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Most studies on the processes driving evolutionary diversification highlight the importance of genetic drift in 
geographical isolation and natural selection across ecological gradients. Direct interactions among related species 
have received much less attention, but they can lead to character displacement, with recent research identifying 
patterns of displacement attributed to either ecological or reproductive processes. Together, these processes could 
explain complex, trait-specific patterns of diversification. Few studies, however, have examined the possible effects 
of these processes together or compared the divergence in multiple traits between interacting species among contact 
zones. Here, we show how traits of two Pogoniulus tinkerbird species vary among regions across sub-Saharan Africa. 
However, in addition to variation between regions consistent with divergence in refugial isolation, both song and 
morphology diverge between the species where they coexist. In West Africa, where the species are more similar in 
plumage, there is possible competitive or reproductive exclusion. In Central and East Africa, patterns of variation 
are consistent with agonistic character displacement. Molecular analyses support the hypothesis that differences 
in the age of interaction among regions can explain why species have evolved phenotypic differences and coexist in 
some regions but not others. Our findings suggest that competitive interactions between species and the time spent 
interacting, in addition to the time spent in refugial isolation, play important roles in explaining patterns of species 
diversification.

ADDITIONAL KEYWORDS:   bird song – character displacement – ecological gradients – evolutionary 
diversification – genetic drift – interspecific competition – phylogeography – plumage coloration – refugia.

INTRODUCTION

The processes driving geographical variation among 
populations of species have long been debated, 
with competing hypotheses supporting the roles of 
vicariance, in particular genetic drift in isolation (Haffer, 
1969), and natural selection along environmental 
gradients (Endler, 1977; Smith et al., 1997; Kirschel 
et al., 2011). In the Congo Basin, the prevailing view 
has been that refugial isolation is responsible for most 
diversification, including that in birds (Diamond & 
Hamilton, 1980; Mayr & O’Hara, 1986). The refugial 
isolation hypothesis, however, has been challenged 

repeatedly by supporters of the theory that ecological 
gradients drive adaptive differences, including those 
in characters that function in reproductive isolation 
(Slabbekoorn & Smith, 2002; Kirschel et al., 2009a, 
2011; Smith et al., 2013).

Rather less attention has been paid to the role of 
interactions among related species in shaping spatial 
patterns of variation among populations, which could 
result from character displacement between coexisting 
species (Brown & Wilson, 1956; Grant, 1972). Such 
divergence may be driven by interspecific competition 
for ecological resources (Schluter, 2000), including 
diet (Losos, 2000; Price, 2008), with shifts manifested 
in pronounced differences in foraging traits, such as 
beak shape (Lack, 1947; Grant, 1972; Fjeldså, 1983; 
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Schluter et al., 1985; Grant & Grant, 2006; Reifová 
et al., 2011; Krishnan & Tamma, 2016), or in ecological 
niche (Schluter & McPhail, 1992; Dufour et al., 2018), 
both of which might lead to reproductive isolation. 
Alternatively, selection against hybrids can reinforce 
incipient premating isolation by driving divergence 
in traits used in mate choice and species recognition 
(reviewed by Butlin, 1987; Servedio & Noor, 2003; Coyne 
& Orr, 2004; Hoskin & Higgie, 2010). Patterns attributed 
to reinforcement or, more generally, reproductive 
character displacement include divergence in plumage 
coloration in Ficedula flycatchers (Saetre et al., 1997) 
and stronger discrimination of songs of those species 
by females (Wheatcroft & Qvarnström, 2017), in 
addition to divergence in calls and/or their recognition 
in several anuran species (Marquez & Bosch, 1997; 
Hoskin et al., 2005; Pfennig & Pfennig, 2005; Lemmon, 
2009; Gerhardt, 2013). Interference competition may 
also drive displacement of characters in coexisting 
species, reducing costly interspecific aggression 
(Grether et al., 2013), which could occur because of 
intrasexual competition for either mates or resources, 
such as territories (Lorenz, 1962; Howard, 1993; Noor, 
1999; Adams, 2004; Peiman & Robinson, 2007; Grether 
et al., 2009, 2017; Peiman & Robinson, 2010; Kirschel 
et al., 2019). Such interspecific social competition has 
been proposed as a major contributor to speciation, by 
way of rapid divergence between species in traits that 
also affect mate recognition (West-Eberhard, 1983).

Given that it is often not known which trait or 
combination of traits influence ecology, aggressive 
interactions and reproductive isolation between related 
species, it is important to examine multiple phenotypic 
traits before drawing conclusions regarding the extent 
to which each process might influence character 
evolution.

Another possibility is that interactions between 
species at contact zones may be such that they exclude 
each other from their ranges, either via competitive 
exclusion or by reproductive exclusion (Hochkirch 
et al., 2007; Pfennig & Pfennig, 2009; Weir & Price, 
2011; Grether et al., 2013, 2017). The factors that 
allow related species to coexist have received much 
attention recently (reviewed by Weber & Strauss, 
2016), with studies focusing on factors such as 
phylogenetic distance (Weir & Price, 2011), ecological 
niche (Pigot & Tobias, 2013; Tobias et al., 2014; Laiolo 
et al., 2017), habitat segregation (Reif et al., 2018), 
sexual dimorphism (Cooney et al., 2017) and dispersal 
ability (Pontarp et al., 2015), whereas parapatric 
distributions have been attributed to a lack of standing 
variation in phenotypic traits (Pfennig & Pfennig, 
2009) or, conversely, to adaptation to different niches 
along gradients (Price & Kirkpatrick, 2009). Indeed, 
the theory on species range limits suggests that gene 
flow from central population optima may swamp 

adaptation at range edges (Kirkpatrick & Barton, 
1997; Case et al., 2005; Sexton et al., 2009), and this 
may also play a role in determining whether species 
ranges overlap and whether ecological character 
displacement may then occur (Case & Taper, 2000; 
Bridle & Vines, 2007). Thus, it could take millions of 
years for closely related species to diverge sufficiently 
to enable sympatric coexistence. Mean estimates of 
divergence times in sympatric sister taxa of birds near 
the equator are > 3 Myr (Weir & Price, 2011).

Here, we examine patterns of differentiation 
across multiple traits among three different regions 
with contact zones between two closely related 
tinkerbirds (Pogoniulus Lafresnaye, 1844). We studied 
populations of yellow-rumped tinkerbird, Pogoniulus 
bilineatus (Sundevall, 1850), and yellow-throated 
tinkerbird, Pogoniulus subsulphureus (Fraser, 1843), 
in three regions 900 km apart, which correspond to 
the three postulated Pleistocene rain forest refugia 
in sub-Saharan Africa thought to explain most of the 
diversification in the region (Diamond & Hamilton, 
1980; Mayr & O’Hara, 1986). The hypothesis posits 
that climatic fluctuations in the Pleistocene led to 
fragmentation of continuous forest, with divided 
populations diverging by genetic drift in isolation. 
When more mesic conditions returned, many taxa 
expanded, and secondary contact occurred, which 
might have resulted in gene flow if populations had 
not evolved reproductive isolation. Few studies have 
tested for the relative effects of different processes 
in explaining patterns of geographical variation 
important in species diversification, such as the 
divergence in traits that may mediate reproductive 
isolation (e.g. Wilkins et al., 2018). Our ultimate aim 
here is to determine whether historical isolation in rain 
forest refugia, adaptation along ecological gradients or 
the effects of interspecific interactions best explain 
patterns of geographical variation in phenotypic 
traits that may mediate reproductive isolation, while 
also establishing how the age of interaction between 
the species in each contact zone may influence range 
overlap and displacement of characters. Kirschel 
et al. (2009b) found evidence for divergent character 
displacement of song between P.  bilineatus and 
P. subsulphureus where they coexist in Uganda (East 
Africa) and Cameroon (Central Africa), and this 
inference was supported by a divergence in body size 
and beak shape. Playback experiments suggested 
that song divergence facilitates species recognition 
and reduces interspecific aggression among males 
competing for mates, rather than reinforcement of 
premating isolation, with no evidence of hybridization 
between the two species. Plumage coloration also 
differs between West Africa and Central Africa, at least 
in P. subsulphureus, but whether colour covaries with 
song and morphology across the range is not known. 
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Specifically, P. subsulphureus in West Africa (Upper 
Guinea refugium) have whitish throats, superficially 
resembling those of P. bilineatus, instead of the yellow 
throats further east, from which the vernacular name 
of the species is derived (Fig. 1; Borrow & Demey, 
2001).

We examine variation in song, morphology 
and plumage coloration in P.  bilineatus  and 
P. subsulphureus by including data from fieldwork on 
song variation and an examination of morphological 
and plumage variation from museum specimens 
extending from West to East Africa. We focus 
our study here on the ‘lemon-rumped’ complex of 
P. bilineatus (Kirschel et al., 2018), which is the one 
whose range coincides with that of P. subsulphureus. 
We contrast ecological gradients across each region 
and produce a molecular phylogeny and perform 
population genetics analyses to examine how the 
duration (age) of interactions affects the extent of 
range overlap. We also include the presence of red-
rumped tinkerbird Pogoniulus atroflavus (Sparrman, 
1798) as a factor in analyses because it is the closest 
Pogoniulus species to the focal species in plumage 
coloration and song.

MATERIAL AND METHODS

Study species and regions

Pogoniulus bilineatus occupies savanna woodland, 
forest edge, gallery forest and secondary forest 
and occurs from sea level to > 2000 m in elevation 
between West and East Africa (Short & Horne, 2002). 
Pogoniulus subsulphureus is primarily a lowland rain 
forest species and has a disjunct distribution either 
side of the Mono River in the Dahomey Gap dividing 
Upper Guinea forest in West Africa and Lower Guinea 
forest in Central and East Africa (Short & Horne, 
2002; Dowsett-Lemaire & Dowsett, 2019). It coexists 
with P. bilineatus primarily in secondary forest and 
edge, where their respective preferred habitats meet 
and where they can be found side by side occupying 
overlapping territories (Kirschel et al., 2009b). They 
differ phenotypically in the yellow-tinged facial 
markings of P. subsulphureus (compared with white 
markings in P. bilineatus) and in the frequency and 
pace of their songs (Kirschel et al., 2009b). A more 
distantly related species in the genus, the larger red-
rumped tinkerbird, P. atroflavus, has a distinct yellow 
throat and red rump (Short & Horne, 2002). It occurs 
primarily in the forested lowlands of West and Central 
Africa and is absent from most of the lowland rain 
forest of East Africa. We defined our study populations 
as follows: East Africa, including data from Uganda; 
Central Africa, with data from Cameroon; and West 
Africa, with data from Ghana, Ivory Coast, Sierra 

Leone, Liberia and Guinea, thus representing the 
Upper Guinea refugium.

