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ABSTRACT

Africa’s montane ecosystems are noteworthy not only for their isolation but for their morphologically similar bird
populations that inhabit geographically disparate localities. Many species possess range disjunctions in excess of
2,000 km and appear to represent populations that have been isolated since at least the last Ice Age, including the
Northern Double-collared Sunbird (Cinnyris reichenowi). Recent work on other Afromontane birds has demonstrated
substantial phylogeographic structure can exist in phenotypically similar populations, with cryptic species occurring
parapatrically within the same mountain range. We explored genetic, morphological, and ecological diversity within
C. reichenowi to assess whether cryptic regional diversification occurs across the disjunct portions of this species’ range.
Within C. reichenowi, we find consistent patterns of morphological disparity that coincide with genetic diversification
between xeric and wet montane populations within the Cameroon Line in the Western population, and clear genetic
differentiation between Western and Eastern populations. Our research demonstrates that the geographically isolated
populations of C. reichenowi represent different species, and that ecological diversification is shaping populations within
Central Africa. We show here that two named populations should be recognized as members of a western species in the
Northern Double-collared Sunbird complex: nominate Cinnyris preussi preussi in the Cameroon Line montane forests,
and Cinnyris preussi genderuensis in the more xeric interior of Cameroon and the Central African Republic, likely occurring
in adjacent Nigeria as well.

Keywords: Afromontane biogeography, Cinnyris reichenowi, ecological diversification, ecological niche modeling,
phylogeography, turnover-pulse hypothesis, ultra-conserved elements

LAY SUMMARY

« Northern Double-collared Sunbirds (Cinnyris reichenowi) look similar across their range, but they have a complicated
taxonomic history and inhabit a wide range of habitats.

« Combining genetics, morphology, and ecology, we uncovered surprising patterns of diversification, resurrecting a
defunct taxon (subspecies genderuensis) while shedding light on diversification processes.

« Our results show a clear separation between eastern and western populations, and ongoing diversification occurring
between adjacent western groups.

« This work furthers our knowledge of Afromontane diversification patterns, finding three differentiable groups within
the Northern Double-collared Sunbird.
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De multiple sources de données indiquent qu’une diversification allopatrique et parapatrique est en cours
chez un oiseau de I'afromontane (Cinnyris reichenowi)

RESUME

Les écosystemes montagnards d’Afrique sont remarquables non seulement en raison de leur isolement, mais également
pour leurs populations aviaires morphologiquement similaires qui habitent des lieux géographiquement disparates.
Plusieurs especes possedent des aires de répartition disjointes de plus de 2,000 km et semblent représenter des
populations qui ont été isolées depuis au moins la derniére période glaciaire, dont Cinnyris reichenowi. Des travaux récents
portant sur d'autres oiseaux de I'afromontane ont démontré qu'une structure phylogéographique substantielle peut
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exister dans les populations phénotypiquement similaires, avec des especes cryptiques présentes parapatricalement
dans la méme chaine de montagne. Nous avons exploré la diversité génétique, morphologique et écologique chez
C. reichenowi afin d'évaluer si une diversification régionale cryptique se produit dans les parties disjointes de l'aire de
répartition de cette espéce. Chez C. reichenowi, nous avons trouvé des patrons cohérents de disparité morphologique
qui coincident avec la diversification génétique entre les populations des milieux montagnards xériques et humides de la
ligne du Cameroun dans la population de I'Ouest, et une différentiation génétique claire entre les populations de 'Ouest
et de I'Est. Nos recherches démontrent que les populations géographiquement isolées de C. reichenowi représentent
différentes espéces, et que la diversification écologique fagconne les populations en Afrique centrale. Nous montrons
ici que deux populations nommées devraient étre reconnues comme membres d'une espéce occidentale au sein du
complexe C. reichenowi: Cinnyris preussi preussi dans les foréts montagnardes de la ligne du Cameroun et Cinnyris preussi
genderuensis dans l'arriere-pays plus xérique du Cameroun et de la République centrafricaine, et qui est probablement
présent également au Nigeria adjacent.

Mots-clés: biogéographie d’afromontane, Cinnyris reichenowi, diversification écologique, modélisation de la niche
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INTRODUCTION

