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Abstract: Southern Africa is remarkably rich in avian species diversity; however, the evolutionary
and biogeographic mechanisms responsible for that diversity are, in general, poorly understood,
and this is particularly true with respect to the many species that are endemic or near-endemic to the
region. Here, we used mtDNA to assess genetic structure in three southern African bird species to
determine whether each was genetically panmictic, or whether there was standing genetic variation
upon which abiotic factors (e.g., climate, biome boundaries, geographic features) could have acted to
drive lineage diversification. Haplotype diversity was partitioned into two (two species) or three (one
species) distinct haplotype clusters that did not reflect biogeographic or biome partitioning; instead,
haplotype clusters overlapped in central South Africa. Population and demographic analyses, along
with ecological niche modeling and Bayesian Skyline Plots, indicated that each of the three species
were likely isolated in refugia during Pleistocene climatic perturbations, with subsequent expansions
from refugia resulting in present-day overlapping distributions. Collectively, our analyses suggest
that an ephemeral speciation model is operating in southern Africa, driven by the dynamic climatic
oscillations that characterize the region. At least some of the regional endemic bird species (e.g.,
White-eyes, Zosterops spp.) may be the result of sufficiently long periods in refugia as opposed to the
distinct but ephemeral clusters recovered within our three focal species.
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1. Introduction

iations.

Avian diversity in southern Africa (Namibia, Botswana, Zimbabwe, southern Mozambique, South Africa, Lesotho, and Eswatini) is remarkably rich, both numerically and
in phylogenetic diversity. Over 700 bird species occupy the region; many are endemic,
and many are habitat or biome-restricted [1]. Despite the high species diversity and complex floral biome structures characteristic of southern Africa, we know surprisingly little
about the underlying mechanisms that have contributed to generating this rich and diverse
avifaunal assemblage.
From a broad biogeographic perspective, it is evident that at least some of this diversity is the result of frequent colonization of southern Africa by lineages whose ancestral
ranges are found in non-adjacent regions of northern Africa or Eurasia. This “species
pump” paradigm—whereby periods of increased aridity, especially during global-scale
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Pliocene climate variations, facilitated long-distance colonization of xeric-adapted lineages
(e.g., pipits, larks) into southern Africa, with subsequent in situ diversification—has been
described as an important mechanism that has led to elevated species diversity (e.g., [2–5]).
From an inter-regional perspective, there is evidence that deep divergences exist between
populations or lineages of southern African bird species, relative to populations of those
same species in adjacent areas such as Malawi and Tanzania to the north (e.g., [6,7]).
To date, this opening and closing of habitat corridors with biomes to the north of southern
Africa, together with the considerable diversity of biome types across southern Africa,
are thought to be the primary explanations for the high number of bird species in southern
Africa [7–10].
However, intra-regional drivers must certainly have been or are helping to generate
avian biodiversity; we can think of no well-studied region where this has not been shown to
be the case. In southern Africa, both reptiles (e.g., [11–13]) and mammals (e.g., [14–17]) have
responded to geographic breaks or barriers within southern Africa, implicating allopatric
speciation as a driver of lineage diversification [18]. However, the barriers identified in
these studies are unlikely to be sufficient to fragment bird populations, and indeed, there is
no evidence yet to support such isolation. Overall, the southern African region generally
lacks the substantial barriers (long and wide rivers, tall and extensive mountain ranges) that
are predominantly identified in studies of avian diversification as it relates to vicariance or
dispersal-based modes of allopatric speciation [19].
It is also possible that climate perturbations acted to fragment ancestral populations
into refugia; this pattern is clear in other parts of Africa (e.g., [20,21]). A study of southern
African puff adders [12] revealed a complex pattern of refugial isolation and secondary
expansion, in response to glacial maxima. The primary effect on this species was that as
interior regions of South Africa became uninhabitable, puff adder populations were pushed
to more northerly or coastal habitats, and mitochondrial clades subsequently expanded
to occupy a variety of habitats, with some introgression between clades at contact zones.