Field recordings and song analyses

We recorded 43 P. bilineatus and 43 P. subsulphureus 
in Ghana in West Africa in October and November 
2010 using a Marantz PMD 661 digital recorder with 
a Sennheiser MKH  8050 directional microphone 
at a sampling rate of 48  kHz. These recordings 
were incorporated in analyses with 460 recordings 
obtained previously by Kirschel et al. (2009b) in 
Cameroon in Central Africa (53 P. bilineatus and 85 
P. subsulphureus) and Uganda in East Africa (175 
P. bilineatus and 147 P. subsulphureus) between July 
2004 and September 2007 (see Fig. 1; for recording 
locations, see Supporting Information, Fig. S1). We 
approached singing birds up to ~10 m to obtain good-
quality recordings of focal birds, aiming to record them 
for ≥ 120 s when possible. The 546 recordings (271 
P. bilineatus and 275 P. subsulphureus) were imported 
into RAVEN v.1.4 (Cornell Laboratory of Ornithology), 
in which spectrograms and power spectra were 
generated using a fast Fourier transformation size of 
4096, a window size of 1269, 3 dB filter bandwidth of 50 
Hz and a frequency resolution of 11.7 Hz. We measured 
the first ten clean songs from recordings of each 
individual and calculated the mean peak frequency 
from the power spectrum for each song typically, 1–3 s 
long, including inter-note intervals. We calculated song 
pace in accordance with methods previously described 
(Kirschel et al., 2009b; Clark et al., 2016).

Density estimation for song analyses

In accordance with Kirschel et al. (2009b) we consider 
that one species is unlikely to have an impact on 
the song of the other if it is absent or rare at a site, 
meaning that encounter rates are low (see also 
Lemmon, 2009). Specifically for the song analyses, 
we defined a site as low density for a species if its 
congener was found (heard) in no more than one 1 km2 
pixel for sites encompassing at least four 1 km2 pixels. 
The justification for this method is that some field 
sites in the preferred habitat of one species, such as a 
closed forest for P. subsulphureus, might have an edge 
where the occasional P. bilineatus could appear. Most 
of those P. subsulphureus in the closed forest do not 
encounter P. bilineatus, and this absence of syntopy 
means that the majority are unlikely to be affected by 
the nearby presence of their congener. In contrast, for 
P. bilineatus, which regularly encounters the common 
P. subsulphureus at the forest edge, its congener is 
considered to be at high density. This method was 
used as a proxy for differences in encounter rates 
with heterospecifics when the two species coexist, 
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without having data on the encounter rates (see 
further justification and examples in the Supporting 
Information, Expanded methods). Using this method 
of assessing high and low density of heterospecific 
presence, from a total of 38 sites, P. bilineatus was 

recorded at 30 sites, 13 with P. subsulphureus at low 
density (five West, two Central and six East Africa) 
and 17 with P. subsulphureus at high density (three 
West, seven Central and seven East Africa), and 
P. subsulphureus was recorded at 26 sites, 11 with 

Figure 1.  Enhanced vegetation index (EVI) map, illustrating localities from which samples, recordings and morphometric 
data were obtained within the three contact zones of Pogoniulus subsulphureus and Pogoniulus bilineatus in West, Central 
and East Africa. Approximate ranges of P. subsulphureus and P. bilineatus are shaded in green and blue, respectively. 
Red dotted lines surround areas postulated as rain forest refugia. In Central and East Africa there is substantial overlap 
in the species ranges, but in West Africa P. bilineatus is distributed in ecotone habitat around the forest zone where 
P. subsulphureus is found (the forest–savanna ecotone reaches the coast in Eastern Ghana in the Dahomey Gap, resulting 
in parapatry between the species along the coast). Species illustrations indicate the colour phenotype of P. subsulphureus 
and P. bilineatus in West, Central and East Africa, highlighting differences in throat colour in P. subsulphureus between 
West Africa and further east (from Borrow & Demey, 2001).
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P. bilineatus at low density (three West, seven Central 
and one East Africa) and 15 with P. bilineatus at 
high density (three West, five Central and seven East 
Africa).

Museum specimens

In total, we took morphometric measurements from 
241 P. bilineatus and 125 P. subsulphureus museum 
skins that were collected between 1872 and 2007 in 
the three study regions of West, Central and East 
Africa, where refugia are purported to have existed 
(see Fig. 1; Supporting Information, Table S1). Using 
digital callipers, we measured wing chord, tarsus and 
tail length, bill length and width and lower mandible 
length. We identified the localities where specimens 
were collected from museum tags and used maps, 
gazetteers and Google Earth (Google, Inc.) for those 
specimens where coordinates were not given, and 
we assigned the approximate latitude and longitude 
coordinates and elevation for each locality.

Given that specimens were collected historically and 
that information on relative densities of the focal species 
at the collection locality was not available, we could 
not use the same approach as with song to determine 
congener density. Instead, we estimated whether the 
species present was allopatric or sympatric from its 
congener based on our field experience in the region, 
which species were represented by study specimens 
from each collecting locality, and examination of 
the habitat and elevation there. We assumed that 
all specimens from West Africa were from allopatric 
populations because we found no specimens of the 
two species from the same locality, and the species 
have largely allopatric/parapatric distributions there, 
with P. subsulphureus found in the forest zone and 
P. bilineatus in the transition zone to savanna (Fig. 1; 
Supporting Information, Fig. S1A; see the Supporting 
Information for a list of references supporting their 
parapatric distribution). Even where P. bilineatus has 
been found within the forest zone, it is in deforested 
areas, such as farmbush adjacent to forest (Dowsett-
Lemaire & Dowsett, 2014) and thus not in syntopy 
with P. subsulphureus. In total, we took morphometric 
measurements from 27 allopatric and 15 sympatric 
sites for P. bilineatus and from 12 allopatric and 20 
sympatric sites for P. subsulphureus.

Colour measurements

We took reflectance measurements on 222 of the study 
skins, representing 23 allopatric and nine sympatric 
sites for P. bilineatus and 18 allopatric and eight 
sympatric sites for P. subsulphureus. We measured 
reflectance spectra (300–700 nm) of feathers on the 
throat, breast, belly, rump, shoulder and the crown 

of the head using a diode-array spectrometer (Ocean 
Optics USB2000) with a fibre-optic reflectance probe 
(Ocean Optics R-400) and xenon strobe light source 
(Ocean Optics PX-2), in reference to dark (blocked 
light path) and white standards (Ocean Optics WS-1). 
A total of 25 measurements were taken per individual 
while holding specimens such that the dorsal surface of 
feathers was placed up to a 1.3-mm-diameter aperture 
in a razor-thin steel plate. The reflectance probe was 
oriented at 45° relative to the upper surface of the plate, 
positioned such that the edges of the aperture matched 
the acceptance angle of the detector light path and 
held such that the light source pointed in the direction 
of the feather rachis (in perpendicular orientation) 
or the feather base (in parallel orientation; see the 
Supporting Information, Expanded methods, for more 
detail on plumage reflectance measurements).

Replicate reflectance spectra were averaged and 
processed further to yield quantum cone catch (Qj) 
and cone excitation estimates (Ej) using typical cone 
λ max values for Piciformes (Endler & Mielke, 2005). We 
used the irradiance spectrum that prevails under open 
canopy and cloudy conditions (Endler, 1993; J. A. Endler, 
personal communication, 2006) because tinkerbirds 
spend much of their time singing from exposed perches 
in the forest canopy or foraging in the canopy for fruit 
(the results were qualitatively the same with a forest 
shade irradiance spectrum). Values for Ej were used to 
calculate cone contrasts and coordinates in tetrahedral 
colour space. Four colour variables were used in the 
data analysis: (1) the sum of the four cone excitations 
(Esum) to represent luminance (brightness); (2) the 
distance from the achromatic centre of tetrahedral 
colour space to represent colour saturation (chroma); 
(3) the medium- to short-wave cone contrast Ems (hue); 
and (4) the short- to ultraviolet-wave cone contrast 
Esu (ultraviolet contrast). To determine whether the 
differences in colour between populations detected by 
the spectrometer are likely to be perceptible by birds, 
we used Vorobyev & Osorio’s (1998) receptor noise 
model to estimate colour differences (ΔS) in units of just 
noticeable difference (JND). To calculate ΔS from the 
quantum catch (Qj) estimates, we used the R package 
pavo, with noise set to ‘neural’, cone densities set to the 
ratio 1:2:2:4 (from shortest to longest wavelength), and 
the Weber fraction set to the default value (0.1).

Genetic sampling and analysis

Samples were obtained during fieldwork performed in 
Uganda (45 samples) and Cameroon (32 samples) in 
2007 (Kirschel et al., 2009b), in Uganda in 2009 (six 
samples), in Ghana in 2010 and 2015 (23 samples), 
and in Kenya and Tanzania in 2011–2014 (six samples; 
Kirschel et al., 2018). Tinkerbirds were captured 
using targeted mist netting with conspecific playback, 
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ringed, and blood samples were obtained from the 
ulnar superficial vein (wing) and transferred into 
2 mL cryovials containing 1 mL Queens Lysis Buffer 
(Hobson et al., 1997). Further tissue and extracted 
DNA samples were obtained from other sources (see 
Fig. 1; for DNA sample locations, see Supporting 
Information, Fig. S1; Table S1).

DNA was extracted using a Qiagen DNeasy blood 
and tissue kit, following the manufacturer’s protocols 
(Qiagen, Valencia, CA, USA). Polymerase chain 
reaction (PCR) was performed to amplify DNA of 
the mitochondrial genes ATPase subunit 6/8 using 
the primers C02GQL and C03HMH (Eberhard & 
Bermingham, 2004), and PCR products were sent to 
Macrogen Europe (Amsterdam, The Netherlands) for 
sequencing.