Africa’s montane ecosystems are dominated by multiple,
large, isolated massifs that are mostly concentrated in the
eastern part of the continent along the Rift Valleys (Fjeldsé
and Bowie 2008). These regions are home to a significant
amount of the biodiversity inherent to the African con-
tinent (~14% of breeding bird species are endemic), and
have potentially acted as a source of African bird diversity
through time (Bowie 2003, Fjelds& and Bowie 2008, Fjeldsa
et al. 2011). One of the most speciose groups in these
montane regions is the sunbirds of the genus Cinnyris
(Nectariniidae), a group of 53 nectarivores/insectivores
that reach their maximal diversity in the Afrotropics
(Clements et al. 2019). One specific subgroup, the Double-
collared sunbirds, is primarily a montane radiation found
throughout the Afrotropical highlands. Double-collared
sunbirds consist of ~18 species and ~32 described taxa
(Clements et al. 2019), although exact species limits within
the group are still incompletely resolved. The vast majority
of these taxa occur in eastern Africa, and they reach their
maximal diversity within the Eastern Arc Mountains and
the Albertine Rift Mountains of East Africa, where ~50% of
the currently recognized species are endemic (Sinclair and
Ryan 2010, Clements et al. 2019) and speciation appears
to have been facilitated by complex geography and turn-
over pulse dynamics (Vrba 1993, Bowie et al. 2004, Fjeldsa
et al. 2011). Only one montane species of double-collared
sunbird, the Northern Double-collared Sunbird (Cinnyris
reichenowi), occurs in northwestern Sub-Saharan Africa,
possessing a disjunct distribution between the Albertine
highlands and the Cameroonian highlands (Figure 1)
(Sinclair and Ryan 2010, Borrow and Demey 2014). The
uniqueness of C. reichenowi is further illustrated by
the species’ apparently broad ecological niche breadth,
occurring both in the highlands and in adjacent foot-
hill regions of the Adamawa Plateau and smaller outlying
highlands of Eastern Africa (e.g., the Imatong Mountains
of South Sudan and Uganda; Figure 2) (Sinclair and Ryan
2010, Borrow and Demey 2014, Cooper et al. 2021).
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Multiple other pan-Afromontane taxa share this distribu-
tion pattern of disjunction between eastern and western
montane regions (e.g., Brown-capped Weaver [Ploceus
insignis] and Oriole Finch [Linurgus olivaceus)), but few
of these taxa occur in both the highlands and the adjacent
lower elevations.

While data are limited, the complex phylogeographic
relationships across equatorial Afromontane habitats
suggests that climactic fluctuations (i.e. a turnover-pulse
dynamic) may be driving diversification and evolution
in these taxa, allowing for multiple colonization events
leading to increased species diversity or increased ge-
netic diversity within individual taxa (Prigogine 1987,
Vrba 1993, Fjeldsd and Bowie 2008, Fjeldsa et al. 2011,
Vaz da Silva 2015). Recent research has shown a compli-
cated pattern of trans-African colonization within other
bird taxa, with the broadest sampled bird group being the
montane sooty boubous Laniarius fuelleborni sensu lato
(Voelker et al. 2010). L. fuelleborni sensu lato are distrib-
uted across the Eastern Arc Mountains, the Albertine
Rift Mountains, and the Cameroon Highlands, and con-
sist of 4 reciprocally monophyletic groups including 2
that are elevational parapatric within the Albertine Rift
highlands despite not being the others’ closest relatives
(Voelker et al. 2010, Berzaghi et al. 2018). Laniarius sooty
boubous, similar to many pan-Afromontane bird groups,
possess their maximal diversity in East Africa, with only
one species (Laniarius poensis) reaching the Cameroonian
highlands (Clements et al. 2019). Limited genetic infor-
mation exists for other groups, with the most extensive
Afromontane studies being presented by Vaz da Silva
(2015). These studies show widely varying patterns of
genetic exchange and isolation across the Afromontane
highlands, with several species having their Cameroonian
Highland populations embedded within broader East
and Southern African lineages (e.g., Evergreen-forest
Warbler Bradypterus lopezi, hill babblers Sylvia abyssinica
superspecies, Bocage’s Akalat Sheppardia bocagei, and
Thick-billed Seedeater Crithagra burtoni) (Vaz da Silva
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FIGURE 1. Most suitable areas for each population of Cinnyris reichenowi sensu lato based on ecological niche modeling using
minimum volume ellipsoids. Populations are shown with their training point localities, with eBird localities shown as circles and
georeferenced specimen records shown as triangles. Sequenced localities are shown with a superimposed ‘X' Shaded areas represent
a specified distance from the ellipse centroid, with Mahalanobis distances of 0-3 fully colored and Mahalanobis distances 3-5 fading to
white. The hard line on the southern edge of the distribution represents the edge of the dispersal (M) polygon used for modeling; areas
suitable for C. reichenowi in Tanzania are occupied by other species of Cinnyris not included in this study. Country names are provided in
Figure 2. (Inset) Cinnyris reichenowi preussi from Bioko Island, Equatorial Guinea by Jacob C. Cooper, ML23308951. Used with permission

of the photographer.

2015). Although Vaz da Silva’s (2015) study was specifically
focused on taxa that also occur in Angola, it illustrates the
complicated nature of Afromontane relationships, and
demonstrates that multiple migration events may have
occurred between East and West Africa (e.g., for the Sylvia
abyssinica superspecies).

Within C.  reichenowi, intermediary foothill
populations suggest a larger climatic envelope exists
within the ecological niche of C. reichenowi than for
other pan-Afromontane species (Hutchinson 1957).
Thus, the species may be more likely to have eastern and
western populations come into contact and exchange
genes during these climactic cycles (Velasco et al. 2016).
The taxonomic history of this species, however, indicates
that local diversification may be occurring, even if the
patterns are not clear. At present, there are only two
recognized subspecies within C. reichenowi, the eastern