More recently, a study of the Cape Robin-chat [22] recovered a similar pattern wherein arid
land biomes were shown to play a major role in structuring populations across southern
Africa. As aridity increased in the central Nama Karoo biome, Cape Robin-chat populations
became isolated in different biome refugia, which in turn led to three lineages. These
populations have since begun to merge, as the Nama Karoo biome has for several reasons
(e.g., homestead gardens as “new” Karoo habitat) become permeable to re-colonization.
From an intra-regional biogeographic perspective, it is apparent that differences in
species turnover across southern African habitats or ecoregions are important factors
in delimiting mammalian [23,24], reptile [25] and avian species distributions [8,26–28].
This suggests either that, like puff adders, refugial isolation during glacial maxima may
have driven speciation, with incipient lineages subsequently expanding to habitat-defined
contact zones, or that differentiation across habitats or biomes (ecological speciation) is
playing a role in generating southern African avian diversity. For birds, there is no support
for a refugial pattern other than that evidenced by the Cape Robin-chat [22], and just a few
studies exist [2,9,10,29,30] that might support ecological speciation.
Still another possibility is that more frequent climate perturbations have been acting
to generate species in southern Africa. Recent work based on multi-proxy alluvial records
has shown that ecotone changes have occurred in South Africa over the past 14 kyr [31],
and several studies have used climate circulation models encompassing the past 140
kyr to determine that low climatic variability, of a degree enabling biome persistence,
is strongly associated with avian species richness in the region [18,22,32]. Further, biome
persistence is probably linked to reduced extinction risk [20]. Thus, while existing species
are less likely to become extinct, we are still left with the question of whether climate
perturbations are sufficient to drive speciation. This would require that biomes become
fragmented (i.e., into refugia) during perturbations, and that perturbations are of sufficient
duration to facilitate lineage divergence where pre- or post-zygotic barriers develop to
maintain species boundaries. This latter requirement relates to the “ephemeral species”
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model [33], where genetic diversity is produced in response to barriers (here, fragmented
biomes) that vary in temporal duration. This model suggests that genetic divergence of
lineages via fragmentation is common and rapid, but further suggests that divergent taxa
that are produced rarely persist due to insufficient duration of perturbations to reinforce
reproductive isolation mechanisms upon secondary contact when climate conditions favor
lineage expansion, over time leading to genomic homogenization [22,33].
We hypothesize that evidence of response to climatic perturbations could manifest
itself in several ways. First, there might be standing phylogeographic structure upon which
perturbations could be rapidly expected to act upon. In other words, geographically structured populations comprising unique haplotypes or haplotype groups could be expected
to sort faster into lineages (and perhaps then eventually into distinct species) than would
a panmictic population. Second, there might be genetic evidence suggesting perturbations have occurred, but that they have been of insufficient duration to drive speciation.
Such evidence might consist of the distributional overlap of distinctly different haplotypes,
where monophyletic lineages were generated, but collapsed on secondary contact due to
the speed of climate perturbation shifts—the ephemeral species phenomenon. Third, there
might be evidence that current habitat has been historically fragmented, as assessed via
the use of ecological niche modeling. To explore these potential patterns, the application
of mitochondrial DNA is particularly useful for two reasons. First, as large populations
become fragmented, the resulting smaller allopatric populations sizes and faster mutation
rates lead to rapid fixation of mtDNA haplotypes, as compared to nuclear DNA. Second,
upon secondary contact, when the nuclear genome may homogenize due to hybridization
of lineages and through backcrossing in subsequent generations, divergent mtDNA lineages are retained for longer periods of time, thereby providing the only signal of once
divergent allopatric lineages (e.g., [22,34–36]).
Here, we seek to address these hypotheses by using mitochondrial DNA data and
ecological niche modeling in three common bird species which have overlapping distributions across several biomes in South Africa and Namibia. All three of these species (Acacia
Pied Barbet Tricholaema leucomelas, Crimson-breasted Shrike Laniarius atrococcineus, and
Chestnut-vented Warbler Curruca subcoerulea) are effectively southern African endemics [1].