Phylogenetic analysis

Sequences obtained were aligned with 20 sequences 
from GenBank resulting from previous work 
(Kirschel et al., 2018) using MUSCLE (Edgar, 2004) 
in MEGA v.7 (Kumar et al., 2016). Different models 
of evolution were compared using the R package 
phangorn (Schliep, 2011) based on our aligned 
sequences. We performed a Bayesian analysis within 
RevBayes v.1.0.3 (Höhna et al., 2016) based on a 
Hasegawa–Kishino–Yano (HKY) substitution model 
(Hasegawa et al., 1985) with Gamma distribution 
(Hasegawa et al., 1985), which was the highest-
scoring model based on both the Akaike information 
criterion corrected for small sample sizes (AICc) and 
Bayesian information criterion scores. We estimated 
divergence dates in RevBayes v.1.0.3 (Höhna et al., 
2016) based on a modification of the method described 
by Nwankwo et al., (2018). The sampling probability 
was set to the ratio of the tips and the estimated total 
number of described bird species within the Lybiidae 
family (52), and we ran the burn-in phase of the 
Monte Carlo sampler for 100 000 iterations under two 
independent replicates using 13 different moves in a 
random move schedule, with 44 moves per iteration 
and a tuning interval of 250. The main phase of the 
Markov chain Monte Carlo analysis was run for five 
million generations, sampling every 500 generations, 
with two independent runs and the same random 
moves as in the burn-in phase.

We screened sites from the ATPase gene of 109 
individuals that were obtained from 30 different 
localities to determine populations with fixed alleles 
and removed the uninformative sites from downstream 
analyses. The overall quality of our genotype loci data 
was examined, including a search for missing data and 
rare alleles. We showed the contribution of the major 
haplotypes to the genotypes of the two species by 

producing a haplotype network (minimum spanning 
network) using PopART (Leigh et al., 2015).

Ecological data

We examined variation in ecological preferences 
between species and among regions by using remote 
sensing to extract the ecological variables of elevation 
obtained from the shuttle radar topography mission 
(SRTM), and the enhanced vegetation index (EVI) 
and vegetation continuous field (VCF) products from 
the MODIS satellite. For VCF (percentage tree cover), 
because cloud contamination can affect the values 
from specific areas with extensive cloud cover, we 
obtained data from the years 2000, 2010 and 2016 and 
used the maximum value among the 3 years in our 
analyses. The VCF data were obtained for the year 
2000 at a resolution of 1 km2, and SRTM data were 
also aggregated to a resolution of 1 km2, consistent 
with what was used for a subset of the data previously 
and what was used to define the pixel size (Kirschel 
et al., 2009b), whereas VCF data for 2010 and 2016 
were at a spatial resolution of 250 m. For EVI, we used 
values for the 16 day period 6–21 March 2010 at a 
spatial resolution of 250 m.

Data analysis

We used generalized linear mixed models (GLMMs) in 
lme4 (Bates et al., 2015) and car (Fox & Weisberg, 2011) 
statistical packages implemented within R v.3.5.1 
(R Core Team, 2017) to test for the relative effects 
of species identity, geographical isolation, ecological 
gradients and interactions with congeners on song 
peak frequency and pace (both log10-transformed). 
Specifically, we included the geographical and ecological 
variables of longitude, latitude, region, elevation 
(square-root transformed), EVI and VCF (log10-
transformed) as predictors in the model, in addition 
to the interactions between region and sympatry, 
species and sympatry, and species and region as fixed 
effects, with site included as a random effect. Best 
models were selected based on the lowest AICc score. 
Residuals were tested for normality by examining the 
correlations between predicted and fitted values, and 
fitted values and residuals and their associated plots 
in R, and Moran’s I tests were used to test for spatial 
autocorrelation. We also performed a generalized 
linear model on peak frequency (log10-transformed) 
in order to visualize the effects of congener density 
in each region after controlling for the environmental 
factors EVI, VCF (log10-transformed) and elevation 
(square-root transformed).

For the analyses of data from museum specimens, 
we focused on broad regional patterns of variation and 
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compared those with the extent of range overlap of 
the two species. To determine whether there were any 
differences in the colour of feather patches between 
males and females, we ran regressions on each feather 
measurement used in the analyses with sex as the 
predictor variable, controlling for region. We used 
analysis of distance (AOD) in STATA v.14.2 (StataCorp, 
2015) to quantify the extent of differentiation in 
colour between P. bilineatus and P. subsulphureus 
in each of West, Central and East Africa. Analysis of 
distance is conceptually similar to MANOVA but free 
of distributional assumptions (Gower & Krzanowski, 
1999; Fenty, 2004). We calculated the Minkowski 
distance in tetrahedral colour space and used a 
permutation test with 10 000 iterations to calculate 
P-values. We then used a canonical discriminant 
analysis (CDA) with leave-one-out cross-validation 
to determine the extent to which it could classify 
individual specimens to East, Central and West Africa 
based on the tetrahedral x, y and z colour measurements 
of each feather patch. We also used AOD to test for 
character displacement in throat colour in Central and 
East Africa, but not in West Africa because we had no 
museum specimens from sympatric populations from 
there. Moreover, because of the possibility that the 
feather colour of museum specimens might change 
over time (Armenta et al., 2008; Doucet & Hill, 2009), 
we tested for any effect of collection year by running a 
GLMM in R on throat colour hue, chroma, brightness 
and ultraviolet contrast, with species identity, sex and 
region included in the model.

We used principal components analysis (PCA) to 
reduce the set of morphometric measurements to 
two principal components (PCs). We ran GLMMs in 
R to test for the relative effects of species identity, 
sex, sympatry with one another, longitude, latitude, 
region and elevation, in addition to the interactions 
between region and sympatry, species and sympatry, 
and species and region on PCs, with diagnostics and 
spatial autocorrelation tests performed as described 
above for song.

In order to test for possible differences in habitat 
preferences between the species and among regions, 
we ran GLMM in R on EVI, VCF and elevation with 
species and region as predictors.

RESULTS

Song

Songs varied significantly between species and 
among regions. In peak frequency, most variation 
was explained by differences between the two species, 
followed by intraspecific differences between high and 
low heterospecific density sites, indicating significant 

song divergence among sites as a result of the presence 
of the congener in both species (Table 1), consistent 
with previous findings for the two species (Kirschel 
et al., 2009b). Heterospecific density had the strongest 
effect on song frequency in Central Africa, with greater 
differences between populations with high congener 
density than low density there and also in East Africa, 
but no difference in West Africa (Fig. 2). Frequencies 
were also higher at lower elevations, further west (Fig. 
2) and in the presence of the red-rumped tinkerbird 
(P.  atroflavus), although this last effect was not 
included in the final model (Table 1). Pace also differed 
mostly between the species and by region, with slower 
songs in both species in West Africa and faster songs 
in East Africa (Fig. 2), but there were no significant 
effects of interactions with other congeners or the 
environment on song pace.

Sex differences

We found no significant differences between the sexes in 
throat, rump, belly or breast colour (0.109 < P < 0.976), 
but there was evidence of sexual dimorphism in tarsus 
length and some bill characteristics of P. subsulphureus. 
We thus incorporated all data, including unsexed 
individuals, in subsequent colour analyses, but we 
controlled for sex in morphological analyses, removing 
data of unsexed specimens.

Coloration

Examination of mean reflectance spectra revealed that 
P. subsulphureus and P. bilineatus were more similar in 
West Africa, especially in throat colour (Fig. 3), but also 
in rump and breast colour (Supporting Information, 
Figs S2, S3). Pogoniulus subsulphureus in West Africa 
was more similar in throat colour to P. bilineatus and 
less similar to that of P. subsulphureus in Central 
and East Africa (Fig. 3E). Pogoniulus subsulphureus 
was also more similar in rump and breast colour to 
P. bilineatus in the west, mostly because of greater 
similarity in the ultraviolet range. These patterns were 
particularly evident in chroma (Fig. 2A; Supporting 
Information, Figs S2A, S3A), ultraviolet contrast 
(Fig. 3C; Supporting Information, Figs S2C, S3C) 
and, for throat colour, in hue (Fig. 3B). No difference 
was found between the species in brightness (Fig. 3D; 
Supporting Information, Figs S2D, S3D), and there 
was substantial overlap between the species across the 
range in all measurements of belly colour (Supporting 
Information, Fig. S4).

We found significant differences in plumage between 
the species in each region using AOD (all P < 0.05). 
However, the extent of differences in colour between 
patches varied geographically, with evidence for 
greater differences further east (Table 2). Application 
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of the receptor noise model (Vorobyev & Osorio, 
1998) suggested that differences in throat colour in 
West Africa were at the threshold of perceptibility 
(ΔS = 0.998), but were considerably greater in Central 
and East Africa (ΔS > 3), with rump colour distinct 
between the species, and breast and belly colour mostly 
above the 1.0 threshold (Table 2).

The CDA confirmed the pattern of convergence 
in West Africa. Canonical discriminant analysis 

revealed that 83.3% of West African P. subsulphureus 
were misclassified as P. bilineatus based on throat 
colour, but only 4.5% of Central and East African 
P. subsulphureus were misclassified. In P. bilineatus, 
the single individual misclassified was also from 
West Africa. No individuals were misclassified based 
on rump colour (Supporting Information, Table 
S2). Based on breast colour, the CDA misclassified 
21 and 4% of P. subsulphureus in West Africa and 

Table 1.  Results of generalized linear mixed models examining song variation in terms of peak frequency (A) and pace 
(B) (both log10-transformed) 

A. Peak frequency (log): N = 546, populations = 38 Estimate SE t-value P-value

Intercept 3.0712913 0.0057573 553.46 < 2 × 10−16

EVI −9.13 × 10−3 9.31 × 10−3 −0.98 0.33
VCF (log10-transformed) −5.09 × 10−3 6.07 × 10−3 −0.838 0.40
Red-rumped tinkerbird presence 1.54 × 10−2 7.20 × 10−3 2.142 0.04*
Elevation (square-root transformed) −0.0007 0.0003 −2.90 0.005
Heterospecific density (high) −0.01 0.004 −3.23 0.002
Species (YTT) 0.09 0.005 19.67 < 2 × 10−16

Region (East Africa) −4.35 × 10−2 2.74 × 10−2 −1.585 0.12
Region (West Africa) 3.08 × 10−2 2.01 × 10−2 1.530 0.13
Longitude† −0.0005 0.0002 −2.52 0.015
Heterospecific density (high): YTT 0.02 0.005 3.39 0.001
Heterospecific density (high): East Africa 1.48 × 10−2 7.51 × 10−3 1.97 0.059
Heterospecific density (high): West Africa 1.00 × 10−2 7.85 × 10−3 1.28 0.21
Species (YTT): region (East Africa) −2.79 × 10−3 4.91 × 10−3 −0.57 0.57
Species (YTT): region (West Africa) 1.10 × 10−2 6.29 × 10−3 1.75 0.08
 
