower for the volcanic

mountains, than for the mountain blocks. When considering

the biogeographic regions, PD was nearly double in the Eastern

Arc compared with the other areas (volcanoes, Albertine Rift,

Kenyan Highlands). Randomizations, however, indicate that

PD was lower than expected for all areas (10,000 randomiza-

tions, two-tailed comparison to random values), suggesting

that taken as a whole, the phylogeny is over-dispersed.

DISCUSSION

The genus Kinyongia is dominated by ancient lineages, most

dating to the mid- and late Miocene, with a notable lack of

evidence for the Plio-Pleistocene radiation that characterizes

many East African taxa (Terborgh, 1992a,b; Fjeldså & Lovett,

1997; Bowie et al., 2004, 2006; Plana, 2004; Blackburn &

Measey, 2009). The genus is characterized by the retention of

palaeoendemics in stable refugia, and has not undergone

recent radiations into novel heterogeneous habitats. In most

clades, sister species diverged in the mid–late Miocene and the

lack of co-occurring sister species on mountain blocks
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supports a model of divergence in allopatry. While some

species do co-occur on a mountain block, they are either

distantly related (e.g. K. oxyrhina and K. uluguruensis) or a

sister taxon relationship is not supported (e.g. Kinyongia

matschiei and Kinyongia vosseleri). Although sister taxa are

distributed on the Rwenzori Massif (K. carpenteri and

K. xenorhina), it is unknown to what extent their distribu-

tions overlap (Tilbury, 2010). Overall, lineage diversification

reflects vicariance through isolation in refugia, rendering the

elevated speciation rate model inappropriate for Kinyongia.

Although this model is well supported for numerous other

taxa to date, it probably does not explain the exceptional

levels of diversity and endemism for all taxa throughout East

Africa.

The equivocal result for the ancestral area optimization

coupled with the short branch lengths near the root of the

phylogeny points to a widespread distribution for the genus

during the Oligocene, with the break-up of pan-African forest

fragmenting the genus into three main clades at the start of the

Miocene. In addition, the origin of the genus pre-dates the

present Eastern Arc formation. Thus, vicariance associated

with pan-African forest contractions seems to be the best

explanation for both regional and local biogeographic patterns

(rather than colonization from one of the regions).

Historical biogeography

The divergence time estimated for the origin of Kinyongia is

ancient, within the Oligocene, c. 32 Ma (Fig. 3). The overall

timing of this early divergence corresponds to cool conditions

beginning in the late Eocene (Zachos et al., 2001) which

initiated fragmentation of the pan-African forest (Wasser &

Lovett, 1993; Jacobs et al., 1999; Couvreur et al., 2008). Given

that these chameleons are strongly linked with forest habitat

and have not diversified into new habitats (i.e. savanna and

grasslands), it is perhaps inevitable that their biogeographic

patterns mirror that of African forests, which showed major

diversification pulses at c. 33, 17, 8 and 5 Ma (Couvreur et al.,

2008).

The presence of palaeoendemics is ubiquitous within the

phylogeny, given the presence of multiple taxa with long

branches and the lack of closely related sister taxa. As the pan-

African forests disappeared (Wasser & Lovett, 1993) and major

tracts of forests were turned over to open habitats (Cerling

et al., 1997; Jacobs et al., 1999; Jacobs, 2004), Kinyongia would

have been reduced to a few isolated lineages persisting in

montane forest patches, a scenario not unique within chame-

leons. Forest-restricted species of the dwarf chameleons (genus

Bradypodion) are on long branches in the phylogeny (with no
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Figure 3 Bayesian chronogram of phyloge-

netic relationships inferred for Chamaeloni-

dae using beast run i (see Appendix S2).

