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Abstract

Although many studies have documented the effect of glaciation on the evolutionary history of Northern Hemisphere flora and
fauna, this study is the first to investigate how the indirect aridification of Africa caused by global cooling in response to glacial
cycles at higher latitudes has influenced the evolutionary history of an African montane bird. Mitochondrial DNA sequences from
the NADH 3 gene were collected from 283 individual Starred Robins (Pogonocichla stellata, Muscicapoidea). At least two major
vicariant events, one that separated the Albertine Rift from all but the Kenyan Highlands around 1.3-1.2 Myrs BP, and another that
separated the Kenyan Highlands from the northern Eastern Arc, and the northern Eastern Arc from the south-central Eastern Arc
between 0.9 and 0.8 Myrs BP appear to underlie much of the observed genetic diversity and structure within Starred Robin popula-
tions. These dates of divergence suggest a lack of recurrent gene flow; although the Albertine Rift and south-central Eastern Arc
share haplotypes, based on coalescent analyses this can confidently be accounted for by ancestral polymorphism as opposed to recur-
rent gene flow. Taken collectively, strong evidence exists for recognition of four major ancestral populations: (1) Kenyan Highlands
(subspecies keniensis), (2) Albertine Rift (ruwenzori), (3) northern Eastern Arc (helleri), and (4) south-central Eastern Arc, Ufipa and
the Malawi Rift (orientalis). The estimated divergence times cluster remarkably around one of the three estimated peaks of aridifica-
tion in Africa during the Plio-Pleistocene centred on 1 Myrs BP. Further, time to most recent common ancestor (TMRCA) estimates
(1.7-1.6 Myrs BP) of gene divergence between the Albertine Rift and the other montane highlands corresponds closely with a second
estimated peak of aridification at about 1.7 Myrs BP. Collectively, these results suggest that aridification of Africa in response to gla-
ciation at higher latitudes during the Pleistocene has had a profound influence on montane speciation in east and central Africa.

00 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The high amplitude glacial cycling of the upper Pleis-

tocene and its consequent influence on vertebrate specia-
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much criticism with molecular clock estimates suggest-
ing that many (if not most) speciation events predate the
large amplitude glacial cycles of the Pleistocene epoch
(~2 Myrs BP) (Bowie et al., 2004a; Garcia-Moreno and
Fjeldsa, 2000; Klicka and Zink, 1997; Roy et al., 1998,
2000; Zink and Slowinski, 1995). This is not to say that
the high amplitude glacial cycling of the upper Pleisto-
cene has not played an important role in shaping genetic
structure and diversity in vertebrate populations (see
Avise and Walker, 1998; Avise et al., 1998; Johnson and
Cicero, 2004), only that these climatic perturbations may
have had less of an influence on vertebrate speciation
than previously thought.

Much emphasis has been placed on the evolution of
Northern Hemisphere faunas in response to glacial
cycles (e.g., Branco et al, 2002; Hewitt, 1996, 2000;
Klicka and Zink, 1997, 2000; Knowles, 2001; Pfenninger
and Posada, 2002; Taberlet et al., 1998). Few studies
though have attempted to link the high-latitude climatic
perturbations of the Pleistocene with the diversification
of phylogenetic lineages of closely related species (e.g.,
Bowie et al., 2004a; Roy et al., 1998; Voelker, 1999) or
within species in Africa (e.g., Bowie et al., 2004b), or
other lower-latitude biomes (e.g., for Amazonia, Lessa
et al., 2003).

The highly disjunct present-day distribution of Afri-
can montane rainforest fauna and flora presents a bio-
geographical puzzle. Despite the often huge distances
and unfavourable habitat between montane isolates, a
large proportion of montane species reappear in even the
most isolated forests (butterflies: Carcasson, 1964; birds:
Diamond and Hamilton, 1980; Moreau, 1966; Prigogine,
1987; mammals: Kingdon, 1989, 1997; spiders: Griswold,
1991; and flora: Dowsett-Lemaire and Dowsett, 2001;
White, 1983). Prigogine (1987) proposed a climatic-
cycling model of repeated expansion and contraction
events between forest blocks to explain this pattern; dur-
ing wetter periods (inter-glacial at high latitudes) mon-
tane forest expanded to cover low-lying ridges and
contracted again as Africa aridified in response to glaci-
ation at high latitudes. From deep-sea cores, periods of
aridity are estimated to have peaked near 2.8, 1.7, and 1.0
Myrs BP as the periodicity of glacial cycles altered
(deMenocal, 1995, 2004). These changes in African cli-
mate are coincident with a shift to more arid and open
vegetation conditions due to forest contraction, that in
turn have been linked to major steps in the evolution of
African hominids (deMenocal, 1995; Partridge et al.,
1995; Templeton, 2002; Vrba, 1999) and bovids (Vrba,
1985).

If aridification of the Africa continent favoured arid-
adapted species, montane forest species must have been
disadvantaged as suitable habitat was reduced, and dis-
tributions became fragmented. Coupled to this, African
montane forest birds are typically either: (1) sedentary,
rarely dispersing more than a few kilometres from their

natal sites; or (2) exhibit altitudinal movements in the
cold non-breeding season, returning to montane forest
to breed (Dowsett, 1982, 1985; Dowsett and Dowsett-
Lemaire, 1984; Dowsett-Lemaire, 1988, 1989; Moreau,
1966) and are thus likely to show strong phylogeograph-
ical structure.

The a priori expectation of strong phylogeographical
structure among African montane forest birds has been
documented in studies of greenbuls (Roy et al., 1998)
and sunbirds (Bowie et al., 2004a), although vicariance
events were estimated to well predate the Pleistocene.
Since climatic perturbations in Africa during the Plio-
cene (pre 2.5 Myrs BP) are poorly understood, these
studies were unable to provide a link between glaciation-
induced aridification of Africa and montane bird specia-
tion. In an attempt to directly evaluate the relationship
between aridification and montane bird population
differentiation, we focus on the widely distributed
Starred Robin (Pogonocichla stellata, Muscicapoidea)
which, with its many subspecies (Fig. 1; Moreau, 1951;
Oatley and Arnott, 1998), plumage and vocal polymor-
phisms (Moreau, 1951; Oatley and Arnott, 1998), pro-
vides a model organism to investigate the influence of
global climatic perturbations on the genetic structure
and diversity of an African montane bird. Specifically,
we investigate the phylogeographical structure, genetic
variability, and extent of gene flow within and among
populations of Starred Robins across five broad geo-
graphical regions that encompass the spatially complex
montane circle of Africa: (A) Kenyan Highlands, (B)
Albertine Rift, (C) northern Eastern Arc, (D) central
and southern Eastern Arc, and (E) the Ufipa Plateau and
Malawi Rift (Fig. 1).

Given the extent of morphological and vocal diversity
among Starred Robin populations around the montane
circle of Africa (Moreau, 1951; Oatley and Arnott, 1998),
we hypothesise that: (1) arid peaks around 1.7 and 1.0
Myrs BP that initiated a period of large-scale changes in
the amplitude of climatic cycles (deMenocal, 1995) had a
profound influence on the spatial structure of Starred
Robin populations, with vicariant breaks between the five
broad biogeographical regions being closely linked to
these periods of increased aridity, and (2) that gene flow
between some regions is NOW occurring as a consequence
of the onset of more mesic conditions (inter-glacial) facili-
tating population expansion and dispersal and thus possi-
ble secondary contact among previously isolated lineages
(e.g., Bowie et al., 2004b).