B. Pace (log): N = 546, pops = 38 Estimate SE t-value P-value
Intercept 0.369495 0.005 80.20 < 2 × 10−16

EVI 6.02 × 10−3 1.46 × 10−2 0.41 0.68
VCF (log10-transformed) −1.05 × 10−2 8.98 × 10−3 −1.17 0.24
Red-rumped tinkerbird presence 9.40 × 10−3 7.80 × 10−3 1.20 0.24
Elevation (square-root transformed) 1.43 × 10−4 3.62 × 10−4 0.39 0.69
Heterospecific density (high) 2.42 × 10−3 8.59 × 10−3 0.28 0.78
Species (YTT) 0.32 0.006 57.03 < 2 × 10−16

Region (East Africa) 0.05 0.005 9.43 4.56 × 10−14

Region (West Africa) −0.05 0.007 −7.26 5.27 × 10−11

Longitude‡ −6.43 × 10−4 1.82 × 10−3 −0.35 0.73 
Heterospecific density (high): YTT 9.41 × 10−3 7.42 × 10−3 1.27 0.22
Heterospecific density (high): East Africa 2.86 × 10−3 8.39 × 10−3 0.34 0.74
Heterospecific density (high): West Africa −1.81 × 10−2 9.51 × 10−3 −1.91 0.06
Species (YTT): region (East Africa) 0.03 0.007 4.40 1.70 × 10−5

Species (YTT): region (West Africa) −0.04 0.009 −4.01 8.20 × 10−5

The models test for patterns attributable to species differences (YTT = Pogoniulus subsulphureus), patterns consistent with character displacement 
based on an effect of high heterospecific density, patterns of variation between regions, and the effects of elevation, longitude, latitude and two re-
motely sensed measures of habitat, namely the enhanced vegetation index (EVI) and percentage canopy cover (VCF). The models also examine 
the effect of the presence of the red-rumped tinkerbird, and various interactions between regions, species and presence of the congener at a high 
heterospecific density. Bold text indicates that the variable was included in the best-supported model according to its Akaike information criterion 
corrected for small sample sizes (AICc) score. In A, the AICc score for the best-supported model was −2736.92; for the full model it was −2664.11. In B, 
the AICc score for the best-supported model was −2193.29; for the full model it was −2108.08.
*Red-rumped tinkerbird shows a significant effect on peak frequency, but this effect is diminished in subsequent models.
†The full model would not converge with latitude included, but replacing longitude with latitude in the above model showed that the latter had no 
effect (P = 1.0).
‡The full model would not converge with latitude included, but replacing longitude with latitude in the above model showed that the latter had no 
effect (P = 0.9999).
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Central + East Africa, respectively, and one individual 
of P. bilineatus from Central + East Africa; belly 
colour could not be used to discriminate among the 
species within any region (Supporting Information, 
Table S2). We did not find evidence of divergence 
in throat colour between sympatry and allopatry 
within regions in P. subsulphureus [Central Africa, 
(Minkowski) distance = 0.1034, P = 0.87; East Africa, 
distance = 0.3445, P = 0.34], whereas in P. bilineatus 
there was marginal evidence of displacement in 
Central Africa (distance = 0.9485, P = 0.0096) and in 
East Africa (distance = 0.0684, P = 0.054), although 
the direction of divergence differed (converging 

towards P. subsulphureus in Central Africa, but away 
from it in East Africa). The GLMM testing the role 
of specimen age showed no effect on throat colour 
(chroma, t = −0.05, P = 0.96; hue, t = 0.70, P = 0.48; 
brightness, t = −1.38; P = 0.17; ultraviolet contrast, 
t = 0.08, P = 0.94; Supporting Information, Table S3).

Morphometrics

Using PCA with varimax rotation, we extracted 
the first two PCs explaining 73% of the variation in 
morphology, with PC1 being positively correlated 
with larger body size and, specifically, wing, tail and 
tarsus length, and PC2 positively correlated with 
bill size measurements. The GLMM revealed body 
size (PC1) differences between regions (P. bilineatus 
largest in the east, and P. subsulphureus smallest in 
the west), species (P. subsulphureus smaller), sexes 
(females smaller) and elevations (larger individuals 
at higher elevations) (Table 3; Fig. 4). Evidence for 
character displacement was also found in body size, 
with P. subsulphureus being significantly smaller 
and P. bilineatus larger (though not significantly) 
where the two species occurred together (Supporting 
Information, Fig. S5). Much less variation was 
explained in bill size (PC2) in the GLMM, with the 
only significant difference attributed to the smaller 
size of P. subsulphureus in West Africa (Table 3). There 
was no evidence of spatial autocorrelation in any of the 
models.

Phylogenetic reconstruction

We successfully sequenced 94 fragments of 832 bp 
of ATPase subunit  6/8 (for GenBank accession 
numbers, see Supporting Information, Table S1). 
Bayesian analyses revealed that P. bilineatus and 
P. subsulphureus were reciprocally monophyletic, 
and they were estimated in RevBayes to have been 
diverging for 4.37 Myr, with P. atroflavus a more 
distant relative and with a common ancestor to the 
P. bilineatus/P. subsulphureus clade 6.31 Mya (Fig. 
5A). Populations in West and Central Africa have 
been diverging for 0.99 Myr in P. subsulphureus 
and 0.64 Myr in P. atroflavus, but for considerably 
less time in P.  bilineatus, with the population 
from West Africa sharing a common ancestor with 
most populations from Central and East Africa 
0.335 Mya. In contrast, there was deep divergence 
among different subspecies of P. bilineatus in East 
Africa, with some populations in Kenya alone 
diverging for 2.31 Myr. In P. subsulphureus, there 
were similar levels of structure east and west of 
the Dahomey Gap (Fig 5B), whereas in P. bilineatus 
greater structure was more evident in the east than 
in the west (Fig. 5C).
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Figure 2.  A, scatter plot of individual tinkerbird songs in 
peak frequency and rate, illustrating differences between 
species within and between regions. Note that where 
songs of Pogoniulus subsulphureus (YT) are closer in rate 
(further west in Ghana) to Pogoniulus bilineatus (YR), 
they are more different in frequency. In addition, there 
is a distinct pattern eastwards of lower frequencies and 
faster rates in both species. B, box plots of peak frequency 
(log10-transformed) residuals of P. bilineatus (blue) and 
P. subsulphureus (yellow) in each region in populations with 
high and low heterospecific density. Where the congener 
coexists at high density, song pitch is more different in East 
and, especially, in Central Africa than where the congener 
occurs at low density (or is absent). There is no difference in 
peak frequency between sites with low and high congener 
density in West Africa.
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Ecological gradients

A GLMM revealed no differences overall in VCF 
(N = 546, F = 2.59, P = 0.11) or EVI (N = 539, F = 1.71, 
P = 0.19) between the species, but there were differences 
in elevation (N = 545, F = 5.86, P = 0.016). Nonetheless, 
there were regional differences in all three environmental 
variables (VCF, F = 7.68, P = 0.0017; elevation, F = 38.15, 
P < 0.0001; EVI, F = 8.13, P = 0.0012), with the highest 
VCF, EVI and elevation in East Africa, followed by 
Central Africa, and the lowest in West Africa, although 
West Africa was not significantly lower than the other 
two regions in VCF and EVI. Differences were found 
between the species in VCF (N = 85, F = 9.08, P = 0.003; 

Supporting Information, Fig. S6A) in West Africa, with 
P. subsulphureus in more densely forested areas than 
P. bilineatus, and in elevation in Central Africa (N = 138, 
F = 10.67, P = 0.001; Supporting Information, Fig. S6C), 
with P. bilineatus found at higher elevations, but no 
differences were found in EVI (Supporting Information, 
Fig. S6B). There were no significant differences in 
habitat among the species in East Africa.

DISCUSSION

We found evidence for phenotypic divergence in 
several traits among the allopatric populations 
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in different regions. This divergence reflected 
independent evolution in geographical isolation, 
consistent with patterns of either genetic drift or 
sexual selection. Allopatric divergence in phenotypic 
traits such as song has been reported before, 
including in barn swallow (Hirundo rustica; Wilkins 
et al., 2018) and yellow-rumped tinkerbird in East 
Africa (Nwankwo et al., 2018). But in contrast to 
barn swallow song, which is learned, tinkerbird 
song is understood to develop innately (Kirschel 
et al., 2009b), and thus population differences in 
song are likely to have a genetic basis. In addition to 
differences in song among regions, we found evidence 
of character displacement in song between the two 
tinkerbird species within regions.

Mechanisms

Drift and adaptation
Traits differed among regions, consistent with 
divergence in refugial isolation over long periods of 
time that could be associated with genetic drift. The 
distributions of both species are continuous across 
Central and East Africa in the present day, as in 
many species purported to have been restricted to 
refugia during the Pleistocene, and a pattern of clinal 
variation could result from gene flow after secondary 
contact. Similar patterns could be explained instead 
by adaptation to specific allopatric habitats. We found 
no evidence, however, of ecological gradients being 
associated with variation in phenotypic traits, based 
on the factors we tested, although elevation was found 
to exhibit a significant negative correlation with 
song frequency and positive correlation with body 
size. A negative correlation between song frequency 
and body size is expected (Ryan & Brenowitz, 1985; 
Seddon, 2005; Kirschel et al., 2009b), and a positive 
relationship between body size and elevation is in 
accordance with predictions of Bergmann’s rule of 
larger body size at higher latitudes and elevations 

(Ashton, 2002; Nwankwo et al., 2019). We did not find 
an effect of latitude, but that is likely to be attributable 
to the small latitudinal range of the study.

Competitive and reproductive interactions
In accordance with previous work on these species 
(Kirschel et  al., 2009b), we found evidence that 
interactions between tinkerbird species in sympatry 
have led to character displacement. This is particularly 
evident in Central and East Africa, where the two 
species commonly occur in sympatry at high relative 
abundances and where character displacement occurs 
in song frequency and body size (although unlike 
previous work based on fieldwork, not in bill shape, cf. 
Kirschel et al., 2009b) and where greater differences 
in throat and rump colour are found. The pattern 
of similarity in rump and breast colour and, more 
strikingly, in throat colour, where there is very little 
range overlap in West Africa, suggests a possible role 
for competitive or reproductive exclusion (see Gröning 
& Hochkirch, 2008; Price & Kirkpatrick, 2009). The 
lack of evidence for divergence between sympatric and 
allopatric populations of P. subsulphureus in throat 
colour suggests that throat colour diverged sufficiently 
throughout the time when P. subsulphureus has been 
interacting with P. bilineatus in Central and East 
Africa. Divergence in throat colour might have evolved 
to aid species recognition, possibly by way of historical 
reproductive character displacement after secondary 
contact, with gene flow then spreading the yellow 
throat colour into allopatric populations, but not across 
the Dahomey Gap (Fig. 6).