Fossil calibration points are labelled with C

(Chamaeleo andrusovi) and B (Bradypodion

sp.). Node support with posterior probabili-

ties ‡ 0.95 and maximum likelihood boot-

strap ‡ 75% are indicated with a black circle,

with nodes supported only by posterior

probabilities ‡ 0.95 indicated with an open

circle. Genera outside Kinyongia (grey text)

are included for primary fossil calibration

points. Shaded bars represent 95% highest

probability densities of divergence times

within Kinyongia. Tips are collapsed for each

species and are labelled according to taxon

and the mountain isolate on which each

species occurs. NEA, northern Eastern Arc

Mountains; SEA, southern Eastern Arc
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Highlands. Isolated volcanic cones are indi-
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closely related sister taxa) as a result of extinction filtering

through a reduction in the extent and connectively of southern

African forests in the Miocene (Tolley et al., 2008). However,

unlike Kinyongia, some clades of Bradypodion have successfully

radiated into adjacent open habitats (Tolley et al., 2008),

possibly suggesting that both a palaeoendemic and an elevated

speciation rate model applies to that genus. Although these

models were not explicitly tested, forest-restricted and open-

habitat-adapted sister species also occur in the chameleon

genus Rieppeleon (Matthee et al., 2004). Overall, these findings

suggest that chameleons do not conform to any one model of

speciation. Multiple speciation modes would suggest that

chameleons per se, are able to take advantage of adjacent novel

habitats leading to parapatric (or sympatric) speciation, but

that this has not occurred in Kinyongia despite prolonged

stability of habitats and available alternative niches. Indeed,

patterns of speciation in East African vertebrates can often be

explained by vicariance at some level (Matthee et al., 2004;

Bowie et al., 2006; Blackburn & Measey, 2009; Taylor et al.,

2009; Lawson, 2010) through isolation in refugia, rather than

parapatric speciation (Voelker et al., 2010).

In the present study, the incidence of major episodes of

Miocene lineage diversification suggests that forest re-expan-

sion and connectivity during climatic optima (Zachos et al.,

2001; Couvreur et al., 2008) influenced diversification. Multi-

ple reconnections of forests (Couvreur et al., 2008) are

reflected in the Kinyongia phylogeny by the mid–late Miocene

divergence of K. tenuis (distributed in the northern Eastern

Arc) from members of the SEA clade, and the mid–late

Miocene divergence of K. fischeri (distributed in the southern

Eastern Arc) from members of the NEA clade (Fig. 3).

Connections between the Albertine Rift and the Kenyan

Highlands are considerably older (Fig. 3), and support

hypothesized ancient connectivity between those areas (e.g.

Lovett, 1993a; Fjeldså & Lovett, 1997). Although there is a

possibility of recent corridors linking the Albertine Rift with

the western Kenyan Highlands, this does not appear to have

influenced the current biogeographic patterns in that area for

Kinyongia, as it may have for other taxa (Bowie et al., 2005;

Schick et al., 2005). Since the mid–late Miocene, geomorpho-

logical changes in the Kenyan Highlands brought aridification

by halting the deep westward penetration of Indian Ocean

rainfall, and by altering drainage patterns that had previously

promoted wet corridors (Lovett, 1993a). These events corre-

spond well with the divergence time estimates for K. excubitor

(Kenyan Highlands) from lineages in the Albertine Rift

(Fig. 3). The Highland lineage appears to have remained

isolated from the Albertine lineages since that time, but also to

have remained isolated from the Eastern Arc lineages due to

increasing arid conditions and the establishment of a dry
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corridor between the highlands and the northernmost Eastern

Arc Mountains (Lovett, 1993a).

The late Miocene was a period of renewed aridification and

increase of open habitats, due to changes in global circulation

and tectonic events leading to continental uplift that altered

rainfall patterns (Axelrod & Raven, 1978; Jacobs et al., 1999;

Zachos et al., 2001; Jacobs, 2004; Sepulchre et al., 2006). The

spread of open environments and reduction of forest is

reflected in the phylogenetic tree by a prolonged period with

very little lineage diversification. The most recent diversifica-

tion events appear to be associated within single taxa that

occur in both mountain blocks and on volcanic slopes (e.g.