1.1. The Starred Robin

The Starred Robin (Pogonocichla stellata) is a small,
brightly coloured forest robin, that typically breeds in
montane forest between 1500 and 2200 m, and occasion-
ally as high as 3300m (Oatley and Arnott, 1998). In the
adult male and female, the head and throat are deep grey-
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Fig. 1. Geographical distribution of the Starred Robin in east and central Africa, as well as the populations and taxa sampled from within the mon-
tane circle of Africa. Bar charts represent the frequency with which haplotypes from each of the seven subnetworks in Figs. 2 and 3 are present in
each region. Populations denoted with an asterisk indicate that a number of haplotypes from other subnetworks are present in low frequency (see

Appendix A for detail).

blue, the upperparts olive, underparts bright yellow, and
the tail patterned black and yellow. The species is named
after the white ‘stars’ on the head (supraloral spots) and
lower throat. The species is distributed in montane forest
extending from the Imatong Mountains in southern
Sudan and Mt. Kulal (ca. 4°N) in Kenya, southwards
across the eastern and central parts of the continent (Fig.
1). In South Africa, where latitude compensates for alti-
tude, the Starred Robin reaches sea level at ca. 34°S. Only
birds in adult plumage are known to breed, thus age at
first breeding is not less than 2 years and more usually
thought to be 3 years (Oatley and Arnott, 1998). In this
study a generation time of 2.5 years was assumed.

The Starred Robin in the southern parts of its distri-
bution is an altitudinal migrant, with females leaving
breeding territories in winter and males tending to
remain resident year round (Dowsett, 1982; Irwin, 1971;
Moreau, 1951; Oatley, 1982; Oatley and Arnott, 1998).
Although Dowsett (1982) suggests that some juvenile
Starred Robins return to their natal sites, Oatley (1982),

in an intensive mark-recapture study of Starred Robin
populations in KwaZulu-Natal, South Africa, estab-
lished that juveniles or subadults locally dispersed away
from their birthplace and seldom returned. Immigrants
from other populations move into forests at the onset of
the subsequent breeding season and recruit into any
vacant territories in the local population (Oatley, 1982).
One important difference between the interpretations on
Starred Robin philopatry is spatial scale. Dowsett (1982)
was, in general, referring to philopatry in the context of
juvenile birds recruiting into populations within the
same geographical region (Nyika Plateau, Malawi). In
contrast, Oatley (1982) was referring to recruitment into
a specific forest population.

2. Methods

Mitochondrial DNA nucleotide sequences for the
NADH 3 gene were collected from 283 individual birds.
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To separate historical processes (e.g., vicariance) from
recurrent processes (e.g., gene flow), a hierarchical ana-
lytical structure was followed. First a phylogeny of the
identified haplotypes was constructed. This was followed
by nested clade analysis (NCA; Templeton et al., 1987,
1992) of the associated statistical parsimony network to
infer population history. NCA is considered an objective
statistical method that attempts to reject a null hypothe-
sis of no association between haplotype variation and
geography, and then interprets significant patterns using
an explicit set of criteria. Temporal information con-
tained in the haplotype tree is used to partition current
processes from historical processes to explain observed
patterns of genetic variation. However, Knowles and
Maddison (2002), in a recent simulation study suggested
that NCA does not always infer the correct demographic
and evolutionary processes that have led to the observed
spatial distribution of haplotypes (but see Templeton,
2004). To test the validity of evolutionary patterns
inferred from the NCA, coalescent modelling of direc-
tional gene flow (Beerli and Felsenstein, 1999, 2001) was
also conducted. Independent analyses that assess con-
cordance of hypothesised processes should provide a
powerful framework for inferring patterns of diversifica-
tion. Finally, to help separate secondary contact/current
gene flow from the confounding effects of ancestral poly-
morphism (see Nielson and Wakeley, 2001) and, to esti-
mate the time of gene divergence versus population
divergence (see Edwards and Beerli, 2000), four parame-
ters were simultaneously estimated using the Bayesian
coalescent sampling method of Nielson and Wakeley
(2001): population size (), time to most recent common
ancestor (TMRCA), population divergence time, and the
extent of gene flow among pairs of populations.

2.1. Population sampling

Tissue or blood samples were collected from 283 indi-
viduals from 58 sites representing 30 populations distrib-
uted around the montane circle of Africa (Appendix A,
Fig. 1). In some cases, sites in the same mountain range
were pooled and assumed to be from the same popula-
tion (e.g., Mafwemiro and Uqwiva Forests in the
Rubeho Mts). Of the seven northern montane subspecies
recognised by Moreau (1951), six were sampled in this
study: keniensis (= intensa + pallidifiava), ruwenzori, gut-
tifer, macarthuri, helleri, and orientalis. No samples of
elgonensis from Mt. Elgon were available. Unique DNA
sequences have been submitted to GenBank under
Accession Nos.: DQ074148-074205.

2.2. Laboratory procedures
DNA was extracted, PCR amplified for the NADH

Dehydrogenase subunit 3 gene with flanking tRNAs
and cycle sequenced as described in Bowie et al. (2004a).

Sequences were obtained from both strands of DNA for
each identified haplotype, as well as from an additional
65 individuals (total 123 individuals) to double-check
that nucleotide bases were consistently called in single-
stranded sequences. For the remaining individuals, only
the forward strand was sequenced. All sequences were
checked using the program Sequencher 3.0 (Gene
Codes) and aligned to the chicken (Gallus gallus)
mtDNA sequence (Desjardins and Morais, 1990) to test
for the presence of any insertions, deletions or stop
codons.

2.3. Phylogenetic analyses

Due to the large number of closely related haplotypes
it was deemed more important to resolve affinities
among the deeper branches of the tree than at the tips.
Consequently, parsimony (MP) analyses were conducted
using the Ratchet (Nixon, 1999), which is reported to be
highly efficient at exploring tree space and therefore,
finding alternative topologies. Search options for the MP
ratchet were: 10% of the characters removed during each
of 10,000 random addition replicates, five trees held for
each iteration, and full tree-bisection-reconstruction
(TBR) branch-swapping was implemented. The MP
ratchet was conducted using NONA (Goloboff, 1999)
running under the WINCLADA interface (Nixon, 1999).
Clade support for the MP analysis was estimated using
1000 nonparametric bootstrap replicates (Felsenstein,
1985).

MrBayes 3.0 (Huelsenbeck and Ronquist, 2001) was
used to conduct a Bayesian approach to phylogenetic
inference. Four Metropolis-coupled MCMC chains (one
cold and three heated chains) were run simultaneously to
optimise efforts to find peaks in tree-space. The General
Time Reversible model of nucleotide substitution with a
gamma distribution (estimated using four rate catego-
ries) and invariable sites (GTR +1+ G) was used in the
Bayesian analyses. A Dirichlet distribution was assumed
for estimation of the base frequency parameters and an
uninformative (flat) prior was used for the topology.
Trees were sampled every 500 generations in each of the
three runs. This resulted in a sample of 20,001 trees (10
million generations), 10,001 trees (5 million generations),
and 2001 trees (1 million generations), respectively. For
each run, the first 25% of sampled trees were discarded.
In both MP and BI analyses trees were rooted with
Sheppardia sharpei and Stiphrornis erythrothorax, two
other related members of the African Robin assemblage
(Irwin and Clancey, 1974; Voelker and Bowie, unpub-
lished data).

Due to the problems associated with the construction
of intraspecific phylogenies (see Posada and Crandall,
2001), a statistical parsimony network among the 58
haplotypes was constructed using the program TCS ver.
1.01 (Clement et al., 2000).
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2.4. Nested clade analyses (NCA)

The Templeton, Crandall, and Sing parsimony algo-
rithm (Templeton et al., 1992) was used as an objective
statistical approach to infer the population history of
Pogonocichla. This is achieved by overlaying the evolu-
tionary relationships among the haplotypes (phyloge-
netic tree/network) wupon a spatial landscape
(geography) of the geographical distributions of haplo-
types and clades, thus integrating both time and space
into a single analysis (Templeton, 2002). The TCS-
derived statistical parsimony network was manually
converted into a series of hierarchically nested clades
using the rules in Templeton et al. (1987) and Templeton
and Sing (1993). Calculation of NCA clade distances
and permutation testing was conducted using the pro-
gram GEODIS 2.0 (Posada et al., 2000). Statistical mea-
sures of significance were determined using the
permutation procedure of Roff and Bentzen (1989) with
10,000 replicates. The most recent version of the infer-
ence key (Templeton, 2004; also posted online as 14 July
2004) was used to interpret results.