nominate reichenowi (Sharpe 1891) and the western
preussi (Reichenow 1892), with two other described sub-
species considered conspecific with preussi (Clements
et al. 2019): genderuensis from xeric interior Cameroon
(Reichenow 1910), and parvirostris from Bioko Island
(Eisentraut 1965). A fifth taxon, kikuyuensis, was orig-
inally described based on one specimen from Kenya
(Mearns 1915), but this population falls within the
range of variation of other populations of reichenowi
(Friedmann 1937). These subspecies have been prima-
rily described based on subtle (and sometimes incon-
sistent) phenotypic and morphological differences, and
overlap in characters without consistently discernible
geographic variation has led to confusion on subspecific
distributions (Bates 1924, Bannerman 1948, Good 1953,
Eisentraut 1965). We hypothesize that the synonymized
taxon genderuensis is reflective of the ongoing
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FIGURE 2. Map of Central and Eastern Africa, showing countries
referenced in this study and the locations of the following
montane localities: (1) Bioko Island, Equatorial Guinea; (2) Mt.
Cameroon, Cameroon; (3) Bamenda Highlands, Cameroon,
and Nigeria; (4) Adamawa Plateau, Cameroon, Central African
Republic and Nigeria; (5) highlands near Yaoundé, Cameroon; (6)
Kahuzi-Biega Highlands, Democratic Republic of the Congo; (7)
Imatong Mountains, South Sudan, and Uganda. The following
country abbreviations are used: Bl = Burundi, GQ = Equatorial
Guinea, RW = Rwanda.

diversification of western populations of C. reichenowi,
and that this diversification led to taxonomic uncertainty
in the region. To clarify patterns of diversification and
test taxonomic treatments within C. reichenowi in light
of described phenotypic, morphologic, and ecologic var-
iation within the species, we gathered molecular, mor-
phometric, and ecological data with a specific focus on
western populations to understand their connectivity
and evolutionary history. Specifically, we sought to de-
termine whether there are consistent morphological
differences across C. reichenowi populations, how many
colonization events occurred to form the West African
population(s), and whether there is ongoing (or recent)
connectivity between C. reichenowi populations given
their presumably broad ecological niche.

METHODS

Sampling and DNA Extraction

For genetic data, we sampled 24 individuals, with a focus
on western C. reichenowi (14 individuals, Table 1). We
chose Cinnyris regius as an outgroup as it is regionally
sympatric with nominate C. reichenowi. All individuals are
vouchered museum specimens. We selected C. reichenowi
samples from across its distribution, with 4 samples
from the Eastern portion of the range (Kahuzi-Biega, the
Democratic Republic of the Congo and Kibira, Burundi), 3
samples from interior Cameroon (Babadjou, Genderu, and

Ornithology 138:1-21 © 2021 American Ornithological Society
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Yaoundé), 4 samples from Mt. Cameroon, Cameroon, and
3 samples from Bioko Island, Equatorial Guinea (Figure 2).
We obtained 10 C. regius samples from throughout their
range in the Albertine Rift, overlapping wholly with the
distribution of C. reichenowi samples from the same
area (Table 1). When available, we obtained frozen tissue
samples for all populations, but we used toepad samples for
7 historical samples of C. reichenowi representing impor-
tant geographic regions for western populations (Table 1).
We extracted tissues from all samples using the Qiagen
DNeasy Blood and Tissue extraction kit. We assessed the
quality of DNA extractions using agarose gel electropho-
resis for frozen tissue samples only, and quantified the
DNA concentration of all samples using a Qubit fluo-
rometer (Fisher Scientific Equipment) before continuing
to perform our library preparation for next-generation
sequencing.

Next-generation Sequencing

We used sequence capture of ultraconserved elements
(UCEs) for all of our samples as this method has proven
successful for incorporating toepads into datasets with
modern tissue samples (Bejerano et al. 2004, McCormack
et al. 2016). We followed the library preparation protocols
put forth by Faircloth et al. (2012; ultraconserved.org).
This method relies on the use of 180-base pair (bp) syn-
thetic baits to capture genomic sequences that are widely
orthologous across tetrapods (Faircloth et al. 2012). Core
UCE regions are largely conserved across species (and
even families), but the flanking regions possess signifi-
cantly more variation that makes UCEs useful for analyzing
relationships at deep and shallow timescales (McCormack
et al. 2013, Smith et al. 2014, Harvey et al. 2016, Manthey
et al. 2016, Zarza et al. 2016). After performing the afore-
mentioned library preparation steps, we sent our samples
to the Genomics and Cell Characterization Core Facility at
the University of Oregon, USA where they were sequenced
on an Illumina HiSeq 4000. We processed all raw data in
tandem. Raw data reads are available via GENBANK (see
data availability statement).