2. Materials and Methods
2.1. Focal Taxa
We selected our focal taxa because their ranges overlap across central South African
arid biomes. To the extent possible, we tried to capture variations in taxonomy and lifehistory traits across species. In this context, the barbet (Lybiidae) is a species of Piciformes,
whereas the two songbirds are Oscine Passeriformes. The warbler (Sylviidae) and shrike
(Malaconotidae) are primarily restricted to arid biomes, and the former tends to be more
abundant and widespread; conversely, the barbet is found across both arid and mesic
biomes, but like the warbler, is generally abundant and widespread [1]. For each species,
most of the samples represent material collected by us on expeditions undertaken between 2000–2013 in order to collect tissues for molecular analyses. On these expeditions,
we attempted to sample the avian communities across and within different biomes, primarily using mist-nets. We thank the many private landowners who generously allowed us
access to their land. To increase our sampling, we requested loans from other institutions
(see acknowledgements) (Supplementary Table S1).
2.2. Genetic Data
Whole genomic DNA was extracted from tissue samples (Supplementary Table S1)
using the DNeasy tissue extraction kit (Qiagen). We used the polymerase chain reaction
(PCR) to amplify the mitochondrial NADH dehydrogenase subunit 2 (ND2) gene following
the procedures outlined in Outlaw et al. [37]. Capillary Sanger sequencing was performed
using BigDye chemistry (Applied Biosystems, Waltham, Massachusetts, USA) and products
were run out on an AB 377 or 3730 sequencer. Forward and reverse sequence strands were
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combined, verified to be protein coding, and consensus sequences were aligned using
Sequencer 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA).
2.3. Haplotype Network Estimation
To assess phylogeographic patterns within each species, haplotype networks based on
the ND2 dataset were created using statistical parsimony as implemented in TCS v1.21 [38].
Networks were color coded to reflect the habitat where each haplotype was found; some
haplotypes were found in just one habitat, whereas others were found across multiple
habitats (see below).
2.4. Population and Demographic Analyses
For each species, we tested for population structure and differentiation using the
TCS network as a guide. For Curruca subcoerulea, Laniarius atrococcineus, and Tricholaema
leucomelas, we tested three, two, and three scenarios, respectively. For species where
multiple potential haplotype clusters were identified within our sampling, we calculated
between population FST values and then used a bootstrapping procedure to test statistical significance. Since we are specifically interested in assessing how biome structure
influences genetic structure across southern Africa, we used an AMOVA [39] to partition
the total genetic variance, with groups defined by each biome type and “populations”
defined by unique localities. AMOVA were performed using pairwise differences with
1000 permutations in Arlequin v.3.5 [40].
We calculated several summary statistics (e.g., π and θ(S)) as well as Tajima’s D and
Fu’s F to evaluate signatures of population expansion for each population, and we generated mismatch distributions to distinguish between signatures of demographic or spatial
expansion. Mismatch distributions are expected to be unimodal when populations have
undergone either a demographic or spatial population expansion or multimodal when populations have been stable and/or have genetic structure within them. For each mismatch
distribution, we also calculated the SSD and Harpending’s R statistics, in which nonsignificant results indicate a failure to reject a model of population expansion. The analyses
were carried out using Arlequin v.3.5. We then estimated Bayesian Skyline plots (BSP)
using BEAST v1.7.5 [41] to further investigate the demography of each species. BSP provide
an estimate of effective population size over time [42]. We used the HKY + I + G nucleotide
substitution model and enforced a strict molecular clock using the rates of evolution inferred for the ND2 marker in Hawaiian Honeycreepers (ND2 0.029 s/s/l/myr, 95% HPD:
0.024–0.033 s/s/l/myr) [43]. We used the inferred population structure recovered from our
Arlequin analyses as the basic units of analyses and performed three independent runs of
30 million generations for each population sampling every 3000 generations. We assessed
MCMC convergence using effective sample size (ESS) estimates in Tracer [44] and discarded 10% of the runs as burn-in. We compared results from three independent BEAST
runs assuming that convergence across replicates provided support for the underlying
demographic patterns inferred.