Indeed, phylogenetic evidence supports the 
possibility that the two species have been present and 
thus likely to be interacting for considerably longer 
in East Africa than in West Africa. This hypothesis is 
supported by the deeper population genetic structure 
east as opposed to west of the Dahomey Gap (see also 
Nwankwo et al., 2018; Kirschel et al., 2018). Specifically, 

Table 2.  Minkowski distances in tetrahedral colour space (d) and receptor noise based colour distances (ΔS) between 
Pogoniulus bilineatus and Pogoniulus subsulphureus in each contact region

Region Rump Throat Breast Belly 

 d ΔS d ΔS d ΔS d ΔS

West Africa 15.996 2.71 1.946 0.998 4.048 1.25 3.691 1.31
Central Africa 18.713 2.95 33.726 3.044 5.967 1.12 4.049 1.81
East Africa 22.926 3.32 42.133 3.818 13.597 1.87 0.884 0.47

Measurements of the left side of the rump, right side of the throat, middle of the breast and left side of the belly (both in parallel orientation) were 
used because they scored higher than other sides of those patches in consistency tests. A value of ΔS ≥ 1 indicates that the mean colour differences 
between populations are likely to be perceptible by birds (Vorobyev & Osorio, 1998; Vorobyev et al., 2001). The Minkowski distances are squared and 
multiplied by 104 for ease of presentation.
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while populations of P. bilineatus have been diverging 
in East Africa from > 2 Mya, divergence between 
West Africa and East Africa was estimated to be no 
earlier than 0.335 Mya (Fig. 5), suggesting more recent 
expansion westwards. Pogoniulus subsulphureus 
diverged either side of the Dahomey Gap ~1 Mya, 
suggesting that the two species have been interacting 
an order of magnitude less time in West Africa than in 
East Africa.

Song functions more in intrasexual competition 
(Kirschel et al., 2009b); therefore, might plumage play 
a more important role in intersexual interactions? 
Reproductive exclusion resulting from similarity 

in plumage coloration (see Hochkirch et al., 2007; 
Vallin et al., 2012) could potentially maintain reduced 
range overlap in West Africa. This outcome might be 
more likely for plumage than for song if interspecific 
intersexual interactions are costlier than intraspecific 
intrasexual interactions, owing to the costs of 
hybridization (Kishi et al., 2009; Ord & Stamps, 
2009; Seddon & Tobias, 2010). Nwankwo et al. (2019) 
found that distinct crown colour differences in two 
other tinkerbird taxa (Pogoniulus chrysoconus and 
Pogoniulus pusillus) did not maintain reproductive 
isolation despite a divergence time of ~4 Mya. The 
songs of those two species overlap in pace and 

Table 3.  Results of generalized linear mixed models examining variation in morphology in terms of principal component 
(PC) 1 (A), which is positively associated with wing chord, tarsus and tail length, and PC2 (B), which is positively 
associated with greater bill size (bill length, bill width, upper bill depth and lower mandible length)

A. PC1: N = 299, populations = 65 Estimate SE t-value P-value

Intercept −3.535 × 10−1 3.206 × 10−1 −1.102 0.28
Red-rumped tinkerbird presence 5.26 × 10−3 3.27 × 10−1 0.02 0.99
Elevation 5.67 × 10−4 2.00 × 10−4 2.832 0.007
Sympatry 1.26 × 10−1 2.11 × 10−1 0.60 0.56
Species (YTT) −1.33 3.34 × 10−1 −3.97 0.0003
Sex (female) −3.05 × 10−1 9.66 × 10−2 −3.16 0.002
Region (East Africa) 9.25 × 10−1 1.91 × 10−1 4.85 1.9 × 10−5

Region (West Africa) 5.57 × 10−1 3.27 × 10−1 1.71 0.09
Longitude 2.36 × 10−2 3.39 × 10−2 0.70 0.49
Latitude 7.76 × 10−2 7.20 × 10−2 1.08 0.29 
Sympatry: YTT −7.76 × 10−1 3.30 × 10−1 −2.35 0.023
Sympatry: East Africa −5.71 × 10−1 3.78 × 10−1 −1.51 0.14
Sympatry: West Africa −3.89 × 10−1 3.12 × 10−1 −1.25 0.21
Species (YTT): region (East Africa) −2.57 × 10−1 2.48 × 10−1 −1.04 0.30
Species (YTT): region (West Africa) −1.82 4.30 × 10−1 −4.23 6.2 × 10−5

B. PC2: N = 299, pops = 65 Estimate SE t-value P-value
Intercept 0.6151 0.2420 2.542 0.014
Red-rumped tinkerbird presence 1.44 × 10−2 6.12 × 10−1 0.02 0.98
Elevation −5.74 × 10−5 4.35 × 10−4 −0.13 0.90
Sympatry 7.34 × 10−1 7.00 × 10−1 1.05 0.30
Species (YTT) −0.6263 0.33 −1.93 0.056
Sex (female) −1.82 × 10−1 1.92 × 10−1 −0.95 0.34
Region (East Africa) −0.53 0.30 −1.76 0.09
Region (West Africa) 0.33 0.50 0.67 0.50
Longitude 2.00 × 10−3 6.34 × 10−2 0.03 0.97
Latitude 1.27 × 10−1 1.27 × 10−1 1.00 0.32 
Sympatry: YTT −8.02 × 10−1 7.07 × 10−1 −1.14 0.27
Sympatry: East Africa −4.44 × 10−1 6.65 × 10−1 −0.67 0.51
Sympatry: West Africa 9.32 × 10−4 5.93 × 10−1 0.002 1.00
Species (YTT): region (East Africa) 0.21 0.45 0.46 0.64
Species (YTT): region (West Africa) −1.54 0.65 −2.35 0.02

The models test for patterns attributable to species (YTT = Pogoniulus subsulphureus) and sex differences, patterns consistent with character dis-
placement based on sympatry with its close relative, patterns of variation between regions, and the effects of elevation, longitude and latitude, pres-
ence of the red-rumped tinkerbird, and various interactions between regions, species and sympatry with the congener. Bold text indicates that the 
variable was included in the best-supported model according to its Akaike information criterion corrected for small sample sizes (AICc) score. In A, the 
AICc score for the best-supported model was 751.04; for the full model it was 766.01. In B, the AICc score for the best-supported model was 1121.16; 
for the full model it was 1153.91.
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frequency, with playback experiments supporting 
the hypothesis that they do not recognize differences 
in song (A. Kirschel, unpublished data). In contrast, 
the two species examined here do not overlap in song 
characters and differentiate one another’s song in 
sympatry (Kirschel et al., 2009b). Furthermore, there 
is no present evidence of hybridization, although the 
finding of convergence in P. bilineatus throat colour in 
sympatry with P. subsulphureus in Central Africa might 
be suggestive of some introgressive hybridization. 
Although interspecific intrasexual interactions owing 
to song similarity might also lead to competitive or 
reproductive exclusion (Irwin & Price, 1999; Seddon, 

2005; but see Laiolo, 2017), in the present study the 
songs might be sufficiently diverged to facilitate 
coexistence. An alternative explanation is that 
because of plumage similarity, interspecific aggression 
is so strong that range boundaries are maintained in 
West Africa despite differences in body size and song, 
but divergent plumage and character displacement in 
song and body size facilitates coexistence further east.

Divergence in morphology in Central and East 
Africa could be explained by competition for resources 
and thus ecological character displacement (Brown & 
Wilson, 1956; Schluter, 2000; Price, 2008). This raises 
the possibility of song (a trait important in non-random 
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Figure 4.  Scatter plots and 95% confidence ellipses (means centred) of body size and bill size. There is minimal overlap 
in morphology between Pogoniulus bilineatus and Pogoniulus subsulphureus in West Africa (A), but substantial overlap in 
both Central (B) and East Africa (C). We took residuals of principal component (PC) 1, positively correlated with body size, 
after controlling for elevation (which explained much variation in body size, as reported by Kirschel et al., 2009b). Principal 
component 2 is positively correlated with bill size.
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mating) diverging as a by-product of divergence in 
morphology (Servedio et al., 2011) because of the 
physical constraints of body size on sound frequency 
(Ryan & Brenowitz, 1985; Seddon, 2005; Amezquita 
et al., 2006; Gilbert & Bell, 2018). Nonetheless, results 
of playback experiments suggest that song divergence 
helps to reduce interspecific aggression in sympatry 
(Kirschel et al., 2009b), with weaker responses to 
heterospecific song in sympatry than in allopatry. 
Thus, even if song originally diverged as a by-product 
of divergence in morphology, selection for reduced 
interspecific aggression probably reinforced the 
species differences in song.

When ecological competition is strong, theory 
suggests that range limits should be sharper along 
steeper environmental gradients (Case & Taper, 2000; 
Case et al., 2005; Goldberg & Lande, 2006; Price & 

Kirkpatrick, 2009). We found that differences in tree 
cover were greater among the species where they are 
largely allopatric in West Africa, suggesting that tree 
cover might play a role in determining the species 
range limits. Indeed, such differences in habitat 
suggest that P. bilineatus might have become adapted 
to a different habitat in West Africa, where it is found 
much more in gallery forest in savanna rather than 
in secondary forest, where it is often found further 
east. However, P. bilineatus also occurs in gallery 
forest in Central Africa and in much more densely 
vegetated habitat elsewhere, suggesting that it is not 
because of habitat preferences that it is absent from 
dense forest in West Africa, although directional or 
stabilizing selection there specifically cannot be ruled 
out. Elevational distributions were also significantly 
different among the species, with steeper gradients (i.e. 

Figure 5.  A, molecular phylogeny including samples of Pogoniulus bilineatus, Pogoniulus subsulphureus and Pogoniulus 
atroflavus based on the Bayesian inference consensus tree of an 832 bp fragment of ATPase subunit 6/8, with Tricholaema 
diademata as the outgroup. On the left side of nodes are the posterior probabilities and bootstrap values above and below 
the branch, respectively, with node ages on the right side of the node, calculated using RevBayes v.1.0.5. Populations of 
P. subsulphureus and P. atroflavus have diverged either side of the Dahomey Gap in West Africa (blue line) and Central 
Africa (green line) for longer than populations of P. bilineatus, which has longer divergence times in East Africa (red line) 
than to the west, suggesting more recent westward expansion. B, C, minimum spanning networks show a clear east–west 
division in P. subsulphureus (B), whereas in P. bilineatus (C) there is greater structure in East Africa (incorporating the 
P. bilineatus complex from further east and further south in Africa), while West Africa haplotypes appear nested within a 
cluster including Central and East Africa haplotypes. Species illustrations are from Borrow & Demey (2001).
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greater differences in elevation) between the species 
in Central Africa than in West Africa, suggesting that 
less overlap would be expected in Central than in West 
Africa, but the reverse is found, thus the steepness 
of environmental gradients is unlikely to explain the 
extent of range overlap between the two species, with 
competitive or reproductive interference from related 
species potentially playing a more important role.