UCE Processing

We processed raw data through the PHYLUCE pipeline
(Faircloth 2016), which allows for multiple steps of quality
control followed by aligning and assembling the UCE loci
for subsequent analyses. We performed this pipeline as
recommend by Faircloth (2016), using Illumiprocessor
(Faircloth 2013) and Trimmomatic (Bolger et al. 2014) to
remove adapter contamination and low-quality base reads.
We assembled reads into contigs using Trinity (Graherr
et al. 2011) with the default settings. We reviewed sum-
mary statistics of the data and proceeded to align data
with 80% coverage between all samples (for full codes see
Cooper et al. 2021; doi:10.5061/dryad.34tmpg4j0).
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We prepared the aligned data for analysis in RaxML
(Stamatakis 2014) using the PHYLUCE interface. Using the
provided commands for cleaning and concatenating data
(phyluce.readthedocs.io), we took our samples of interest
and aligned them using mafft v7.130b (Katoh and Standley
2013) and subsequently trimmed them using GBLOCKS
0.91b (Talavera and Castresana 2007, Talavera et al. 2016).
Our alignment summary showed that we recovered
4,946 loci, with coverage decreasing rapidly after the 80%
threshold (3,237 loci). Given this information, we opted
to use the 80% coverage matrix for our primary analyses,
though we also performed RaxML analyses with the 50%
and 95% coverage matrices to compare topologies. Analyses
were run using a bootstrapped approach through RaxML
v8.2.4 (Stamatakis 2014). We used the GTRGAMMA rate
heterogeneity model with a non-partitioned dataset (sim-
ilar to other studies using UCE data), set our random seed
to 19,877, and set our bootstrapping random seed to 7,175
(Zarza et al. 2016).

Single Nucleotide Polymorphisms

We followed the methods outlined by Zarza et al. (2016)
and used our individual with the highest sequence cov-
erage, KU 132209 from Bioko, as our reference genome
for aligning our other samples using the BWA-MEM algo-
rithm (Li 2013). We then followed the Zarza et al. (2016)
pipeline to sort reads in SAMTOOLS (Li et al. 2009) before
removing PCR duplicates in Picard (https://broadinstitute.
github.io/picard/) and finishing the processing of the
identified single nucleotide polymorphisms (SNPs) in
GATK version 3.4.46 (Broad Institute). We obtained our
final SNP files via VCFTOOLS 0.1.15 (Danecek et al.
2011) where we parsed our SNP matrices for missing
data and created two matrices that had minimum inter-
SNP distances of 900 bp and 170 bp. We chose 900 bp to
find dissociated SNPs, but we also kept the 170 bp matrix
as this is the value at which the number of SNPs being
removed at each iteration plateaus and we wanted to com-
pare the performance of these two datasets when creating
species trees. We used our resulting SNP matrices to create
species trees in SNAPP (Bryant et al. 2012) implemented
via BEAST 2.5.0 (Bouckaert et al. 2019). We used the de-
fault settings and calculated parameters provided by the
built-in formatter BEAUTI for a SNAPP run, and we ran
the tree for 2 million generations sampling every 1,000
steps. We visualized the results in the BEAST application
DENSITREE to assess the “fuzziness” (i.e. potential gene
flow and connectivity) of different populations.

We used principal component analyses (PCAs) to vis-
ualize the SNP variation in the samples. Due to similar
topologies between datasets in SNAPP, we performed
this step on the 170 bp SNP data. We analyzed SNP data
in R 3.4.4 (R Core Team 2020) using the package LEA
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(Frichot and Francois 2015) and visualized the data using
the package ggplot2 (Wickham 2016). To determine if
the observed groups were statistically differentiable, we
performed discriminant function analyses (DFAs) on the
same SNP data within R 3.4.4 (R Core Team 2020). These
discriminant function analyses were conducted using the
function /da in the R package MASS (Venables and Ripley
2002), and they focused on separating Cinnyris reichenowi
reichenowi from Cinnyris reichenowi preussi, and then fur-
ther focused on genetic structure within C. r. preussi.

Mitochondrial Data

We concatenated mitochondrial genomes to perform
rough age estimations of diversification events. Using the
raw reads and Geneious 9.1.8 (Geneious 2019), we were able
to obtain and align near-complete mitochondrial genes for
samples derived from fresh tissue samples. Using the built
in Geneious proprietary software and the MUSCLE plug-in,
we aligned the mitochondrial reads from our samples and
created consensus sequences for each geographic region.
Sites that had no support (or limited support for “any base”
from only one or two individuals) were manually removed.
We then trimmed all mtDNA sequences to be the same
length and used Geneious to calculate similarity matrices
between populations. We timed divergences using a cali-
bration of 2% divergence per million years (Garcia-Moreno
2004, Weir 2006).

Introgression Tests

We used ABBA/BABA tests to look for evidence of past
hybridization and introgression (Green et al. 2010, Durand
et al. 2011, Winger and Bates 2015). These tests analyze
SNPs to determine if the sorting of mutations in more re-
cently derived populations are close to random (as would
be expected in a purely stochastic speciation event). Thus,
in a tree with a topology of (((S1, S2) S3) Outgroup), there
should be equal numbers of (((A, B) B) A) and (((B, A) B)
A) patterns. Gene flow between the non-sister groups
of S2 and S3 can lead to an excess of ABBA patterns (as
long as S1 and S3 are not also hybridizing). We performed
these ABBA/BABA tests using the doAbbababa com-
mand in the program ANGSD (Korneliussen et al. 2014).
Significant introgression events can be detected using
Patterson’s D-statistic (Green et al. 2010, Durand et al.
2011), and this method has been successfully used for
UCEs harvested from birds (Winger and Bates 2015,
Zarza et al. 2016). In order to analyze the significance of
D statistics, we randomly resampled the entire SNP dis-
tribution to create a D distribution from which we could
ascertain whether differences between populations are
significantly utilizing a script made available in the pro-
gram ANGSD (Korneliussen et al. 2014, Zarza et al. 2016).
Z-scores resulting from these D-distributions were found
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by using R to calculate 2 x [1 — pnorm(z)] (R Core Team
2020), thus reflecting significant introgression when P is
<0.025 or >0.975. These tests were primarily used in the
comparative sense to understand relative amounts of gene
flow between different populations.