2.5. Coalescent-based estimates of gene flow and
population divergence times

Although NCA provides a powerful analytical tool to
infer population history, it does not allow for the estima-
tion of parameters of interest such as gene flow among
populations. Recent advances, based on the coalescent
approach have made it possible to obtain directional
maximum likelihood estimates of gene flow among pop-
ulations while taking into account population structure
and demographic processes (Beerli and Felsenstein,
1999, 2001). These analytical methods overcome the lim-
itations imposed by traditional population genetic mod-
els, which usually rely on the biologically unrealistic
assumptions of equal population sizes and symmetrical
rate of gene flow among populations. Thus, the coales-
cent-based methods probably provide more robust esti-
mates of gene flow than traditional Fg; based methods
(Beerli and Felsenstein, 1999; Bossart and Prowell, 1998;
Nielson and Wakeley, 2001).

There are inherent difficulties in unravelling the evo-
lutionary history of a species, such as the Starred Robin,
that has extensive genetic structure among a series of
allopatric populations. Therefore, coalescent-based esti-
mates of gene flow were used to: (1) seek support of
inferences made using NCA and (2) determine estimates
of gene flow between populations. Ideally, one should
estimate all relevant parameters for the migration model,
along with their likelihoods, but this is currently infeasi-
ble computationally. Pooling individuals into larger
regional populations based on geography is a reasonable
solution to circumvent computational difficulties, as well
as to help resolve problems with estimating migration

rates from small sample sizes (Pfenninger and Posada,
2002). Populations were pooled into five ‘regional’ popu-
lations, representing a priori defined montane areas of
endemism (Bowie, 2003) as follows: (A) Kenyan High-
lands (populations 7-11, Appendix A), (B) Albertine
Rift (populations 1-6), (C) Northern Eastern Arc (popu-
lations 12-17), (D) Southern and Central Eastern Arc
(populations 18-25), and (E) the Ufipa Plateau and
Malawi Rift (populations 26-30).

Even for five populations, when long Markov-Chain-
Monte-Carlo (MCMC, for explanation of this
methodology, see Lewis, 2001) runs are implemented,
computational time can be considerable (weeks). To
make effective use of access to two 20-processor com-
puter clusters available for these analyses, we decided to
split the estimation procedure into several steps. First, a
fully constrained migration parameter model was esti-
mated, where only neighbouring populations exchanged
migrants. Second, the five regional populations were
divided into all possible combinations of groups of three
populations and a fully resolved migration model was
estimated for each of these triplets. Third, the informa-
tion on relative migration rates from these triplet models
was synthesised. Where there was consensus that no gene
flow was taking place among triplets with pairs of popu-
lations in common, parameters between these popula-
tion pairs were set to zero in a migration matrix. This
matrix with user-defined zero migration between some
population pairs (the partial constraints model) was sub-
sequently used to estimate all remaining parameters
among the five regional populations simultaneously. By
eliminating parameters from the model, the statistical
power with which the remaining parameters are esti-
mated is increased. Peter Beerli provided a parallel ver-
sion of MIGRATE, which, together with the standard
Unix version (Beerli and Felsenstein, 1999, 2001), was
used to estimate the above model on the 20-processor
clusters.

For each migration analysis (the full constraints
model, population triplets, and the partial constraints
model), two analytical runs were conducted, an initial
short run, followed by a second longer run. For both
runs, the starting values of the population mutation
parameter and the ratio between the immigration rate
and the respective population and mutation rate per gen-
eration were estimated from Fgr values (Beerli and Fel-
senstein, 1999). For the long run (short run values in
parentheses) 10 short chains, each with a total of 100,000
(10,000) generations and a sampling increment of 1000
(500) generations, and three long chains each with a total
of 1,000,000 (100,000) generations and a sampling incre-
ment of 10,000 (5000) generations were run twice. For
both, the short and long runs, the first 10,000 genealogies
were discarded (the burnin). An adaptive heating scheme
with four chains and a swapping interval of one was used.
For the other settings, default values were implemented.
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Many conventional methods for estimating gene flow
(e.g., Fgr based approaches) are problematic. They do
not allow for the simultaneous estimation of gene flow
and divergence times and thus cannot separate recurrent
gene flow from ancestral polymorphism. MIGRATE
(Beerli and Felsenstein, 1999, 2001) does not do this
either. To overcome this problem, we analysed our
mtDNA sequence data using the Bayesian sampling coa-
lescent-based method of Nielson and Wakeley (2001),
implemented in the program MDIV (Nielson, 2002).
MDIV is able to simultaneously estimate a variety of
parameters: theta (0=2N u), migration rate (M=
2N m), time of population divergence (T=t/N,) and
time to most recent common ancestor (TMRCA =tu)
from the same dataset, where N is the female-effective
population size, ¢ is the generation time, and  is the per
locus mutation rate.

We used MDIV to estimate values of 0, M, T, and
TMRCA for pairwise comparisons of each of the five
biogeographical regions used in the MIGRATE analy-
ses. Each pairwise simulation was repeated three times,
one run of 2 x 10® generations and two runs of 5 x 10°
generations with a 10% burnin. Multiple runs were con-
ducted to determine if convergence in the mode of the
posterior distribution was being reached. A finite-sites
model with upper bounds of 10 migrants per generation
and time of population divergence of 10 units was set as
suggested by Nielson (2002). Values for 0, M, and T were
plotted and the mode of the posterior distribution was
accepted as the best estimate. Where possible, 95% credi-
bility intervals were also estimated for each parameter.
Standardised estimates for 7 and TMRCA are provided
in which each estimate is multiplied by 6 for the respec-
tive pairwise comparison to account for different effec-
tive population sizes and allow for direct comparison
among estimates (Griswold and Baker, 2002). These val-
ues were converted into years before present using the
widely assumed mutation rate of 2% per million years, or
1.915 x 1073 substitutions per site per year, and a genera-
tion time of 2.5 years (for other recent examples using
this methodology see Bulgin et al., 2003; Griswold and
Baker, 2002).

3. Results
3.1. Genetic diversity

A 395bp fragment of the mtDNA coding ND3 gene
with flanking tRNA sequences was amplified (Chicken
mtDNA 10,755-11,150; Desjardins and Morais, 1990)
from 283 individuals representing six subspecies of the
Starred Robin (Pogonocichla stellata). The aligned
sequences were pruned at both the 5’ and the 3’ ends to
remove missing data from the analysed dataset. This
resulted in a final alignment of 383 bp per individual. A

total of 58 unique haplotypes was found (Appendix A).
The largest divergence was 6.3% (Kimura-2-parameter)
between haplotypes 32 and 50 from Kahe Hill at the foot
of Mt. Kilimanjaro (Tanzania) and Choha in the
Ruwenzori Mts (Uganda).