2.5. Environmental Niche Models
To infer the climatic suitability and predicted range dynamics for each species, we
used MaxEnt v. 3.3.3 [45,46] to estimate the current predicted species distribution and then
projected this model onto past climates. We built these models using occurrence data from
our fieldwork in combination with vouchered museum occurrences from GBIF (The Global
Biodiversity Information Facility [47–49]) (Supplementary Figure S1). We followed the
modelling scheme outlined in Fuchs et al. [50]. In brief, we used downscaled HadCM3
climate data at a resolution of c. 4 km grid cells, from which we generated 62 time slices
dating from 120 ka to the present for eight bioclimatic variables: annual mean temperature;
temperature seasonality; mean temperature of the warmest quarter; mean temperature
of the coldest quarter; annual precipitation; precipitation seasonality; precipitation of the
wettest quarter; and precipitation of the driest quarter. The 62 time slices are at 1 ka
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intervals from the present back to the last glacial maximum (LGM: 22 ka); 2 ka intervals
over 22–88 ka; and every 4000 years back to 120 ka [50]. For the present day model, we used
jack-knifing to evaluate variable contributions of the different bioclimatic variables, and
the area under the receiver operating curve (AUC) to assess model performance [51]. We
have provided the projected models for each species for each time slice as short GIFs
(https://sites.google.com/site/gavoelkersite/gifs). We estimated stability through time
by applying a presence–absence threshold to each grid-cell for each time slice, and then
summed across the 62 time slices to identify grid-cells in which climate was predicted to
have been consistently suitable [52].
3. Results
3.1. Genetic Data
For each of our three focal taxa, we sequenced up to 1041 base pairs of the ND2 gene.
For Curruca subcoerulea, we sequenced 50 individuals from 15 unique localities (Figure 1).
For Laniarius atrococcineus, we obtained genetic samples of 30 individuals from 10 unique
localities (Figure 2) and for Tricholaema leucomelas, we sampled 87 individuals from 28
unique localities (Figure 3). Information on samples, to include GenBank accessions and
collection sites, are included in Supplementary Table S1.
3.2. Haplotype Networks
The Curruca subcoerulea network analysis recovered 30 unique haplotypes in two
population clusters separated by six changes (Figure 1). Both populations are distributed in
both the Savanna and Nama Karoo biomes, and there is considerable overlap of individuals
from each population having been collected at the same locality (6/15 sites; Figure 1).
The Laniarius atrococcineus haplotype network recovered 18 unique haplotypes in two
population clusters separated by five steps that were distributed exclusively within the
Savanna biome in South Africa but extended into drier biomes in Namibia (Figure 2).
There is substantial overlap of individuals from each population having been collected at
the same locality (7/10 sites; Figure 2). The haplotype network for Tricholaema leucomelas
recovered 20 unique haplotypes in three primary population clusters: one small population
restricted to the Nama Karoo and Succulent Karoo biomes, one spread across Savanna,
Grasslands, Nama Karoo, and Fynbos biomes, and the third from the Succulent and
Nama Karoo, Grasslands, and Savanna biomes (Figure 3). Overlap of individuals from
populations having been collected at the same locality is evident at a large number of sites
for Tricholaema leucomelas (12/28 sites; Figure 3).
3.3. Population and Demographic Analyses
For Curruca subcoerulea, the two population clusters recovered in the network analyses
do not appear to reflect biome boundaries (Figure 1), as both populations are comprised
of individuals from the Nama Karoo and Savanna biomes. The two population scenarios
for this species that we tested differed, in that in the first scenario, we treated all samples
as a single population, and in the second, we treated the two populations recovered in
our network analyses as being distinct. Under the one population scenario, the mismatch
distributions recovered a bimodal distribution (not shown), suggesting strong population
structure within Curruca subcoerulea (see network analyses, above). The FST value estimated
between populations in the two population scenario was 0.750 (p < 0.0001), reflecting high
differentiation between them. Genetic diversity was similar within both populations.