K. tavetana, K. uthmoelleri), with estimated timing of diver-

sification in the Pliocene. These divergence times pre-date the

emergence of Mount Kilimanjaro, Mount Meru and Hanang

(Griffiths, 1993; Schulter, 1997) suggesting diversification did

not occur in situ. It is likely that forested patches were

periodically widespread in the Pliocene (Plana, 2004), but that

the most recent contractions have left remnant isolated

populations in relict forests on any elevated land mass high

enough to attract substantial orographic rainfall.

Patterns of diversity

While wholesale climate changes since the Eocene have

profoundly changed the African landscape from moist tropical

forest to savanna, many forest fragments persist in East Africa

due to orographic rain as a result of Indian Ocean circulation

(Lovett, 1993a,b; Sepulchre et al., 2006). Although the East

African landscape has undergone much uplift and subsequent

erosion, the present Eastern Arc Mountains were formed

c. 7 Ma by block faulting associated with the East African Rift

System (Griffiths, 1993). The resulting montane forests were

probably stable enough throughout the Pliocene to allow

populations of chameleons to persist despite an overall

transition from forest to savanna across the larger landscape.

Mountain blocks closest to the coastal plains (East Usam-

bara, Nguru and Uluguru) are likely to have received regular

rainfall throughout the history of Kinyongia, and are the same

mountains for which phylogenetic diversity (PD) is highest,

due to the presence of palaeoendemics. This could suggest

that these forests have survived in some form since these

palaeoendemics shared a common ancestor, resulting in a

phylogeny that is characterized by lineage extinction rather

than radiation (or possibly, that many species have yet to be

discovered). The other measures of diversity – evolutionary

distinctiveness (ED), clade-weighted evolutionary distinctive-

ness (EDc) and Vane-Wright et al.’s (1991) measure of

taxonomic distinctness – are basically reflective of lineages

with the longest branch lengths (K. excubitor: Mount Kenya;

K. uthmoelleri: South Pare; K. uluguruensis and K. oxyrhina:

Uluguru Mountains), that is, those with exceptionally distinct

evolutionary histories. Although these species are each evolu-

tionary distinctive, the mountain blocks they inhabit are not

necessarily exceptional in this respect. Only the Uluguru

Mountains have both high PD and two species with high

evolutionary distinctiveness. Unfortunately, we cannot con-

clude that this mountain block is the most diverse overall, as

two species were missing from this analysis (K. asheorum from

Mount Nyiru and K. vanheygeni from the Poroto Mountains),
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and other new species may be unrepresented. Nonetheless, at

this stage it appears that the Uluguru Mountains stand out as

being diverse for Kinyongia as well as for other chameleons

(Matthee et al., 2004).

CONCLUSIONS

The biogeographic patterns associated with Kinyongia are the

result of long evolutionary histories in isolation, resulting in a

genus that is characterized by palaeoendemics. Recent radia-

tion into newer, open habitats has not occurred in this genus.

Phylogenetic diversity is lower than expected by chance, which

suggests there are fewer lineages than expected, pointing to

extinction filtering (and/or undiscovered taxa). Thus, the

overall pattern of diversity is dominated by the presence of

palaeoendemics, with mountain blocks which contain several

of these palaeoendemics having the highest phylogenetic and

evolutionary diversity (e.g. Uluguru Mountains).

The hypothesis that stable climates and heterogeneous

habitats have provided refugia that elevate speciation rates,

while relevant for some taxonomic groups, is not supported

for this genus of forest-dependent chameleons. Sister taxa are

not parapatric on the same mountain blocks, nor is there a

preponderance of recent radiations and young lineages as

would be expected under such a scenario. By explicitly testing

these alternative hypotheses using a dated phylogeny for a

forest-restricted group, we show a lack of congruence with the

best-studied taxa (e.g. birds), and thus a single explanatory

model for the high diversity and endemism of East Africa is

not apparent. This may well apply for other mega-diverse

regions (e.g. Grenyer et al., 2006; Rull, 2008; Vences et al.,

2009). We conclude that efforts towards synthetic biogeo-

graphic hypotheses must be based on diverse and multiple

taxa.
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