Haplotype and nucleotide diversity were generally
high within populations, with each biogeographical
region having some populations with a comparatively
high number of nucleotide differences from others within
the same region. Within the Albertine Rift, Mambasa
(population 1), the Ruwenzori Mts (population 2), and
Echuya Forest (population 3), exhibited high nucleotide
diversity despite relatively small samples sizes (Table 1).
Nucleotide diversity in Toro (population 4) was more
than 2.5 times greater than any other sampled popula-
tion (Table 1). This was due to the presence of haplo-
types characteristic of both the Albertine Rift and the
South-central Eastern Arc being present at the same fre-
quency (Appendix A, Fig. 1). Mt. Nyiru (population 8)
and Mt. Kenya (population 10) had relatively high
nucleotide diversity levels within the Kenyan Highlands.
In contrast, 13 individuals from Mt. Kulal (population
7) all had the same unique haplotype. The Pare (popula-
tions 13 and 14) and Usambara Mts (populations 16 and
17) were genetically most diverse within the northern
Eastern Arc, and within the southern and central East-
ern Arc, the Udzungwa Highlands (population 15) har-
boured the greatest nucleotide diversity. Southern
populations on Mt. Zomba (population 30) and Namuli
(population 29) in the Malawi Rift and Mozambique
Highlands, respectively, were as genetically diverse as
populations from other regions around the montane cir-
cle. The Ufipa Plateau population (population 26) was
genetically impoverished relative to the neighbouring
Udzungwa Highlands.

3.2. Phylogenetic relationships among the haplotypes

Parsimony analyses (MP) of the 58 sampled haplo-
types yielded 154 most parsimonious trees with a length
of 294 steps (CI=0.61, R1=0.79, Fig. 2). Among the
383 bp analysed, 288 sites were constant, 41 (10.7%) sites
were variable but parsimony uninformative and 54
(14.1%) sites were parsimony informative.

In the MP analyses, very few nodes had greater than
50% bootstrap support (Fig. 2). Similarly few nodes in the
BI analysis had nodes with posterior probabilities of
greater than 95% (Fig. 2). The marginal probabilities of
the BI GTR +G+1 model were estimated as follows: rate
matrix, r[G—T]=1, r[C-T]=38.34, C—-G]=0.89,
"HA—=T]=0.97, r{A—G]=583, and r{A —C]=740; base
frequencies, A =31%, C=32%, G=15%, and T=22%;
o shape parameter G =0.105 and the proportion of invari-
able sites =0.450.

Both analyses were concordant in identifying a few
clusters of haplotypes that largely correlated with
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Average number of differences Nucleotide diversity (x 10%)

Table 1
Genetic diversity indices for the 30 populations of Starred Robin sampled
No. Haplotype diversity
Albertine Rift
1 Mambasa (n=06) 0.73+£0.15
2 Ruwenzori Mts (n=12) 0.85£0.10
3 Echuya Forest (n=3) 1.0+ 0.27
4  Toro(n=4) 1.0+£0.18
5 Virunga Mts (n=2) 1.0+ 0.50
6  Kibira National Park (n=3) —
Kenyan Highlands
7 Mt Kulal (n=13) —
8 Mt Nyiru(n=4) 0.50+0.26
9  Aberdare Mts (n=24) 0.63 +0.09
10 Mt Kenya (n=4) 0.83£0.22
11 Chyulu Hills (n=4) —
Northern Eastern Arc
12 Taita Hills (n = 10) 0.67£0.16
13 North Pare Mts (n=13) 0.79+0.11
14 South Pare Mts (n=15) 0.70+£0.22
15  Kilimanjaro district (n = 6) 0.33+£0.21
16  West Usambara Mts (n = 18) 0.56+0.13
17  East Usambara Mts (n=5) 040+0.24
Southern and central Eastern Arc
18  Nguru Mts(n=1) —
19  Ukaguru Mts (n=1) —
20 Pugu Hills (n=2) —
21  Rubeho Mts (n=39) 0.51 £0.09
22 Morogoro (n=16) 3.5+0.15
23 Uvidundu Mts (n =3) 0.67£0.31
24 Uluguru Mts (n=17) 0.59 +0.13
25  Udzungwa Highland (n = 30) 0.56£0.11
Ufipa Plateau and Malawi Rift
26  Ufipa Plateau (n = 16) 0.32+0.13
27 Mt Rungwe (n=3) —
28 Mt Njesi(n=1) —
29 Mt Namuli (n=6) 0.60£0.13
30 Mt Zomba (n=10) 0.76 £ 0.13

19+13 51+£38
27+x15 7.0+45
27+19 70£6.2
73443 19.1 £13.6
2017 52+64
20+14 52+44
08+£0.6 22+18
1.7+£12 43+38
0.8+0.6 21+£18
26+15 6.8+44
20£13 52441
1.3+09 35+£29
1.8+ 1.1 48432
l.6x1.1 42+34
09+0.7 25+19
04+04 1.0+1.1
1.3+1.1 35+36
0.7£0.5 1.8+ 1.6
1.6+£1.0 43+29
03+£03 08+1.0
24+£15 6.2+45
1.5+10 41430

traditional subspecific designations: (I) 18 haplotypes
from the range of orientalis with a few individuals from
the adjacent range of /helleri in the Pare Mts (Tanzania,
Fig. 2); (II) two groups of haplotypes, (a) haplotype 32
from Kahe, a hill with ground water forest situated
between Mt. Kilimanjaro and the Pare Mts and (b) 13
haplotypes from SE Kenya and NE Tanzania that
include macarthuri from the Chyulu Hills (Kenya, pop-
ulation 11), for which all four individuals sampled had
the unique haplotype 25. Most of the remaining 12
haplotypes are found in the Taita Hills (Kenya), Pare
Mts and Mt. Kilimanjaro. However, the most common
haplotype sampled in this clade, hap. 2, is found dis-
junctly from NE Tanzania to Mt. Zomba (Malawi) and
Mt. Namuli (Mozambique). Hap 35, which is closely
allied with members of clade II, was sampled at Mt.
Kilimanjaro and Mt. Meru (Tanzania). Thus, the range
of guttifer may include Mt. Meru, but with only one
sample from Mt. Meru, it is not reasonable to make
definitive conclusions, especially considering that spec-

imens from Mt. Meru are ascribed to keniensis based
on morphology (Keith etal, 1992; Moreau, 1951).
Excluding the Mt. Meru haplotype, the birds from the
Kenyan Highlands (keniensis) form a monophyletic
clade (clade III). Two haplotypes (hap. 4 and 45) were
sampled from the 16 individuals from the Ufipa Pla-
teau (clade IV). The most common of these, hap. 4, was
found at low frequency in populations of both the cen-
tral and northern parts of the Eastern Arc. Clades V-
VII are collectively from the Albertine Rift, and consti-
tute the northern half of the range of the subspecies
ruwenzori (Fig. 1).

The largest average divergence value (4.33%) among
the seven haplotype clusters (Fig. 2) was between Clade
V (Ruwenzori Mts and SW Uganda) and the northeast-
ern Arc (Clade II, Table 2). The lowest (0.77%) was
between the Ufipa Plateau (Clade IV) and the geograph-
ically adjacent south-central Eastern Arc (Clade I).
Divergence values within the Kenyan Highlands (Clade
111, keniensis) are almost double that for any other
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Fig. 2. Strict consensus of 154 equal length trees (L =294, CI1=0.61, RI =0.79) obtained using the parsimony ratchet. Seven clades of haplotypes
were identified, which do not corroborate current subspecies boundaries (Fig. 1). Values below the nodes represent bootstrap support from 1000 rep-
licates and values above the nodes BI posterior probability values from a 10 million generation run (burnin = 5000 trees, or 250,000 generations).
Nodes are labelled only if supported by greater than 50% bootstrap support or a posterior probability greater than 95%.

regional population. This is largely due to Mt. Nyiru at ruwenzori) are generally higher (2.41-3.54%) than
the southern end of Lake Turkana having two divergent between the Kenyan Highlands and the Eastern Arc
haplotypes (hap. 42 and 43). Divergence values between (2.79-2.86%), or between the northern and southern
populations within the Albertine Rift (Clades V-VII, Eastern Arc (1.85%).
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Table 2

Average sequence divergence (Kimura-2-parameter) within (diagonal) and between haplotypes belonging to the seven subnetworks demarcated in