Tajima’s D was slightly negative for both populations, and was statistically significant for
both populations (Table 1).
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0.0001), reflecting high differentiation between them. Genetic diversity was similar within
both populations. Tajima’s D was slightly negative for both populations, and was statisti9 of 17
cally significant for both populations (Table 1).

Table 1. Population genetic estimates for each of the three species evaluated, and for which we have provided the statistics
for each of the population scenarios tested (explained in detail in text). π and θ(S) are diversity estimators for each popuTable 1. Population genetic estimates for each of the three species evaluated, and for which we have provided the statistics
lation, while Tajima’s D and Fu’s Fs are used to assess demographic neutrality, where a statistically significant p-value for
for each of the population scenarios tested (explained in detail in text). π and θ(S) are diversity estimators for each
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NamaKaroo-cluster2) was 67.71%, indicating a genetic–biome relationship.
savanna-cluster2, NamaKaroo-cluster1, NamaKaroo-cluster2) was 67.71%, indicating a
Based on the haplotype network results, we tested a single population scenario for
genetic–biome relationship.
Laniarius atrococcineus where we included all individuals, and a two-population scenario
Based on the haplotype network results, we tested a single population scenario for
where we partitioned the individuals by haplotype cluster. The FST value estimated
Laniarius atrococcineus where we included all individuals, and a two-population scenario
between the two populations was 0.776 (p < 0.0001). Genetic diversity was higher in
where we partitioned the individuals by haplotype cluster. The FST value estimated beone population (symbolized with a circle) than the other population (symbolized with a
tween the two populations was 0.776 (p < 0.0001). Genetic diversity was higher in one
triangle). Tajima’s D was slightly negative for both populations, but the p-values were
population (symbolized with a circle) than the other population (symbolized with a triannot statistically significant (Table 1). Fu’s Fs values for both populations were negative
gle). Tajima’s D was slightly negative for both populations, but the p-values were not staand statistically significant, thereby consistent with a demographic signal of population
expansion (Table 1). The mismatch distribution for one population (circle symbol) was
multimodal supporting population stability, while that for the other population (triangle
symbol) was unimodal supporting an expansion (Figure 2). For both populations SSD and
Harpending’s R support demographic and spatial expansions (Table 1). The BSP for the
circle symbol population depicts an extremely gradual population increase, while the BSP
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for the triangle symbol population depicts a recent population expansion commencing
about 3 kyr before present (Figure 4C,D). We were not able to test for the role of biomes
in structuring genetic data in this species since all of the samples were effectively
from a
Diversity 2021, 13, x FOR PEER REVIEW
11 of 17
single biome (Figure 2).

Figure 4. Bayesian Skyline Plots for each population recovered in the haplotype analyses presented in Figures 1–3, where
the x axis is time in thousands of years (before present, thus a negative value relative to time 0 which equals present), and
the y axis is the estimate of population size (positive or negative, relative to 0 population change). Panel (A,B) are for the
two Curruca subcoerulea populations; panels (C,D) are for the two Laniarius atrococcineus populations; panels (E–G) are for
the three Trichomaela leucomelas populations.
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While a clear biome–haplotype cluster association is not immediately apparent for
Tricholaema leucomelas, the structure among clusters suggests that biome restricted gene flow
may play a role in shaping genetic diversity within this species. Individuals are unevenly
distributed among the clusters, with only four individuals identified to belong to cluster
1 (indicated by a circle on Figure 3), while the other two clusters had 25 (triangle) and 58
individuals (square) (Table 1). However, based on the haplotype network, we treated each
of the three haplotype clusters for this species (Figure 3) as an evolutionary unit (population), and evaluated genetic structure as it relates to biome type. Treating each haplotype
cluster as a population resulted in high FST values between populations, with FST values
of 0.943 and 0.930 between the circle haplogroup population versus the triangle and square
populations, respectively, and a value of 0.812 between the triangle and square populations (all p < 0.0001). Tajima’s D was negative in all three populations, and for the circle
population, the value was not statistically significant and was very close to zero, indicating
that the population is stable (Table 1). For the remaining two populations, Tajima’s D was
statistically significant, supporting population expansion (Table 1). Fu’s Fs was negative
in all three populations and statistically significant (Table 1). Fu’s Fs was extremely large
for two of the populations, providing strong evidence for population expansions in these
populations. Mismatch distributions for all three populations were unimodal, suggesting
population expansions (Figure 3). The SSD and Harpending’s R statistics provide conflicting support for demographic expansion in population 1 (circle), with Harpending’s R
statistic supporting it, and the SSD statistic favoring stability. For population 2 (triangle),
both statistics support demographic and spatial expansion, and for population 3 (square),
there is support for a stable demography.