Effects of species assemblages

Another factor that could contribute to different traits 
diverging in different contact zones is geographical 
variation in the species assemblage (Hoskin & Higgie, 

2010). In particular, the strength of interaction between 
two focal species might be affected by other key species 
(Case et al., 2005). One possibility here is that another 
forest tinkerbird, the larger P. atroflavus, also interacts 
with one or both focal species where its range overlaps 
with theirs in primary and secondary forests in West 
and Central Africa. Despite larger body size in East 
African P. bilineatus and P. subsulphureus populations 
where P. atroflavus is mostly absent, the presence 
or absence of P. atroflavus did not appear to explain 
variation in body size. Song frequency was higher in 
the presence of P. atroflavus, suggesting a possible 
shift in frequencies in both species when coexisting 
with the lower-pitched red-rumped tinkerbird. 

Figure 6.  Schematic diagram of a possible scenario resulting in divergence in throat colour in Pogoniulus subsulphureus. 
The two species diverge from a white-throated common ancestor 6.31 Mya, and here we present a plausible example of 
divergence across the Dahomey Gap, with P. subsulphureus west and Pogoniulus bilineatus east. Pogoniulus subsulphureus 
disperses east of the Dahomey Gap to Central Africa 0.99 Mya. The eastern populations interact with P. bilineatus, driving 
character displacement in throat colour and thus divergence from white-throated P. subsulphureus west of the Dahomey 
Gap. Yellow throat colour spreads throughout the eastern populations in allopatry and sympatry with P. bilineatus as a 
result of gene flow. Pogoniulus bilineatus disperses west of the Dahomey Gap much more recently and with little or no range 
overlap with P. subsulphureus. Species illustrations are from Borrow & Demey (2001).
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However, the effect of the presence of P. atroflavus 
was not included in the best-supported model, with 
significant effects in the full model diminishing after 
other non-significant factors were removed. There was 
no effect of the presence of P. atroflavus on song pace. 
Nevertheless, species interactions might otherwise 
explain P. subsulphureus throat colour. In West Africa, 
P. subsulphureus is largely allopatric from P. bilineatus, 
which also have white throats, but commonly sympatric 
with P. atroflavus with yellow throats. Divergence in 
throat colour might thus have occurred for species and 
mate recognition in P. subsulphureus in either West 
Africa, in the presence of P. atroflavus, or in Central 
and East Africa, where it commonly coexists with 
P. bilineatus. It is not known which throat colour is 
ancestral in P. subsulphureus, although white would 
be more parsimonious considering that its sister taxon 
P. bilineatus has a white throat (Fig. 6). In any case, 
a number of species in the genus have either yellow 
or white throats, or both (Short & Horne, 2002), 
suggesting that there is ancestral genetic variation 
in colour genes that, via selection and recombination, 
explains the appearance of yellow or white throats in 
different lineages (e.g. Stryjewski & Sorenson, 2017). 
However, because yellow is likely to be carotenoid 
based (Shawkey et al., 2006), we cannot rule out a 
possible role of diet in explaining differences among 
populations and species.

How long species have been in contact is 
expected to play a crucial role (see Price, 2011), 
with P. subsulphureus in West Africa likely to have 
coexisted for longer with P. atroflavus (0.64 Myr) 
than with P. bilineatus (< 0.335 Myr). Pogoniulus 
bilineatus is largely absent from the forest zone in 
West Africa (Dowsett-Lemaire & Dowsett, 2014), 
suggesting that P. subsulphureus and P. atroflavus 
might occupy suitable ecological niches and preclude 
syntopy with P. bilineatus (see Price, 2011), although 
we cannot rule out the possibility that P. bilineatus in 
West Africa has not been able to colonize and adapt to 
closed forest there after expansion westwards. Further 
east, however, P. bilineatus coexists in forested habitat 
with P. subsulphureus, whereas in coastal eastern and 
southern Africa it is primarily a forest bird (Nwankwo 
et al., 2018).

Conclusions

Several processes may influence the phenotypes of both 
species and their distributions. Different processes 
may play a more significant role in each contact zone. 
In this study, in West Africa, patterns of variation are 
consistent with drift in refugial isolation, a shorter 
interaction time and competitive and/or reproductive 
exclusion. In contrast, in Central and East Africa, 
agonistic character displacement after a longer period 

of time interacting in syntopy provides a better 
explanation of divergence in phenotypic characters. 
These different processes acting on different traits and 
their consequent evolutionary trajectories might even 
drive allopatric divergence among regions (Hoskin 
et al., 2005; Lemmon, 2009; Hoskin & Higgie, 2010). 
Displacement in characters can result between species 
where they meet (Grant, 1972), within species between 
sympatric and allopatric populations (Kirschel et al., 
2009b) and among contact zones based on different 
trajectories of displacement (Hoskin et al., 2005). 
These processes can be affected by time spent in 
isolation and time interacting after secondary contact, 
the relative abundances of the interacting species, 
and the extent of their phenotypic similarity at each 
contact zone (see Pfennig & Pfennig, 2010). We suggest 
that such species interactions can play a profound role 
in species diversification, and these interactions can 
be shaped by historical biogeography and geological 
history, which can be explored using phylogeographical 
analyses. We recommend that future studies focusing 
on divergence between allopatric populations using 
phylogeographical methods should also examine the 
possible role of interactions within the communities 
in which the populations are found, in addition to 
interactions among populations that might diverge in 
allopatry as a result of their interactions with related 
species in sympatry.

ACKNOWLEDGEMENTS

We thank L. Hadjioannou, D. Daramani, S. Kenyenso, 
J.-B. Dongmo, H. Minick, J. Ogubi, I. Onyutta, P. Adoch, 
M. Wassaja and N. Francis Motombi for assistance in 
the field, A. Karageorgos and R. Jones for molecular 
laboratory work, A. Asamoah, J. Roberts, F. Dowsett-
Lemaire, C. Dranzoa, R. Kityo, K. Njabo, T. Smith 
and the late G. Dzikouk for assistance with logistics, 
and the Ghana Wildlife Service, the Cameroon 
Biodiversity Conservation Society and the Uganda 
Wildlife Authority for assistance with research 
permits. J. A. Endler kindly provided 300–700 nm 
irradiance spectra. We thank the Institute for Digital 
Research and Education Statistical Consulting Group 
at University of California Los Angeles (UCLA) 
for assistance with statistical analyses, P. Long for 
assistance with analyses of remote sensing data, and 
T. Uller, J. Jankowski, and ten anonymous reviewers for 
comments that helped us to improve the manuscript. 
We thank the following museums (and their staff) for 
providing specimen loans: Natural History Museum of 
Los Angeles County (K. Garrett), the Field Museum of 
Natural History (D. Willard), the American Museum 
of Natural History (P. Sweet), the Smithsonian 
Institution National Museum of Natural History (J. 

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/129/2/439/5695722 by U

niversity of C
alifornia, Los Angeles user on 25 M

arch 2020



RANGE OVERLAP AND CHARACTER DISPLACEMENT  455

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 129, 439–458

Dean), the British Museum of Natural History (M. 
Adams), the Museum of Natural Science at Louisiana 
State University (S. Cardiff), the Peabody Museum 
at Yale University (K. Zyskowski) and, especially, 
K. Molina at the Donald R. Dickey collection of UCLA 
for managing the loans. We thank our funding sources: 
a Marie Curie International Reintegration Grant, 
NSF Doctoral Dissertation Improvement Grant, Field 
Museum collection study grant, UCLA’s Lida Scott 
Brown and Quality of Graduate education fellowships, 
and a Lewis and Clark fund grant from the American 
Philosophical Society (A.N.G.K.), the UCLA Whitcome 
Fellowship (N.S.) and the A.P Leventis Ornithological 
Research Institute (E.C.N.).

REFERENCES

Adams DC. 2004. Character displacement via aggressive 
interference in Appalachian salamanders. Ecology 85: 2664–2670.

Amezquita  A , Hodl  W , Lima  AP , Castellanos  L , 
Erdtmann L, de Araujo MC. 2006. Masking interference 
and the evolution of the acoustic communication system 
in the Amazonian dendrobatid frog Allobates femoralis. 
Evolution 60: 1874–1887.

Armenta JK, Dunn PO, Whittingham LA. 2008. Effects of 
specimen age on plumage color. Auk 125: 803–808.

Ashton  KG. 2002. Patterns of within-species body size 
variation in birds: strong evidence for Bergmann’s rule. 
Global Ecology and Biogeography 11: 505–523.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting 
linear mixed-effects models using lme4. Journal of Statistical 
Software 67: 1–48.

Bridle JR, Vines TH. 2007. Limits to evolution at range 
margins: when and why does adaptation fail? Trends in 
Ecology & Evolution 22: 140–147.

Borrow N, Demey R. 2001. Birds of Western Africa. London: 
Christopher Helm.

Brown WL Jr, Wilson EO. 1956. Character displacement. 
Systematic Zoology 5: 49–64.

Butlin R. 1987. Speciation by reinforcement. Trends in Ecology 
& Evolution 2: 8–13.

Case TJ, Holt RD, McPeek AM, Keitt TH. 2005. The 
community context of species’ borders: ecological and 
evolutionary perspectives. Oikos 108: 28–46.

Case  T , Taper  M.  2000. Interspecific competition, 
environmental gradients, gene flow, and the coevolution of 
speciesʼ borders. The American Naturalist 155: 583–605.

Clark CJ, Kirschel ANG, Hadjioannou L, Prum RO. 
2016. Smithornis broadbills produce loud wing song by 
aeroelastic flutter of medial primary wing feathers. Journal 
of Experimental Biology 219: 1069–1075.

Cooney CR, Tobias JA, Weir JT, Botero CA, Seddon N. 2017. 
Sexual selection, speciation and constraints on geographical 
range overlap in birds. Ecology Letters 20: 863–871.

Coyne JA, Orr HA. 2004. Speciation. Sunderland: Sinauer 
Associates.

Diamond AW, Hamilton AC. 1980. The distribution of forest 
passerine birds and Quaternary climatic change in tropical 
Africa. Journal of Zoology 191: 379–402.