Fig. 3 (mean below diagonal, standard deviation above diagonal)

| II 11 v \% VI VII
South/Central Eastern Arc & Malawi Rift (I)  0.60 £0.18 0.36 0.54 0.19 0.38 0.58 033
Northern Eastern Arc (II) 1.85 087+042 0.51 0.35 0.60 0.60 0.24
Kenyan Highlands (I1I) 2.79 2.86 1.56 £1.01  0.50 0.67 0.61 043
Ufipa Plateau (IV) 0.77 1.40 2.34 036+0.16 030 0.55 0.20
Ruwenzori Mountains & Kabale (V) 3.57 433 392 3.08 095+038 0.56 0.31
Kibira National Park (VI) 3.67 3.69 3.6 3.16 3.19 0.75+044 032
Virunga Highlands (VII) 3.15 322 2.96 2.74 3.54 241 0.55+£0.0

Subnetworks V-VII occur within the Albertine Rift.
3.3. Statistical parsimony network and nested design

Evaluation of the limits of statistical parsimony sug-
gest that topologies connecting haplotypes by eight
steps or fewer have a cumulative probability of greater
than 95% being connected in a parsimonious fashion
(i.e., without homoplasy). The inference of the haplo-
type network with the TCS program resulted in a net-
work that can be broken into seven subnetworks (Fig.
3), which match those recovered in the phylogenetic
analyses (Fig. 2). The seven subnetworks are: (I) the
south-central Eastern Arc and Malawi Rift, (IT) north-
ern Eastern Arc, Chyulu Hills, Mt. Kilimanjaro and
Mt. Meru, (IIT) Kenyan Highlands, (IV) Ufipa Plateau,
(V) Ruwenzori Mts, northern Kabale and mountains
to the southwest of Lake Edward, (VI) Kibira National
Park, and (VII) the Virunga Highlands. Several muta-
tional steps indicated by solid circles, representing
either unsampled or extinct haplotypes separate the
subnetworks from each other. Subnetworks I and II,
are characterised by a star-like pattern, where the cen-
trally located common ‘ancestral’ haplotype (Crandall
and Templeton, 1993) is connected to several more
recently derived haplotypes. Subnetwork V is ambigu-
ously connected to subnetworks I, I1I, and VI (broken
lines in Fig. 3) and an internal loop is suggested
between haplotypes 47 and 49. These ambiguities result
from the presence of more than one parsimonious con-
nection between haplotypes.

In the final nested design, it makes little difference on
how the loop within subnetwork V is resolved, as alter-
native nested designs do not change any of the inferred
results in the NCA analyses. More difficult to resolve is
how to link subnetwork V to the remaining network.
The MP analysis (Fig. 2) suggests that all three subnet-
works (V, VI, and VII) encompassing the Albertine
Rift form a monophyletic clade, which is sister to the
Kenyan Highlands (III). Thus, we connected subnet-
work V to VI, Kibira National Park, because these sites
fall within the same montane area of endemism and
because of the hypothesised phylogenetic affinities.
Strictly applying the nesting rules of Templeton et al.
(1987) and Templeton and Sing (1993) results in
the following higher level nesting structure [(3-1 + 3-2)

(3-3 + 3-4)(3-5 + 3-6)], which form three 4-step clades in
the final 5-step cladogram. This nesting structure, how-
ever, splits the Albertine Rift into two discreet groups,
clade 3-4 (subnetwork VII from the Virunga Volca-
noes) is united with the Kenyan Highlands, to the
exclusion of the remaining Albertine Rift clades. This
does not agree with the parsimony relationships among
the different haplotypes (Fig. 2), where all haplotypes
from the Albertine Rift form one monophyletic clade.
As a result we repeated the NCA analyses using a
simplified nesting structure [(3-1 +3-2+3-3) (3-4+3-5+
3-6)], which united the Kenyan Highlands with the
Eastern Arc and Malawi Rift, but also united the three
Albertine Rift subnetworks (V-VII) into a single 4-step
clade. This is hereafter referred to as the preferred nest-
ing structure (Fig. 3).

3.4. Nested clade analyses and inferred population history

The inferred population history underlying intraspe-
cific genetic structure in the Starred Robin is domi-
nated by the interaction of expansion events
(dispersal-contiguous range expansion, isolation by
distance) and contraction events (vicariance—fragmen-
tation), which have occurred repeatedly, at multiple
nested levels, during the Pleistocene (Figs. 4 and 5,
Table 3).

Examining the significant geographically structured
nesting levels suggests a number of processes occurring
at different times throughout the Pleistocene. Genetic
diversity in Starred Robin populations from the south-
central Eastern Arc and Malawi Rift (subnetworks I
and IV, clades, 2-1 and 1-1) appear to be driven by
restricted gene flow with isolation by distance, or con-
tiguous range expansion (Table 3). These evolutionary
mechanisms are not opposed because both indicate an
expansion of the ancestral range. Two fragmentation
events were inferred. The more recent one (clade 1-7 in
subnetwork II) separates the volcanic Chyulu Hills
(hap. 25) from the rest of the northern Eastern Arc, and
the older (clade 3-2) infers a fragmentation between the
high volcanoes of Mt. Kilimanjaro and Meru from the
older highlands of the Eastern Arc. At the 4-step clade
level, two fragmentation events were also inferred: the
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Fig. 3. Statistical parsimony network for the 58 Starred Robin haplotypes sampled with associated nested design; 1-step clades (narrow black lines),
2-step (broad grey lines), and 3-step clades (broad black lines). Each line in the network represents one mutational step. The five haplotypes with
highest frequency are represented within circles, the area of which is proportional to the frequency with which the haplotype was sampled. Solid cir-
cles represent intermediate haplotypes that are necessary to link all observed haplotypes to the network. The intermediate haplotypes were either not
sampled or have become extinct. Dotted lines point to ambiguities within the network, where there is more than one parsimonious way to make a
connection. Seven subnetworks can be identified (I-VII), and are the same as those depicted in Fig. 2.

first leading to the separation of the Kenyan Highlands Within the Kenyan Highlands (subnetwork III, clade
from the northern Eastern Arc and, the second splitting 3-3), a relatively deep intraspecific genetic divergence
the Eastern Arc into a northern and south-central clus- (1.5%) exists between haplotypes from Mt. Nyiru and

ter of mountains (Fig. 5). the central Kenyan Highlands, Mt. Kenya, the
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Fig. 4. Summary of the statistical results of the nested clade analysis of geographical distances for the 58 Starred Robin mtDNA haplotypes sampled.
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Aberdares and hills in eastern Maralal. At lower levels
(clade 1-17), restricted gene flow with some long distance
dispersal is inferred between the central Kenyan High-
lands, Mt. Kenya and Mt. Kulal.

Three subnetworks of haplotypes occur within the
Albertine Rift (V, VI, and VII). Their evolutionary ori-
gins depend on how the higher level clades are nested.
Under the preferred nesting structure with two 4-step
clades [(3-1+3-2+3-3) (3-4+ 3-5+3-6)] an old contigu-
ous range expansion is inferred within the Albertine Rift.
If three 4-step clades are used [(3-1 + 3-2) (3-3+3-4) (3-5
+ 3-6)] then haplotypes from the Virunga Volcanoes are
nested with clade 3-3 from the Kenyan Highlands, sug-
gesting that these areas may have been more recently
connected.

The inference for the total cladogram (5-step clade) in
either the preferred (clades 4-1 and 4-2) or alternative
network (clades 4-1, 4-2, and 4-3) suggests that past frag-
mentation between the Albertine Rift, Kenyan High-
lands, and Eastern Arc has historically shaped genetic

variation among Starred Robin populations distributed
around the montane circle of Africa (Table 3, Fig. 5).