The BSP for all three Tricholaema leucomelas populations indicate a relatively stable
demography through time (Figure 4E–G). In sum, different tests return conflicting signals
with regard to the demography of these populations, although most of the tests support
expansions for the population symbolized by the triangle. When sorted by biome alone,
we found strong genetic differentiation with significant FST values between the Succulent Karoo biome and both the Savanna and Nama Karoo biomes (FST 0.320 and 0.176,
respectively); however, the biomes collectively explained only 0.81% of the variation
(p = 0.0059), and with a substantial contribution of variance among populations within
each biome (20.95%, p = 0.0029), although much of the variation is explained by within
population genetic variance (78.24%, p = 0.1837).
3.4. Environmental Niche Models
For Curruca subcoerulea, Laniarius atrococcineus, and Tricholaema leucomelas, we used
124, 101, and 199 unique localities, respectively, as the basis for our models. Species records
were distributed from throughout the range of each species (Supplementary Figure S1).
The AUC scores for the contemporary models were high (above 0.9), indicating good model
performance. The variable that had the highest contribution to the model for all three
species was bioclim11, which is the mean temperature of the coldest quarter. Projections
onto past climate depict dynamic predicted ranges for each species; however, there are
regions of stability predicted for all three species over the last glacial-interglacial transition.
For the summed (all time slices combined) predicted range for Curruca subcoerulea, a large
stable area is predicted in what is now primarily the Savanna biome, with inclusion of
small portions of the Nama Karoo and Grassland biomes. A second smaller and highly
disjunct stable area is predicted in the Fynbos biome (Figure 1). When viewing time slices
in series (i.e., not summed together), an additional highly disjunct stable area is repeatedly
predicted in Namibia (and on occasion this is the single most suitable area), another is
predicted in Botswana but less frequently, and on occasion, there is a largely continuous
suitable area predicted across north-central South Africa, Botswana, and Namibia (https:
//sites.google.com/site/gavoelkersite/gifs).
For Laniarius atrococcineus, two large stable areas are predicted in what is now the
Savanna biome (Figure 2). When viewing time slices in series, these two areas at times
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become highly disjunct, with one area centered on Namibia, and the other centered on
north-central South Africa; a third disjunct area of suitability also appears on occasion in
Botswana (https://sites.google.com/site/gavoelkersite/gifs). At other times, a single and
large suitability area is predicted, and this single area variably spans Namibia, Botswana,
and north-central or northeastern South Africa, or is restricted primarily to Botswana.
For Tricholaema leucomelas, a large stable area is predicted across the Grassland and
Savanna biomes. As with Curruca subcoerulea, a second smaller and highly disjunct stable
area is predicted for Tricholaema leucomelas in the southwestern-most part of the Fynbos
biome (Figure 3). When viewing time slices in series, the southwestern Fynbos is on
occasion the only stable area predicted for this species (https://sites.google.com/site/
gavoelkersite/gifs). Further, there are several additional disjunct areas that approach
highest suitability levels at various times over 120 ka: one corresponding to the FynbosForest Biome interface along the southern coast, and one further east along the southern
coast which corresponds to the large area of Thicket Biome.