Populations were further assessed using the sumf func-
tion of the R package LEA (Frichot and Francois 2015). This
function estimates proportions of ancestry for individuals
based on SNP data by means of non-negative matrix fac-
torization (SNMF) and allows for testing different numbers
of ancestral populations (k). In order to better understand
the population structure within C. reichenowi, we ran the
analyses with this species only. We tested hypotheses of 1
to 6 ancestral populations (k), and used o parameters of 1,
50, 100, and 500 to compare the effects of this metric on
the data.

Morphology

One of us (JCC) visited 10 different museum collections
and collected morphological data on C. reichenowi
specimens (Online Supplemental Material Table S6).
Measurements were obtained by hand with Mitutoyo
IP67 calipers and a standard wing ruler (AFO Banding
Supplies, Manomet, Massachusetts, USA). Measurements
were obtained of birds’ wing chord (right-wing whenever
possible), tail length, culmen length (from the base of the
feather on the culmen to the tip as a straight line), bill
depth (thickness at the base of the feathers on the man-
dible), bill width (at the base of the feathers on the maxilla),
and tarsus (left tarsus when possible). Wing and tarsus
selection were arbitrary and based on the handedness of
JCC; if the chosen wing or tarsus was in poor condition
or unavailable for measurement, the other wing or tarsus
was measured. Measurements written on specimen tags
by previous researchers for any of these metrics were re-
corded for comparative purposes, but were not used in our
data analyses (n = 5). Data were visualized using individual
boxplots by variable (executed in R), PCAs of the mor-
phological variables using the rda function of the package
vegan in R (Oksanen et al. 2019), and Wilcoxon rank-sum
tests to determine if populations differed with respect to
individual measurements. We opted for Wilcoxon rank-
sum tests as these tests are robust to different population
sizes and potential non-normality (Dalgaard 2008). As
above, we performed discriminant function analyses using
the MASS package function lda (Venables and Ripley
2002), including a secondary run with C. r. preussi ran-
domly subsampled 1,000 times at a sample size equal to
that of Cinnyris reichenowi genderuensis to account for un-
equal group sizes.

Ecological Niche Modeling
Occurrence data from eBird (Sullivan et al. 2009,
eBird 2012) were downloaded in late 2018 (version

Ecological diversification and speciation dynamics of Cinnyris reichenowi 7

relAug 2018) and combined with georeferenced spec-
imen data (georeferencing performed by JCC via internet
searches of localities, with verification of one specimen
locality provided by S. Frahnert and P. Eckhoff, Museum
fir Naturkunde). Datasets for the eBird database and the
georeferenced specimen database were combined and rare-
fied to 3 km using a custom script fromJ. D. Manthey (Texas
Tech University), resulting in 98 points for C. r. reichenowi,
10 points for C. r genderuensis, and 27 points for
C. r. preussi (Online Supplementary Data Table S7, avail-
able via Dryad) (Cooper et al. 2021). Environmental data
were downloaded from the ENVIREM dataset (Title and
Bemmels 2018). ENVIREM data at each specimen locality
were analyzed using the same analyses as morphological
data to determine if there were any differences between the
populations; namely, we performed PCAs, discriminant
function analyses, and Wilcoxon rank-sum tests on envi-
ronmental value extractions from the 30 arcsecond resolu-
tion dataset (~1 km resolution at the equator). Extractions
were performed in R using the package raster (Hijmans
2019), and ecological niche models were only created using
ENVIREM layers that had <85% correlation with the data
layers that explained most of the PCA variation.

We used the ENVIREM 2.5 arcminute data (~5 km res-
olution at the equator) to create and train ecological niche
models created using a custom script that ascribes min-
imum volume ellipsoids to the multivariate data. We used
2.5 arcminute data due to the processing requirements for
the exponentially larger 30 arcsecond dataset. The least
correlated data layers for the PCA’s (after removing those
with high covariation) were: Thornthwaite aridity index,
continentality, Emberger’s pluviothermic quotient, max-
imum temperature of the coldest quarter, minimum tem-
perature of the warmest quarter, precipitation of the driest
quarter, and precipitation of the wettest quarter.

We opted for the use of minimum volume ellipsoids
as they are easy to manipulate for varying sample sizes
(as long as the number of data points exceeds the
number of environmental layers used) (Venables and
Ripley 2002, Murdoch and Chow 2007, Van Aelst and
Rousseeuw 2009), they rely on presence data only with
no pseudoabsences, and they obtain similar results to
more intensive methods such as MAXENT when data
bias is present (Phillips et al. 2004, Ingenloff et al. 2017).
The distribution of one population (genderuensis) is
also incompletely known, and we wanted to avoid any
distribution gap issues that may arise from drawing
pseudoabsences within MAXENT. This script was exe-
cuted in R 3.4.4 (R Core Team 2020), and based on code
obtained from Jorge Soberdn at the University of Kansas
(Cooper et al. 2021; doi:10.5061/dryad.34tmpg4j0). We
took custom biogeographic envelopes for each popu-
lation created in QGIS 2.8 (QGIS Development Team
2020) and used the R packages maptools (Bivand and
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Lewin-Koh 2019) and raster (Hijmans 2019) to re-
strict the environments for each species (Soberén and
Peterson 2005, Owens et al. 2013, Cooper and Soberén
2018). These biogeographic regions were drawn by hand
and encapsulate the region in which the species is found
while being bounded as much as possible by known bi-
ographic barriers (e.g., the Congo River). Biogeographic
areas used here are available in the Online Supplemental
Material, and this method is elaborated further in
Cooper and Sober6n (2018). Ellipsoids were fit to the
data using Mahalanobis distances (Mahalanobis 1936)
implemented in R via the packages ellipse (Murdoch and
Chow 2007) and MASS (Venables and Ripley 2002).