3.5. Gene flow and the confouding influence of ancestral
polymorphism

For the long and short runs (see Section 2), similar
results were obtained, although the 95% confidence limits
in the long run were smaller. In the full constraints model,
where gene flow was limited to only neighbouring popula-
tions, no discernible gene flow was detected between the
Kenyan Highlands (region A, Fig. 6) and Albertine Rift
(region B, Fig. 6), or between the Kenyan Highlands and
the northern Eastern Arc (region C) including surround-
ing volcanoes, Mt. Kilimanjaro, Mt. Meru, and the Chy-
ulu Hills, supporting results of the NCA at the total
cladogram (5-step clade) level. A negligible amount of
gene flow (4Nm<1) was inferred between the northern
(region C), and the central and southern parts of the East-
ern Arc (region D), with a slight asymmetry from south to
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Fig. 5. Graphical summary of the major demographic events underpinning genetic diversity and structure in the Starred Robin that were identified

using NCA (Fig. 4) and the preferred network structure (Fig. 3).

Table 3
Interpretation of the results of Fig. 4 using the most recent version of
the inference key (Templeton, 2004, posted online as 14 July 2004)

Clade  Chain of inference Demographic event inferred®

Preferred nested structure ((3.1+3.2+3.3) (3.4+3.5+3.6))

1-1 1-2-11-17-NO Inconclusive outcome (CRE or IbD)

1-7 1-2-3-4-9-NO Past fragmentation

1-17 1-2-11-12-13-YES LDC possibly coupled with
subsequent fragmentation

2-1 1-2-11-17-4-NO IbD

3-2 1-2-3-4-9-NO Past fragmentation

3-3 1-2-? Inconclusive outcome (CRE or IbD)
4-1 1-2-3-5-15-NO Past fragmentation

4-2 1-2-11-12-NO CRE

Total 1-2-3-5-15-NO

Alternative nested structure ((3.1+3.2) (3.3+3.4) (3.5+3.6))
4-1 1-2-11-12-NO CRE

4-2 1-2-? Inconclusive outcome (CRE)
4-3 1-2-11-12-NO CRE

Total 1-2-3-5-15-NO Past fragmentation

Past fragmentation

Demographic inferences are presented both for the preferred nesting
structure as well as the alternate nesting structure. One-step, 2-step,
and 3-step clades remain the same for both nesting structures.

& Abbreviations: CRE, contiguous range expansion; IbD, restricted
gene flow with isolation by distance; LDC, long distance colonisation.

north. Similarly, low values of gene flow (4Nm=1.3) from
the Albertine Rift (region B) to the Ufipa Plateau and
Malawi Rift (region E) were detected but only in one
direction. Considerable gene flow occurs between the cen-
tral and southern Eastern Arc (region D), and the Ufipa
Plateau and highlands of the Malawi Rift (region E), with
a strong asymmetry from the Eastern Arc towards the
more southerly populations (Fig. 6).

Three population sets, for all possible combinations
among the five regions considered were used to develop a
more complex, but realistic model of gene flow among
Starred Robin populations. As in the full constraints model,
results suggested that no, or negligible gene flow occurred
between (1) the Kenyan Highlands (region A, Fig. 6) and
the Albertine Rift (region B), (2) between the Kenyan High-
lands and the southern and central Eastern Arc (region D),
Ufipa Plateau and Malawi Rift (region E), or (3) between
the Albertine and Malawi Rifts. In the partial constraints
model the above migration parameters were set to zero (no
gene flow), allowing the parameters to be estimated within
the final model to be reduced from 25 to 17.

Coalescent analyses of the partial constraints model
produced results among neighbouring populations as
described above, but provided additional insights. (1)
Gene flow is biased from the central and southern East-
ern Arc (region D) towards the northern Eastern Arc
(region C), with negligible gene flow in the opposite
direction. (2) There is considerable genetic exchange
between the northern Eastern Arc and surrounding
volcanoes (region C) and, with the highlands of
Malawi Rift (region E). A strong asymmetrical bias
exists from north to south (Fig. 6). (3) A small amount
of gene flow was inferred to occur between the Alber-
tine Rift (region B) and the south-central Eastern
(region D) Arc (Fig. 6).

The detection of gene flow, all be it small between the
Albertine Rift (region B) and the south-central Eastern
Arc (region D) is surprising, as it suggests that a bird
which is known to only breed in montane forest, is
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Fig. 6. Estimated migration parameters for the full constraint and partial constraint models of gene flow using MIGRATE. In the full constraint
model of gene flow only neighbouring populations can exchange immigrants. The partial constraints model of gene flow was generated by first ana-
lysing all possible combinations of three-regional population triplets. Where gene flow was consistently negligible between two populations in all
triplets bearing these populations, the parameters in the matrix were set to zero. This has the effect of reducing the number of parameters to estimate
from 25 to 17, thereby increasing statistical power. Lines, which are dotted represent a migration rate of 4Nm < 0.5. Solid lines are proportional to the
extent to which immigration between two populations is taking place. Regional populations are: (A) Kenyan Highlands, (B) Albertine Rift, (C)
Northern Eastern Arc, (D) Southern and central Eastern Arc and (E) Ufipa Plateau and the Malawi Rift.

actively dispersing across the savannah plains of the
interior of Tanzania. This is in spite of the gene flow
models suggesting that there is no dispersal between
regions B and E, although there are highland forest
patches along Lake Tanganyika (Figs. 1 and 6).

The coalescent simulation results obtained using
MDIV exactly mirror the gene flow estimates obtained
using the coalescent likelihood approach implemented in
MIGRATE, with one important exception (Table 4). A
negligible amount of gene flow (4Nm = 0.34 (0.08-0.96))
was estimated between the Albertine Rift (region B) and
south-central Eastern Arc (region D). Coupled with one
of the oldest estimates of population divergence at 1.2
Myrs BP, this result is consistent with a model of large
divergence times with very small to no migration
(=incomplete lineage sorting) rather than a model of
short divergence times and low migration rates (recur-
rent gene flow). Therefore, it is doubtful that birds are
dispersing across central Tanzania, and more likely that
the haplotypes shared between the Albertine Rift (region
B) and south-central Eastern Arc (region D) are a conse-
quence of incomplete lineage sorting. Again these results

corroborate the NCA results (Fig. 5, Table 3), which
suggest these two populations were among the first to
become isolated.

3.6. Estimates of gene versus population divergence times

Based on coalescent estimates of divergence times,
gene divergence (when haplotypes first start to differenti-
ate) took place between 1.6 and 1.0 Myrs BP. The Alber-
tine Rift (region B, Fig. 6) appears to have been the first
population to become isolated from the Eastern Arc
(regions C and D), Ufipa and Malawi Rifts (region E)
between 1.3 and 1.2 Myrs BP. The Albertine Rift appears
to have maintained a connection with the Kenyan High-
lands (region A) for a longer period of time, but became
isolated from the Kenyan Highlands at around 0.9 Myrs
BP, roughly the same time that the Kenyan Highlands
became isolated from Eastern Arc between 0.9 and 0.8
Myrs BP. The northern (region C) and south-central
Eastern Arc (region D) also diverged from each other at
roughly the same time (0.8 Myrs BP) as the Kenyan
Highlands became isolated from the Albertine Rift.
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Given the inherent error associated with estimating
divergence dates from molecular data, the estimates
above should not be considered as absolute but rather as
a rough guide to relative times of divergence among the
five regions considered. Unfortunately, MDIV does not
allow for confidence limits to be estimated around the
TMRCA. The large disparity in estimates of TMRCA
(gene divergence) versus population divergence (7) sug-
gests that gene flow (Fig. 6, Table 4) has started to
obscure the phylogeographical structure between popu-
lations in the Eastern Arc and Malawi Rifts.