4. Discussion
Our results suggest that an ephemeral speciation model has been operating in southern Africa. In particular, the haplotype networks and geographic distribution of samples
for each of the three taxonomically disparate species that we analyzed are indicative of
isolation in refugia during climatic perturbations, with subsequent expansions resulting in
present day overlapping distributions. Within each of the three species, distinct haplotype
clusters (populations) overlap geographically near the ecotone between the Savanna, Grassland, and Nama Karoo biomes in central South Africa (Figures 1–3). Distinct populations
within each species also overlap within other parts of the Savanna biome (Figures 1–3).
For Curruca subcoerulea and Laniarius atrococcineus, analyses suggest that the two identified populations (in each species) were expanding, and that populations symbolized
by a triangle were expanding more recently and rapidly in each species (Figures 2–4).
For Tricholaema leucomelas, analyses are indicative of three stable populations through time
(Figure 4).
The observed differences in population responses across taxa are likely explained by
biome associations. Tricholaema leucomelas can be found across a wider variety of biomes
than the other two species, and this habitat generalism may explain its largely stable,
slow population growth (Figure 4): there were a wider variety of suitable biome habitats
available as refugia—Grassland, Fynbos, Thicket, and various arid biomes (see above).
In contrast, Laniarius atrococcineus is strictly an arid biome specialist and based on our ENM
results, fragmentation of arid biomes into two or three areas over the past 120 ka would
logically result in at least one population showing a history of expansion as these distinct
refugia merged back into one continuous biome (Figure 4). While Curruca subcoerulea can
be found in both arid and less arid biomes, it is not a Fynbos or Grassland biome species
per se (despite being shown as such in field guides, e.g., [53]). While it does occur in those
biomes, individual density tends to be highest in arid biomes ([1]; RCKB and GV, pers. obs.),
and as such, its response to re-connection of refugial areas through expansion of favorable
habitat should, and does, largely mirror the response shown by Laniarius atrococcineus
(Figure 4). The results for Laniarius atrococcineus and Curruca subcoerulea are consistent
with other GIS-based studies [18,32,54] which have hypothesized that arid land refugia
played a crucial role in shaping macro-ecological diversity patterns in southern African
birds, both within and among biomes. A key consideration from our results is that while
arid land biomes have persisted through time, those biomes have become geographically
fragmented into one or more isolated refugia, and as such should not necessarily be viewed
as “stable”. In other words, arid land refugia should not necessarily be viewed as a single
area that has persisted during climate perturbations; multiple refugial areas may have
been present wherein local genetic adaption could take place. This possibility is central
to the Ephemeral Speciation Model [33], particularly if it is to function with respect to
biome-restricted species such as Laniarius atrococcineus.
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Given the distribution of mitochondrial haplotype clusters across geography and
biomes, there is no clear pattern of population structure across southern Africa or within
South Africa for any of our three focal taxa. This result is consistent with the mitochondrial
pattern recovered for the Cape Robin-chat (Cossypha caffra), a widespread bird species
that occupies most biomes in South Africa [22]. However, using microsatellite loci, three
historical populations were identified for the Cape Robin-chat with admixture occurring
across biome boundaries, and several of these populations are geographically concordant
with population structure observed in other vertebrates, Smith’s Red Rock Rabbit (Pronolagus rupestris) and the Rock Agama (Agama atra) [11,55]. In particular, each of these three
studies identified a distinct population in northwestern South Africa, and each identified
Plio-Pleistocene climate fluctuations in the formation of refugia. While the population of
Tricholaema leucomelas demarcated by a circle in Figure 3 is similarly distributed in northwestern South Africa (and southwestern Namibia), our sample size for this population
is too small to allow us to confidently say that it is indeed restricted to that area. It is,
however, clear that the Orange River, which is the boundary between South Africa and
Namibia and is a barrier to gene flow for some terrestrial vertebrates [11], has not impacted
the distribution of the Tricholaema leucomelas haplotypes, given the same haplotype group
is distributed on both sides of this large river.