Doucet SM, Hill GE. 2009. Do museum specimens accurately 
represent wild birds? A case study of carotenoid, melanin, 
and structural colours in long-tailed manakins Chiroxiphia 
linearis. Journal of Avian Biology 40: 146–156.

Dowsett-Lemaire F, Dowsett RJ. 2014. Birds of Ghana. 
Liège: Tauraco Press.

Dowsett-Lemaire F, Dowsett RJ. 2019. The birds of Benin 
and Togo. An atlas and handbook. Liège: Tauraco Press.

Dufour CMS, Herrel A, Losos JB. 2018. Ecological character 
displacement between a native and an introduced species: 
the invasion of Anolis cristatellus in Dominica. Biological 
Journal of the Linnean Society 123: 43–54.

Eberhard  JR, Bermingham  E. 2004. Phylogeny and 
biogeography of the Amazona ochrocephala  (Aves: 
Psittacidae) complex. The Auk 121: 318–332.

Edgar RC. 2004. MUSCLE: a multiple sequence alignment 
method with reduced time and space complexity. BMC 
Bioinformatics 5: 113. 

Endler JA. 1977. Geographic variation, speciation, and clines. 
Monographs in Population Biology 10: 1–246.

Endler  JA. 1993. The color of light in forests and its 
implications. Ecological Monographs 63: 1–27.

Endler JA, Mielke PW. 2005. Comparing entire color patterns 
as birds see them. Biological Journal of the Linnean Society 
86: 405–431.

Fenty J. 2004. Analyzing distances. The Stata Journal 4: 1–26.
Fjeldså J. 1983. Ecological character displacement and 

character release in grebes Podicipedidae. Ibis 125: 463–481.
Fox J, Weisberg S. 2011. An {R} companion to applied 

regression, 2nd edn. Thousand Oaks: Sage.
Gerhardt  HC. 2013. Geographic variation in acoustic 

communication: reproductive character displacement and 
speciation. Evolutionary Ecology Research 15: 605–632.

Gilbert CM, Bell RC. 2018. Evolution of advertisement 
calls in an island radiation of African reed frogs. Biological 
Journal of the Linnean Society 123: 1–11.

Goldberg EE, Lande R. 2006. Ecological and reproductive 
character displacement on an environmental gradient. 
Evolution 60: 1344–1357.

Gower JC, Krzanowski WJ. 1999. Analysis of distance for 
structured multivariate data and extensions to multivariate 
analysis of variance. Applied Statistics 48: 505–519.

Grant  PR. 1972. Convergent and divergent character 
displacement. Biological Journal of the Linnean Society 4: 
39–68.

Grant  PR, Grant  BR. 2006. Evolution of character 
displacement in Darwinʼs finches. Science 313: 224–226.

Grether GF, Anderson CN, Drury JP, Kirschel ANG, 
Losin N, Okamoto K, Peiman KS. 2013. The evolutionary 
consequences of interspecific aggression. Annals of the New 
York Academy of Sciences 1289: 48–68.

Grether GF, Losin N, Anderson CN, Okamoto K. 2009. The 
role of interspecific interference competition in character 
displacement and the evolution of competitor recognition. 
Biological Reviews 84: 617–635.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/129/2/439/5695722 by U

niversity of C
alifornia, Los Angeles user on 25 M

arch 2020



456  A. N. G. KIRSCHEL ET AL.

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 129, 439–458

Grether GF, Peiman KS, Tobias JA, Robinson BW. 2017. 
Causes and consequences of behavioral interference. Trends 
in Ecology & Evolution 32: 760–772.

Gröning J, Hochkirch A. 2008. Reproductive interference 
between animal species. Quarterly Review of Biology 83: 
257–282.

Haffer J. 1969. Speciation in Amazonian forest birds. Science 
165: 131–137.

Hasegawa M, Kishino H, Yano T. 1985. Dating of the 
human-ape splitting by a molecular clock of mitochondrial 
DNA. Journal of Molecular Evolution 22: 160–174.

Hobson KA, Gloutney ML, Gibbs HL. 1997. Preservation of 
blood and tissue samples for stable-carbon and stable-nitrogen 
isotope analysis. Canadian Journal of Zoology 75: 1720–1723.

Hochkirch A, Gröning J, Bücker A. 2007. Sympatry with 
the devil: reproductive interference could hamper species 
coexistence. Journal of Animal Ecology 76: 633–642.

Höhna S, Landis MJ, Heath TA, Boussau B, Lartillot N, 
Moore BR, Ronquist F. 2016. RevBayes: Bayesian phylogenetic 
inference using graphical models and an interactive model-
specification language. Systematic Biology 65: 726–736.

Hoskin  CJ, Higgie  M. 2010. Speciation via species 
interactions: the divergence of mating traits within species. 
Ecology Letters 13: 409–420.

Hoskin CJ, Higgie M, McDonald KR, Moritz C. 2005. 
Reinforcement drives rapid allopatric speciation. Nature 
437: 1353–1356.

Howard DJ. 1993. Reinforcement: origin, dynamics, and 
fate of an evolutionary hypothesis. In: Harrison RG, ed. 
Hybrid zones and the evolutionary process. Oxford: Oxford 
University Press, 46–69.

Irwin DE, Price T. 1999. Sexual imprinting, learning and 
speciation. Heredity 82: 347–354.

Kirkpatrick M, Barton NH. 1997. Evolution of a species’ 
range. The American Naturalist 150: 1–23.

Kirschel ANG, Blumstein DT, Cohen RE, Buermann W, 
Smith TB, Slabbekoorn H. 2009a. Birdsong tuned to the 
environment: green hylia song varies with elevation, tree 
cover, and noise. Behavioral Ecology 20: 1089–1095.

Kirschel ANG, Blumstein DT, Smith TB. 2009b. Character 
displacement of song and morphology in African tinkerbirds. 
Proceedings of the National Academy of Sciences of the 
United States of America 106: 8256–8261.

Kirschel  ANG, Nwankwo  EC, Gonzalez  JCT. 2018. 
Investigating the status of the enigmatic White-chested 
Tinkerbird Pogoniulus makawai using molecular analysis of 
the type specimen. Ibis 160: 673–680.

Kirschel ANG, Seddon N, Tobias JA. 2019. Range-wide 
spatial mapping reveals convergent character displacement 
of bird song. Proceedings of the Royal Society B: Biological 
Sciences 286: 20190443.

Kirschel ANG, Slabbekoorn H, Blumstein DT, Cohen RE, 
de Kort SR, Buermann W, Smith TB. 2011. Testing 
alternative hypotheses for evolutionary diversification in 
an African songbird: rainforest refugia versus ecological 
gradients. Evolution 65: 3162–3174.

Kishi  S, Nishida  T, Tsubaki  Y. 2009. Reproductive 
interference determines persistence and exclusion in species 
interactions. Journal of Animal Ecology 78: 1043–1049.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular 
evolutionary genetics analysis version 7.0 for bigger datasets. 
Molecular Biology and Evolution 33: 1870–1874.

Krishnan A, Tamma K. 2016. Divergent morphological and 
acoustic traits in sympatric communities of Asian barbets. 
Royal Society Open Science 3: 16–117.

Lack D. 1947. Darwin’s finches. Cambridge: Cambridge 
University Press.

Laiolo P. 2017. Phenotypic similarity in sympatric crow species: 
evidence of social convergence? Evolution 71: 1051–1060.

Laiolo P, Seoane J, Obeso JR, Illera JC. 2017. Ecological 
divergence among young lineages favours sympatry, but 
convergence among old ones allows coexistence in syntopy. 
Global Ecology and Biogeography 26: 601–608.

Leigh JW, Bryant D, Nakagawa S. 2015. POPART: full-
feature software for haplotype network construction. 
Methods in Ecology and Evolution 6: 1110–1116.

Lemmon EM. 2009. Diversification of conspecific signals 
in sympatry: geographic overlap drives multidimensional 
reproductive character displacement in frogs. Evolution 63: 
1155–1170.

Lorenz K. 1962. The function of color in coral reef fishes. 
Proceedings of the Royal Institute of Great Britain 39: 
282–296.

Losos JB. 2000. Ecological character displacement and 
the study of adaptation. Proceedings of the National 
Academy of Sciences of the United States of America 97: 
5693–5695.

Marquez R, Bosch J. 1997. Male advertisement call and 
female preference in sympatric and allopatric midwife toads. 
Animal Behaviour 54: 1333–1345.

Mayr E, OʼHara RJ. 1986. The biogeographic evidence 
supporting the Pleistocene forest refuge hypothesis. 
Evolution 40: 55–67.

Noor M. 1999. Reinforcement and other consequences of 
sympatry. Heredity 83: 503–508.

Nwankwo EC, Mortega KG, Karageorgos A, Ogolowa BO, 
Papagregoriou  G , Grether  GF , Monadjem  A , 
Kirschel ANG. 2019. Rampant introgressive hybridization 
in Pogoniulus tinkerbirds (Piciformes: Lybiidae) despite 
millions of years of divergence. Biological Journal of the 
Linnean Society 127: 125–142.

Nwankwo EC, Pallari CT, Hadjioannou L, Ioannou A, 
Mulwa RK, Kirschel ANG. 2018. Rapid song divergence 
leads to discordance between genetic distance and phenotypic 
characters important in reproductive isolation. Ecology and 
Evolution 8: 716–731.

Ord TJ, Stamps JA. 2009. Species identity cues in animal 
communication. The American Naturalist 174: 585–593.

Peiman KS, Robinson BW. 2007. Heterospecific aggression 
and adaptive divergence in brook stickleback (Culaea 
inconstans). Evolution 61: 1327–1338.

Peiman KS, Robinson BW. 2010. Ecology and evolution of 
resource-related heterospecific aggression. Quarterly Review 
of Biology 85: 133–158.

Pfennig KS, Pfennig DW. 2005. Character displacement 
as the “best of a bad situation”: fitness trade-offs resulting 
from selection to minimize resource and mate competition. 
Evolution 59: 2200–2208.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/129/2/439/5695722 by U

niversity of C
alifornia, Los Angeles user on 25 M

arch 2020



RANGE OVERLAP AND CHARACTER DISPLACEMENT  457

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 129, 439–458

Pfennig KS, Pfennig DW. 2009. Character displacement: 
ecological and reproductive responses to a common evolutionary 
problem. Quarterly Review of Biology 84: 253–276.

Pfennig DW, Pfennig KS. 2010. Character displacement and 
the origins of diversity. The American Naturalist 176: S26–S44.

Pigot AL, Tobias JA. 2013. Species interactions constrain 
geographic range expansion over evolutionary time. Ecology 
Letters 16: 330–338.