4. Discussion

Genetic structure and diversity within populations of
the Starred Robin distributed around the montane circle
of Africa appears to have been initiated by at least two
major vicariance events (5- and 4-step NCA clades in
Fig. 5, Table 3), one that separated the Albertine Rift
from all but the Kenyan Highlands 1.3-1.2 Myrs BP
(Table 4), and another that separated the Kenyan High-
lands from the northern Eastern Arc, and the northern
Eastern Arc from the south-central Eastern Arc between
0.9 and 0.8 Myrs BP (Table 4). These values correspond
with a lack of recurrent gene flow (Figs. 5 and 6, Table
4). The Albertine Rift and south-central Eastern Arc
populations share haplotypes, but based on coalescent
analyses, this can confidently be accounted for by
ancestral polymorphism as opposed to recurrent gene
flow (Table 4). Taken collectively, strong evidence exists
for recognition of four major ancestral populations:

Table 4

(1) Kenyan Highlands (subspecies keniensis), (2) Alber-
tine Rift (ruwenzori), (3) northern Eastern Arc (helleri)
and (4) south-central Eastern Arc, Ufipa and the Malawi
Rift (orientalis). Given the possibility of natal philopatry
(Dowsett, 1982) and recognition of extensive plumage
and vocal variation by the description of a relatively
large number of subspecies (Moreau, 1951; Oatley and
Arnott, 1998), this is perhaps not surprising and matches
our a priori expectations.

The estimated population divergence (7)) of the Alb-
ertine Rift from the Eastern Arc, Ufipa and Malawi
Rifts dates to between 1.3 and 1.2 Myrs BP, and the sub-
sequent isolation of the remaining populations (except
regions D and E—south-central Eastern Arc, Ufipa and
the Malawi Rift) to around 0.9-0.8 Myrs BP. These
putative dates correspond remarkably with one of three
estimated Plio-Pleistocene peaks of aridification in
Africa (approx. | Myrs BP), which are thought to have
occurred in response to a shift to larger amplitude glacial
cycles interspersed with relatively short humid periods
(deMenocal, 1995, 2004). Further TMRCA estimates
(1.7-1.6 Myrs BP) of gene divergence between the Alber-
tine Rift and the other montane highlands corresponds
closely with a second estimated peak of aridification at
about 1.7 Myrs BP (deMenocal, 1995). The high genetic
diversity (Table 1) observed within the populations of
each of the five major biogeographical regions also sup-
ports a long history of divergence among Starred Robin
populations. Collectively, these results suggest that aridi-
fication of Africa in response to glaciation at high lati-
tudes has had a profound influence on montane
speciation in Africa.

Pairwise estimates of 6 (because the mutation rate is the same for each population, differences in 6 correspond to differences in N for each pair of
populations), migration rates (M = N.gn), time since divergence (7), and time to most recent common ancestor (TMRCA) based on analysis of

mtDNA sequence data using MDIV

Northern Eastern Arc

South-central Eastern Arc

Ufipa and Malawi Rifts

Kenyan Highlands
(Region A)

Albertine Rift
(Region B)

Northern Eastern Arc

Region (C)

South-central Eastern Arc

Region (D)

0=5.67[3.65-8.75]

M =0.06 [0.00-0.46]
T=0.9 Myrs BP
TMRCA = 1.6 Myrs BP

0=4.55[2.84-6.85]

M =0.02[0.00-0.30]
T=0.9 Myrs BP
TMRCA = 1.3 Myrs BP

0="1.19 [496-11.07]
M =0.06 [0.00-0.64
T=1.3 Myrs BP
TMRCA = 1.7 Myrs BP

0=4.69 [3.07-7.00]

M =0.02[0.00-0.44]
T=0.8 Myrs BP
TMRCA = 1.5 Myrs BP

0=6.68 [4.67-9.89]

M =0.34[0.08-0.96]
T=1.2 Myrs BP
TMRCA = 1.6 Myrs BP

0=5.89[3.91-8.52]

M =1.1410.44-2.60]
T=0.8 Myrs BP
TMRCA = 1.5 Myrs BP

0=2.00[1.13-3.84]

M =0.02[0.00-0.34]
T=0.7 Myrs BP
TMRCA = 1.0 Myrs BP

0=5.52[3.35-9.17]

M =0.26 [0.04-1.54]
T=1.2 Myrs BP
TMRCA = 1.6 Myrs BP

0=4.10[2.27-6.42]

M =1.28[0.48 to >10]
T=0.3 Myrs BP
TMRCA = 0.9 Myrs BP

0=4.12[2.63-6.52]
M=2834[1.19 to >10]*
T=0.07 Myrs BP
TMRCA = 1.4 Myrs BP

The highest posterior probability scores for 0 and M are given with their 95% credibility intervals. Estimates for 77and TRM CA are given in million
years before present (Myrs BP) estimated according to Nielson and Wakeley (2001). A generation time of 2.5 years and a mutation rate of
1.915 x 1073 substitutions per site per year was used to translate divergence times into Myrs BP. Regions correspond to those depicted in Fig. 6.

# Values are undefined for the upper credibility interval due to estimates for the parameter not converging on zero.
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Despite obtaining 395 bp of mtDNA data, 58 haplo-
types were recovered; what we consider to be enough
variation for meaningful analyses using population
genetic techniques. Though we think that somewhat
longer sequences would have been better, we do not
believe that this would have greatly altered the results of
this study, other than possibly tightening some of the
coalescent confidence intervals (see Edwards and Beerli,
2000). Although many studies have documented the
effect of glaciation on the evolutionary history of North-
ern Hemisphere fauna (e.g., Branco et al., 2002; Griswold
and Baker, 2002; Hewitt, 1996; Pfenninger and Posada,
2002), this study is the first to demonstrate how the indi-
rect aridification of Africa caused by global cooling in
response to glaciation at higher latitudes during the Plio-
Pleistocene has influenced the evolutionary history of an
African montane species.

4.1. Kenyan highlands

The central Kenyan Highlands form a large north-
south extension on either side of the eastern Rift. Just
to the east of the Aberdare Mts lies the relatively young
volcano Mt. Kenya, and further north are a series of
isolated massifs in semi-arid desert with montane forest
restricted to their tops. The small northern outliers of
the Kenyan Highlands, Mt. Kulal and Mt. Marsibit are
not likely to have ever been directly connected with
other mountains (Dowsett, 1985; Moreau, 1966). The
low species diversity of their forest bird communities
can be explained in terms of their small area and rare
long-distance colonisation events. The NCA suggests
that the evolution of both Starred Robin populations
on Mt. Kenya and Mt. Kulal has arisen as a conse-
quence of restricted gene flow with some long distance
dispersal, a scenario that matches the a priori predic-
tions given the spatial composition of the environment.
The founding number on Mt. Kulal was most likely
small, given that all 13 birds sampled had the same
haplotype (hap. 37, Appendix A). The Starred Robin
has never been recorded on Mt. Marsibit, a high massif,
like Mt. Kulal, with a vanishing forest patch on its
extreme upper margin in a matrix of semi-desert (Dia-
mond and Keith, 1980; Friedmann and Stager, 1969;
Lewis and Pomeroy, 1989; Moreau, 1951, 1966; L. Bor-
ghesio, in literature). This is despite apparently suitable
habitat and the dispersal potential of the Starred
Robin (Dowsett, 1982), emphasising the isolation of
these mountains and the need for long-distance
colonisation.

4.2. Albertine rift
Depending on how the higher-level clades are nested

in the NCA analysis | to 2 contiguous range expansions
are inferred, implying that more than one colonisation/

isolation cycle may have occurred between the Albertine
Rift and the Kenyan Highlands (Table 3). This is possi-
ble given that divergence estimates suggest that the Alb-
ertine Rift and Kenyan Highlands remained connected
for another ~0.25 Myrs after the Albertine Rift became
isolated from the other regions (Table 4). It is clear that
the evolutionary history of Starred Robin populations
within the Albertine Rift is complex. Indeed, one of the
most unexpected findings of this study was the detection
of three distinct subnetworks of haplotypes (Figs. 1-3)
within the Albertine Rift, which apart from a brief note
by Clancey (1972) has always been considered one
taxon, P. s. ruwenzori. The spatial sampling currently is
not detailed enough to accurately delimit subnetwork
boundaries within the Albertine Rift, but additional
genetic and morphological study is warranted.