An additional contrast between the results for our three focal taxa and the Cape
Robin-chat is that the distribution of genetic diversity in the latter species corresponded to
biome boundaries, with higher genetic diversity associated with those biomes historically
deemed stable. Specifically, several arid land biomes were predicted as historically stable
for the Cape Robin-chat, and genetic boundaries matched those predictions, implicating
biome history as a driving force. Some ecotones between biomes occupied by this species
are marked by elevational changes—for example, the escarpment separating most of the
Succulent and Nama Karoo biomes. Such elevational changes, combined with climate
perturbations acting on highly localized distributions of specialized flora, may explain the
extremely restricted distributions of a number of biome-restricted bird species in South
Africa, e.g., Orange-breasted Sunbird (Anthobaphes violacea), Cape Sugarbird (Promerops
cafer), Protea Canary (Serinus leucopterus), and Victorin’s Scrub-warbler (Cryptillas victorini)
in the Fynbos biome, Cape and Drakensberg Rock-Jumpers (Chaetops frenatus and C. aurantius) on high elevation rocky slopes, and the Buff-streaked Chat (Campicoloides bifasciatus) in
rocky grassland. Similarly, for widespread avian species complexes that demonstrate in situ
diversification in southern Africa (e.g., white-eyes (Zosterops spp. [29]), bulbuls (Pycnonotus
spp. [56]) and chats (Emarginata spp. [37]) species tend to occupy discrete biomes or microhabitats with narrow zones of hybridization where ranges overlap at ecotone boundaries
(e.g., Zosterops [57] and Pycnonotus [56]); it is not known if the three species of Emarginata
hybridize. These species, and other range and habitat restricted bird taxa that can be found
throughout southern Africa, might all be examples of species that successfully avoided
becoming “ephemeral species”, where instead parental populations were isolated in unique
habitats or biomes and genetically diverged rapidly enough to not merge following habitat
expansion with the amelioration of climatic perturbation. This suggests two mechanisms
that could result in the same contemporary pattern among the South African avifauna:
ephemeral species, as seen in Cossypha caffra, Laniarius atrococcineus and Curruca subcoerulea,
or alternatively, those that likely persisted within only a single southern Africa refugia,
as has been suggested for the Southern Fiscal Shrike (Lanius collaris [6]) and Southern
Ant-eating Chat (Myrmecocichla formicivora [5]). We expect that future studies will find
extensive nuclear introgression across the entire species range of Laniarius atrococcineus,
Curruca subcoerulea, and Tricholaema leucomelas, in much the same manner as recovered for
the Karoo Scrub-robin (Cercotrichas coryphoeus [30]), with mtDNA leaving the only footprint
of ingression of previously isolated lineages due to its high mutation rate relative to the
nuclear genome and its maternal inheritance. It will also be interesting to determine the
extent to which nuclear alleles are able to cross species boundaries along ecotones in avian
species complexes that have diverged in situ in southern Africa.
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5. Conclusions
Our analyses of three taxonomically disparate bird species revealed a similar phylogeographic pattern, where different haplotypes within each species overlap in South
Africa. Ecological niche models suggest that the most suitable habitats for each species
underwent repeated fragmentation during climate perturbations. Taken together, these
results suggest that an Ephemeral Speciation Model may be operating in southern Africa,
where climate perturbations push sub-populations into refugia where genetic differentiation begins. Each of our three study taxa appear to have been isolated for long enough to
have begun differentiation (as reflected in distinct haplotype clusters), but not long enough
to have fully diverged from one another. We interpret geographically overlapping haplotypes as being the result of geographic re-expansion as climate perturbations ameliorated.
While increased sampling may improve ecological niche modeling or population estimates
through time, additional genetic samples would not change patterns of overlapping distinct
haplotype clusters. While we were able to support two of our initial hypotheses (evidence
of both overlapping haplotype clusters and past habitat fragmentation), we did not find
evidence of regional standing genetic variation upon which climate perturbations could act,
despite having sampled numerous geographically distant localities in the distributional
ranges of each species. A lingering question from our study, then, is whether any bird
species are “young” enough to suggest that they have successfully passed through the
Ephemeral Speciation process. Answering this question will require extensive species-level
analysis across southern African bird taxa.
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