Pontarp M, Ripa J, Lundberg P. 2015. The biogeography 
of adaptive radiations and the geographic overlap of sister 
species. The American Naturalist 186: 565–581.

Price T. 2008. Speciation in birds. Greenwood Village: Roberts 
& Company.

Price TD. 2011. The roles of time and ecology in the continental 
radiation of the Old World leaf warblers (Phylloscopus and 
Seicercus). Philosophical Transactions of the Royal Society B: 
Biological Sciences 365: 1749–1762.

Price TD, Kirkpatrick M. 2009. Evolutionarily stable range 
limits set by interspecific competition. Proceedings of the 
Royal Society B: Biological Sciences 276: 1429–1434.

R Core Team. 2017. R: a language and environment for 
statistical computing. Vienna: R Foundation for Statistical 
Computing. Available at: http://www.r-project.org

Reif M, Reifová R, Skoracka A, Kuczyński L. 2018. Competition-
driven niche segregation on a landscape scale: evidence for 
escaping from syntopy towards allotropy in two coexisting sibling 
passerine species. Journal of Animal Ecology 87: 774–789.

Reifová R, Reif J, Antczak M, Nachman MW. 2011. Ecological 
character displacement in the face of gene flow: evidence from 
two species of nightingales. BMC Evolutionary Biology 11: 138.

Ryan  MJ, Brenowitz  EA. 1985. The role of body size, 
phylogeny, and ambient noise in the evolution of bird song. 
The American Naturalist 126: 87–100.

Saetre G-P, Moum T, Bureš S, Král M, Adamjan M, Moreno J. 
1997. A sexually selected character displacement in flycatchers 
reinforces premating isolation. Nature 387: 589–592.

Schliep KP. 2011. phangorn: phylogenetic analysis in R. 
Bioinformatics 27: 592–593.

Schluter D. 2000. Ecological character displacement in 
adaptive radiation. The American Naturalist 156: S4–S16.

Schluter  D, McPhail  JD. 1992. Ecological character 
displacement and speciation in sticklebacks. The American 
Naturalist 140: 85–108.

Schluter D, Price TD, Grant PR. 1985. Ecological character 
displacement in Darwinʼs finches. Science 227: 1056–1059.

Seddon N. 2005. Ecological adaptation and species recognition 
drives vocal evolution in neotropical suboscine birds. 
Evolution 59: 200–215.

Seddon N, Tobias JA. 2010. Character displacement from 
the receiverʼs perspective: species and mate recognition 
despite convergent signals in suboscine birds. Proceedings 
of the Royal Society B: Biological Sciences 277: 2475–2483.

Servedio MR, Noor MAF. 2003. The role of reinforcement 
in speciation: theory and data. Annual Review of Ecology, 
Evolution, and Systematics 34: 339–364.

Servedio MR, Van Doorn GS, Kopp M, Frame AM, Nosil P. 
2011. Magic traits in speciation: ‘magic’ but not rare? Trends 
in Ecology & Evolution 26: 389–397.

Sexton JP, McIntyre PJ, Angert AL, Rice KJ. 2009. 
Evolution and ecology of species range limits. Annual Review 
of Ecology, Evolution, and Systematics 40: 415–436.

Shawkey MD, Hill GE, McGraw KJ, Hood WR, Huggins K. 
2006. An experimental test of the contributions and 
condition dependence of microstructure and carotenoids in 
yellow plumage coloration. Proceedings of the Royal Society 
B: Biological Sciences 273: 2985–2991.

Short LL, Horne JFM. 2002. Family Capitonidae (barbets). 
In: del Hoyo J, Elliot A, Sargatal J, eds. Handbook of the birds 
of the world, Vol. 7. Barcelona: Lynx Edicions, 140–219.

Slabbekoorn H, Smith TB. 2002. Habitat-dependent song 
divergence in the little greenbul: an analysis of environmental 
selection pressures on acoustic signals. Evolution 56:1849–1858.

Smith TB, Wayne RK, Girman DJ, Bruford MW. 1997. 
A role for ecotones in generating rainforest biodiversity. 
Science 276:1855–1857.

Smith TB, Harrigan RJ, Kirschel ANG, Buermann W, 
Saatchi S, Blumstein DT, de Kort SR, Slabbekoorn H. 
2013. Predicting bird song from space. Evolutionary 
Applications 6: 865–874.

StataCorp. 2015. Stata statistical software: release 14. College 
Station, TX: StataCorp LP.

Stryjewski  KF, Sorenson  MD. 2017. Mosaic genome 
evolution in a recent and rapid avian radiation. Nature 
Ecology and Evolution 1: 1912–1922.

Tobias JA, Cornwallis CK, Derryberry EP, Claramunt S, 
Brumfield RT, Seddon N. 2014. Species coexistence and 
the dynamics of phenotypic evolution in adaptive radiation. 
Nature 506: 359–363.

Vallin N, Rice AM, Arnsten H, Kulma K, Qvarnström A. 
2012. Combined effects of interspecific competition 
and hybridization impede local coexistence of Ficedula 
flycatchers. Evolutionary Ecology 26: 927–942.

Vorobyev M, Brandt R, Peitsch D, Laughlin SB. Menzel R. 
2001. Color thresholds and receptor noise: behaviour and 
physiology compared. Vision Research 41: 639–653.

Vorobyev M, Osorio D. 1998. Receptor noise as a determinant 
of color thresholds. Proceedings of the Royal Society B: 
Biological Sciences 265: 351–358.

Weber MG, Strauss SY. 2016. Coexistence in close relatives: 
beyond competition and reproductive isolation in sister taxa. 
Annual Review of Ecology, Evolution, and Systematics 47: 
359–381.

Weir JT, Price TD. 2011. Limits to speciation inferred from times 
to secondary sympatry and ages of hybridizing species along a 
latitudinal gradient. The American Naturalist 177: 462–469.

West-Eberhard MJ. 1983. Sexual selection, social competition, 
and speciation. Quarterly Review of Biology 58: 155–183.

Wheatcroft D. Qvarnström A. 2017. Reproductive character 
displacement of female, but not male song discrimination in 
an avian hybrid zone. Evolution 71: 1776–1786.

Wilkins MR, Scordato ESC, Semenov GA, Karaardiç H, 
Shizuka D, Rubstov A, Pap PL, Shen S-F, Safran RJ. 
2018. Global song divergence in barn swallows (Hirundo 
rustica): exploring the roles of genetic, geographical and 
climatic distance in sympatry and allopatry. Biological 
Journal of the Linnean Society 123: 825–840.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/129/2/439/5695722 by U

niversity of C
alifornia, Los Angeles user on 25 M

arch 2020

http://www.r-project.org


458  A. N. G. KIRSCHEL ET AL.

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 129, 439–458

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s website.

Supplementary File. Expanded methods: estimation of congener density; tinkerbird distributions in West 
Africa; plumage reflectance details; References; Figures S1–S7; Tables S1–S3.
Figure S1. Separate enlarged sections of Figure 1 representing West (A), Central (B) and East Africa (C), 
allowing for greater scrutiny of the distribution of data collection coordinates (triangles, museum specimens; 
circles, recordings; stars, DNA samples) for Pogoniulus subsulphureus (yellow shapes), Pogoniulus bilineatus (blue 
shapes) and Pogoniulus atroflavus (orange stars for DNA samples only). Each map is an enhanced vegetation 
index image (from the MODIS satellite for the 16 day period from 6 to 21 March 2010), with darker shades 
representing densely vegetated areas and pale shades more open habitat.
Figure S2. Box plot of principal component 1 (PC1) residuals representing body size per species per region in 
populations in sympatry and allopatry after controlling for elevation. There is a pattern of character displacement 
in body size in East and Central Africa, with overlap in sympatry, but with Pogoniulus bilineatus (blue) larger than 
Pogoniulus subsulphureus (yellow) where they coexist in sympatry. In West Africa, P. bilineatus is considerably 
larger than P. subsulphureus in allopatry, and no specimens were obtained from any sympatric populations where 
the two species have non-overlapping distributions. 
Figure S3. Rump colour varies between east and west, but the species are most similar in chroma in the west. 
This can be seen in the measurement representing chroma (A) and, to some extent, ultraviolet contrast (C) and 
raw reflectance spectra (E), but hue (B) is distinct throughout, and there is no difference in brightness (D). 
Figure S4. Breast colour is more similar between species in the west in chroma (A) and ultraviolet contrast (C), 
and there is substantial overlap throughout in hue (B) and brightness (D). E, reflectance spectra show greater 
similarity among species within regions rather than within species across regions in short wavelengths, suggesting 
convergence, but the reverse is found at longer wavelengths.
FigureS5. There is overlap in belly colour in chroma (A), hue (B), ultraviolet contrast (C) and brightness (D) 
between species in the west and east. E, reflectance spectra show greater similarity among species within regions 
rather than within species across regions in longer wavelengths.
Figure S6. Environmental variables per species (YR, Pogoniulus bilineatus; YT, Pogoniulus subsulphureus) per 
region of Africa. Differences in habitat among the species within each region are found only in the percentage 
of tree cover (VCF) in West Africa (A) and in elevation in Central Africa (C), with no significant differences in 
enhanced vegetation index (EVI) across the study area (B).
Figure S7. Examples of low-density and high-density sites for a species based on the presence of its congener. 
Low-density sites for yellow-rumped tinkerbird (YR) include where yellow-throated tinkerbird (YT) is present in 
one pixel (1 km2) out of six (A) and where YT is absent from the two pixels (C). High-density sites for YR include 
where YT is present in four of six pixels (B) and where YT is present in one of two pixels (D).
Table S1. Classification of individual specimens of Pogoniulus bilineatus (YR) and Pogoniulus subsulphureus 
(YT) based on rump, throat, breast and belly colour. The numbers indicate correct/total classification. 
Table S2. Results of generalized linear mixed models (GLMMs) testing for the effects of specimen age on throat 
colour, in addition to species identity, sex and region, in terms of: (i) tetrahedral chroma; (ii) Ems (hue); (iii) Esum 
(brightness); and (iv) ESU (ultraviolet contrast). There is no effect of specimen age on any measure, with variation 
explained mostly by species identity and region.
Table S3. Catalogue numbers for samples, species, their sampling locality and country, source of sample and 
GenBank accession numbers. Museum catalogue/field number abbreviations: CTR, Center for Tropical Research 
at University of California Los Angeles Institute of the Environment and Sustainability; FMNH, Field Museum 
of Natural History; LSUMZ, Louisiana State University Museum of Natural Science; UCY, University of Cyprus; 
ZMUC, Zoological Museum of the University of Copenhagen. 
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