4.3. Eastern Arc, Ufipa and Malawi rifts

Northeastern Tanzania and SE Kenya have a spa-
tially complex distribution of Starred Robin subspe-
cies in accordance with the juxtaposition of old and
young mountains. Pogonocichla s. helleri is found in
the Taita Hills and Pare Mts, that represent the most
northerly mountain blocks of the Eastern Arc Mts
(Fig. 1). Just to the northwest of the Taita Hills,
macarthuri is restricted to the very young volcanic
Chyulu Hills (ca. 40,000 yrs BP) and to the west gut-
tifer is confined to the relatively young Mt. Kilimanj-
aro (ca. 1 Myrs BP; Griffiths, 1993) and possibly Mt.
Meru (see Section 3). These populations, with the pos-
sible exception of guttifer (which differs from keniensis
in only the saturation of colour) all have marked plum-
age differences (Dowsett, 1982; Moreau, 1951). In addi-
tion, helleri and macarthuri are reported to have a
complex piping call, whereas keniensis, guttifer, orien-
talis, and ruwenzori have a more simple structure to
their calls (Dowsett, 1982; Oatley and Arnott, 1998).
The NCA analyses suggests that the isolation of helleri
and guttifer (clades 4-1 and 3-2, respectively) is much
more ancient than the isolation of macarthuri in the
Chyulu Hills, in agreement with the young age of these
volcanic mountains (see above). Both of the taxa from
Mt. Kilimanjaro and the Chyulu Hills have unique
haplotypes (Table 3).

Examination of gene flow (Fig. 6, Table 4) reveals
that little to no gene flow exists within the Eastern Arc,
with the wide gap of arid-lowland savannah separating
the Nguru Mts (region D) from the northern Usam-
bara and Pare Mts (region C). Coalescent modelling
(Fig. 6, Table 4) also suggests that gene flow is taking
place between the northern Eastern Arc (region C) and
the more distant highlands of the Malawi Rift (region
E), to the apparent exclusion of the more geographi-
cally proximate central and southern Eastern Arc
(region D). This is unexpected, but it is possible that
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dispersal between these areas could take place via
coastal forests in Tanzania and Mozambique as the
species has been observed as a seasonal (migrant) visi-
tor in these forests (e.g., Pugu Hills, Table 1, Fig. 1;
Burgess and Mlingwa, 2000).

4.4. Taxonomic considerations

Although there is considerable sequence diversity
(ca. 6%), and strong phylogenetic structure among
regions, it is apparent that some subspecies boundaries
as currently defined from morphology, do not delineate
evolutionarily significant entities. This is further
complicated by inferences of gene flow among morpho-
logically and vocally distinct forms. However, some
regional populations of the Starred Robin (e.g.,
Kenyan Highlands—+keniensis or Albertine Rift—
ruwenzori) do appear to be both genetically and
morphologically diagnosable, although not necessarily
vocally distinct. Here, we refrain from detailed
taxonomic revision because birds from the southern
distribution of the Starred Robin’s range were not
sampled and other regional areas, for example the
Albertine Rift, exhibited unexpected degrees of
genetic structure in the apparent absence of morpho-
logical structure; a pattern, which given our limited
sampling within the region is still incompletely
understood.
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Appendix A
Populations, geographical coordinates, sample size, and haplotypes identified in each sampling locality
No. Population Country of origin Geographical n Source® Haplotypes®
co-ordinates
Albertine Rift
1 Mambasa Uganda 01.00N, 28.58E 6 FMNH 5(3) 47[1]148(2)
2 Ruwenzori Mts Uganda 00.258S, 30.00E 12 FMNH 5(5) 46[1]148(1) 49(1) 50[1] 51[1]
52[1]53(1)
3 Echuya Forest Uganda 01.17S, 29.42E 3 FMNH 54[1] 55[1] 56(1)
4 Toro Uganda 01.08S, 30.42E 4 ZMUC 1(1) 5(1) 12(1) 53(1)
5 Virunga Mts Rwanda 01.408, 29.60E 2 FITZ 57117 58[1]
6 Kibira National Park Burundi 01.97S, 29.34E 3 FMNH 56(3)
Kenyan Highlands
7 Mt. Kulal Kenya 02.72N, 36.93E 13 ZMUC 37(13)
8 Mt. Nyiru Kenya 02.08N, 36.51E 4 ZMUC 43[3] 42[1]
9 Aberdare Mts Kenya 00.06N, 36.67E 24 ZMUC 3(14) 36[2] 38(2) 39[5] 41[1]
10 Mt. Kenya Kenya 00.178S, 37.02E 4 FITZ 3(1) 40[2] 38(1)
11 Chyulu Hills Kenya 02.588S, 37.83E 4 FITZ 25[4]
Northern Eastern Arc
12 Taita Hills Kenya 03.42S, 38.33E 10 LLENS 2(6) 23[1] 24[1] 26[1] 28[1]
13 North Pare Mts Tanzania 03.728S, 37.58E 13 ZMUC 1(2) 2(6) 4(1) 27(1) 31[1] 33[1] 34(1)
14 South Pare Mts Tanzania 04.268S, 37.83E 5 ZMUC 1(1) 2(3) 30[1]
15 Kilimanjaro Tanzania 03.278, 37.17E 6 ZMUC 32[1] 35(5)
16 West Usambara Mts Tanzania 04.83S, 38.41E 18 ZMUC 1(2) 2(12) 4(1) 14[1] 27(1) 29[1]
17 East Usambara Mts Tanzania 05.008S, 38.58E 5 ZMUC 1(4) 2(1)
Southern and central Eastern Arc
18 Nguru Mts Tanzania 06.12S, 37.53E 1 ZMUC 1(1)
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Appendix A (continued)
No. Population Country of origin Geographical n Source® Haplotypes®
co-ordinates
19 Ukaguru Mts Tanzania 06.358S, 36.88E 1 ZMUC 1(1)
20 Pugu Hills Tanzania 06.888S, 39.08E 2 ZMUC 1(2)
21 Rubeho Mts Tanzania 07.02S, 36.54E 39 ZMUC 1(27) 2(2) 4(3) 7(4) 8[1] 18[2]
22 Morogoro Tanzania 07.108, 36.64E 16 ZMUC 1(13) 7(1) 16(1) 22[1]
23 Uvidundu Mts Tanzania 07.60S, 36.95E 3 ZMUC 1(2) 44[1]
24 Uluguru Mts Tanzania 06.73S, 37.46E 17 ZMUC 1(11) 7(2) 10(1) 13[1] 16(1) 20[1]
25 Udzungwa Highland Tanzania 07.968S, 36.06E 30 ZMUC 1(20) 5(1) 6[1] 10(1) 11(1) 12(1)
15[17 17[2] 21[1] 34(1)
Ufipa Plateau and Malawi Rift
26 Ufipa Plateau Tanzania 07.908; 31.70E 16 ZMUC 4(13) 45[3]
27 Mt. Rungwe Tanzania 09.208S, 33.60E 3 ZMUC 1(3)
28 Mt. Njesi Mozambique 13.008S, 35.00E 1 FITZ 1(1)
29 Mt. Namuli Mozambique 15.30S, 37.00E 6 FITZ 1(3) 2(3)
30 Mt. Zomba Malawi 15408, 35.30E 10 FITZ/Barrick 1(5) 2(1) 9[1] 16(1) 19[2]

* Source codes: FMNH = Field Museum of Natural History, ZMUC = Zoological Museum of the University of Copenhagen, FITZ = Percy Fitz-
Patrick Institute of African Ornithology, Barrick = The Barrick Museum, University of Nevada.
® Square brackets designate haplotypes unique to the specific population listed.
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