We projected the distance of each cell to the centroid
of the species’” Hutchinsonian niche to determine suit-
ability across the African continent. These projections
were also performed to the past datasets of the
Holocene (~6,000 years ago) and Last Glacial Maximum
(~22,000 years ago) provided within ENVIREM (Title
and Bemmels 2018), with models averaged across the
predictions for all three global circulation models avail-
able. Projections were created for gross distance to the
centroid, with some maps converted to “thresholded
distance” depicting how many standard deviations each
cell was located from the average distance from centroid
of the actual occurrence points. For these thresholded
rasters, everything less than or equal to the average dis-
tance was given a value of ‘one} and everything within
one standard deviation further was assigned a 2, etc.
These averaged maps were subsequently combined to
understand which regions were historically most similar
to the modern climactic envelope for all populations of
C. reichenowi, and where likely avenues of colonization
were located.

Ecological Niche Divergence

We tested ecological divergence by comparing our actual
models of suitability to “null” models created from random
points drawn from within each species’ aforementioned bi-
ogeographic region (Warren et al. 2008, McCormack et al.
2009, Glor and Warren 2011). Random points were created
using the spsample function in sp (Pebesma and Bivand
2005, Bivand et al. 2013) and maptools (Bivand and Lewin-
Koh 2019) in R, and subsequently used to train null niche
models using the aforementioned ellipsoidal methodology.
We repeated this step 100 times to create a random null
distribution for ecological niche models derived from each
biogeographic region. Using the function nicheOverlap
in dismo (Hijmans et al. 2015), we obtained Schoener’s D
values for (1) the true comparison of the models for each
species, (2) the comparisons of population A to the random
models of population B, and (3) the comparisons of popu-
lation B to the random models of population A. Schoener’s
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D is a statistic designed to look at similarity, with a value
of one being identical and a value of zero being wholly dif-
ferent. This was performed pairwise for every combination
of C. r. reichenowi, C. r. preussi, and C. r. genderuensis, both
with the entire point dataset and repeated for the 80% of
points that are closest to the niche centroid (similar to the
thresholds created for distributions). We obtained Z scores
and converted them to P values for these combinations
to determine if the true comparison was greater than
the random distributions (i.e. that niche divergence has
occurred) or if it was less than the random distribution
(i.e. that niche conservatism is occurring). While niche di-
vergence is significant from an evolutionary perspective,
niche conservatism is often viewed as the “expectation” or
null model of niche divergence tests between closely re-
lated species given their shared evolutionary histories and
their often parapatric or allopatric distributions (Peterson
et al. 1999, Peterson 2011).

RESULTS

We obtained a minimum read count of 509,662 (toepad
sample of FMNH 273746 C. r. preussi collected in 1937) and
a maximum read count of 4,743,968 (KU 132209 Cinnyris
r. preussi, tissue sample from 2016; Table 1). The average
read count for tissues was 2,942,188, whereas for toepads
the average was 2,790,815. In all analyses, we found high
support for three nested monophyletic groups, listed here
from outgroup towards ingroup: C. regius, C. r. reichenowi
(East Africa), and a western clade of C. r. genderuensis and
C. r. preussi (Figure 3). Trees largely agreed in the topology
of major nodes, with the exception of the location of the
long-branched FMNH 122395 (C. r. genderuensis). Broader
genetic matrices (80% shared between all individuals and
below) recovered high support of FMNH 122395 being
sister to the other C. r. genderuensis sample, FMNH
189462, and of C. r. genderuensis being a monophyletic
group sister to C. r. preussi. However, matrices with more
alignments shared across individuals (and, therefore, fewer
sequences for analyses, such as the 90% and 95% coverage
matrices) recovered C. r. genderuensis as polyphyletic,
with FMNH 122395 sister to other C. r. preussi with an
outgroup of FMNH 189462. In all iterations, the branch
leading to FMNH 122395 is significantly longer than the
branch length of any other sample. We believe this long
branch length is the result of missing data within the
sample rather than contamination due to the consistent
placement of this taxon with its assumed sister individual
based on geography and morphology (Hosner et al. 2016,
McCormack et al. 2016). We also ran separate iterations
of tests without FMNH 122395, and found that they did
not significantly alter the results presented herein. Given
that larger amounts of data and SNP matrices recover
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FIGURE 3. RaxML constructed a phylogeny of relationships within Cinnyris sunbirds sampled herein using UCE data. Note that FMNH
122395 (C. r. genderuensis) possesses a long branch, but is consistently recovered as being a well-supported part of the same clade as
FMNH 189462 in all analyses. Internal nodes are sized relative to support, and nodes with white centers have >90% support.

FMNH450580>
FMNH450581
FMNH356179|
FMNH356181
FMNH438857|
FMNH481235)
FMNH346623|
FMNH385275,
FMNH385276,
FMNH346624,

KU132209

FIGURE 4. SNAPP phylogeny of Cinnyris sunbirds used in this study with node size reflecting support (left) and the raw SNAPP
output showing the aggregated species trees created during the analyses, where the bolder lines indicate stronger consensus for the
relationship (right). Nodes with white centers have >90% posterior probability support. Nodes are numbered as follows: (1) Cinnyris
regius regius; (2) Cinnyris reichenowi reichenowi; (3) western Cinnyris reichenowi; (4) C. r. genderuensis; (5) C. r. preussi, with FMNH 273746
as the only preussi individual from the interior highlands of Cameroon near Babadjou, Ouest (Good 1953); (6) C. r. preussi from Mt.
Cameroon, Cameroon; and (7) C. r. parvirostris, the Bioko population of C. r. preussi once considered a separate subspecies.

FMNH 122395 as a member of the C. r. genderuensis clade,
we present here our results for the 80% coverage matrix.
Within C. . preussi, there is limited but consistent geo-
graphic structure, with Bioko Island birds existing as a
separate cluster from Mt. Cameroon samples, and these
coastal populations are sister to the interior sample from
the Bamenda Highlands. RaxML analyses of the dataset
find strong support for C. r. genderuensis as sister to
C. r. preussi, but low support for the node relating the two
C. r. genderuensis to each other.

Species Trees

RaxML analyses recovered 100% bootstrap support for the
clades of C. regius, C. r. reichenowi, a monophyletic group
of all western individuals, and a monophyletic group of
C. r. preussi (Figure 4). The SNAPP tree showed limited
separation between mountain ranges in East Africa for

both C. regius and C. r. reichenowi, and recovered struc-
ture between the mountains of Cameroon, with each major
western massif being recovered as a unique population
(Figure 3). The SNAPP analysis identified C. r. genderuensis
as a monophyletic group with 99% posterior support.
Given these strong partitions, we treated C. r. reichenowi,
C. r. genderuensis and C. r. preussi as separate entities for
other analyses.

Using mitochondrial genes, we obtain a divergence
time of ~0.87 mya for eastern vs. western populations of
C. reichenowi and 3.85 mya for the divergence between
C. regius and the C. reichenowi group (Table 2).

Introgression and Connectivity

Our PCA analyses of genotypes confirmed that there were
4 clusters from the overall dataset, corresponding to C. re-
gius and each of the 3 C. reichenowi populations. When
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analyzing only C. reichenowi, we recovered strong sep-
aration between eastern and western populations along
the first principal component axis (19.3% of variance
explained) and separation between C. . genderuensis and
C. r. preussi along the second principal component axis
(10.7% of variance explained; Figure 5). In this analysis,
Mt. Cameroon and Bioko populations clustered together,
while our interior sample of C. r. preussi from the Bamenda
Highlands was located between the coastal cluster and
the C. r. genderuensis points, but still closer to coastal
C. r. preussi (Figure 5). Subsequent principal components
began separating individuals within each subspecies, with
the third principal component (8.82% variance explained)
predominantly separating individuals from the Eastern
portion of the range (C. r. reichenowi) from each other.
The problematic C. r. genderuensis sample came out as an
isolated point, but was still most associated with the other
C. r. genderuensis sample in these analyses.

The discriminant function analyses performed on the
principal components of the SNP data were performed it-
eratively on different groupings of individuals to test sub-
specific assignments. We limited these tests to the major
genetic groupings recovered from previous analyses.
Our test of separating all three major genetic groups
(C. r. reichenowi, C. r. genderuensis, and C. r. preussi)
had a success rate of 92.9% (n = 14), only confusing one
C. r. genderuensis individual with C. . preussi. The DFA
was 100% successful in separating the broader groups of
C. r. reichenowi and C. r. preussi (including genderuensis).

The ABBA/BABA tests of gene flow were similarly
performed in an iterative fashion with multiple populations
and with different levels of outgroup to better understand
the gene flow dynamics. We used a hierarchical approach
towards declaring outgroups, comparing gene flow levels
against outgroups of C. r. regius, C. r. reichenowi, and
C. r. genderuensis as we moved towards the most closely
related populations (Bioko Island and Mt. Cameroon
C. r. preussi; Table 3). Evidence of connectivity between
all groups was evident when we performed the test with
C. regius as an outgroup (largest P = 0.002), with the most
significant P values being found for randomized scenarios
that placed the western groups (C. r. genderuensis and
C. r. preussi) as sister to each other. Within western taxa,
gene flow was again recovered for every scenario, with the
highest levels of gene flow (P < 0.001) being recovered be-
tween subpopulations of C. . preussi on the coast and in
the adjacent interior. When C. r. genderuensis was used as
an outgroup and C. . preussi was divided into interior (i.e.
Bamenda Plateau) C. r. preussi, coastal (i.e. Mt. Cameroon)
C. r. preussi, and Bioko C. r. parvirostris, significant levels
of gene flow were only found between coastal and Bioko
populations (P < 0.001), with the individual from the inte-
rior C. r. preussi having non-significant levels of gene flow
with coastal birds (P = 0.41).

C. r. ‘parvirostris’ (Bioko)

NA
0.01 mya*

0.87 mya
NA
NA

C. r. preussi (Coastal)

NA
NA
NA
NA

C. r. preussi (Interior)

NA
NA
NA

C.r.genderuensis

NA
NA

C. r. reichenowi

3.85 mya

C. regius

TABLE 2. Ages estimated from mitochondrial differences (2% divergence per million years, no asterisk). and the known date of the geographic isolation of C. . ‘parvirostris’

from C. r. preussi based on sea level data (denoted with an asterisk).

C. r. reichenowi
C.r.genderuensis

C. r. preussi (Interior)
C.r. preussi (Coastal)

C. r. ‘parvirostris’ (Bioko)

C. regius
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FIGURE 5. Principal component analysis plot of single nucleotide polymorphism (SNP) variation in Cinnyris reichenowi (left) and
SNMF admixture plot of 14 individuals (right) ordered from NE to SW (i.e. from Kibira NP, Burundi to Bioko, Equatorial Guinea). The
four individuals exhibiting admixture are (1) FMNH 481236 C. r. reichenowi, Kahuzi-Biega, DRC; (2) FMNH 122395 C. . genderuenisis,
Genderu, Cameroon; (3) FMNH 189462 C.r. genderuensis, Yaoundé, Cameroon; and (4) FMNH 273746 C.r. preussi, Babadjou, Cameroon.

Determining population composition using ‘snmf” in-
dicated that the most likely scenario involved two an-
cestral populations split between east and west within
C. reichenowi. The second most likely scenario was
three ancestral populations. Visualizing three popula-
tion divisions at a = 100 showed that C. . reichenowi and
coastal C. r. preussi are separate groups, but the status of
C. r. genderuensis is not fully resolved (Figure 5). One indi-
vidual of C. r. reichenowi from Kahuzi-Biega, DRC, shows
some admixture with western C. r. preussi populations
(~5%). One individual of C. r genderuensis (FMNH
189462) from Yaoundé was recovered as its own group; how-
ever, the other C. r genderuensis individual demonstrated
~60% admixture with C. r. preussi and ~20% admixture
with C. r. reichenowi. Similarly, the interior C. r. preussi in-
dividual from Babadjou, Cameroon showed ~10% admix-
ture with both C. . genderuensis and C. r. reichenowi.

Morphological Data
After data cleaning, we retained 20 individuals of Cinnyris
regius and 383 individuals of C. reichenowi for analyses
(Table 5). We analyzed sexes independently. Analyses of
C. regius were limited to males, as these constituted 17 of
the 20 samples in our dataset. All individuals of Cinnyris
regius were from the nominate population and included
localities used for genetic sampling.

Our C. reichenowi sample contained 263 males and 120
females. For all sunbirds, PC1 captured a large proportion

of the variation associated with all variables, with the most
important contributions being culmen length and bill
width, with large-billed birds having more negative PC1
values. PC2 captured more of the variation for bill depth
and tarsus length.

Within both the male and female datasets, C. r. preussi
individuals largely overlapped in morphological space
with C. r. parvirostris (Tables 4 and 5). These western
populations exhibited limited overlap with C. 7. reichenowi
individuals from the East. C. r. genderuensis overlapped in
morphometric space predominately with C. r. reichenowi,
with only a few individuals from the male and female
populations being morphologically inseparable from
other western populations (Figure 6). These populations
are morphologically similar, but do differ with respect
to right-wing chord and culmen length (Tables 4 and 5).
Specimens of C. r. genderuensis that are morphologically
similar to C. r. preussi are from the interior xeric plateaus
of Cameroon where C. r. preussi is presumed absent;
the most morphologically ‘preussi’ individual assigned
as genderuensis came from Tello, Adamawa, Cameroon
(RMCA 75-3-A-438).

Within the male dataset, there were three individuals
whose subspecific identity was marked as “unknown”
due to their localities’ ambiguity or presence in the
presumed genderuensis-preussi contact zone in the middle
elevations of the western Bamenda Plateau; all 3 of these
individuals were within the range of variation expected
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FIGURE 6. Principal component analysis plot of morphological
variation within male Cinnyris reichenowi. Note that almost
all C. r. genderuensis fall within the range of variation of
C. r. reichenowi; those that fall within the range of variation of
C. r. preussi are from near Tello on the Adamawa Plateau (Royal
Museum for Central Africa) and were identified as genderuensis
by range. C. r. parvirostris refers to birds from Bioko Island, which
we found indistinguishable from mainland C. r. preussi contra
Eisentraut (1965).

for genderuensis and not preussi (MNMH 2005.995 from
an unspecified locality, ZMB 2000.7987 from an unspeci-
fied locality, and ZMB 75.79 from the Bangwa Highlands,
Cameroon). A closer inspection of C. . preussi (excluding
parvirostris) and C. . genderuensis in the male subset re-
vealed that these populations differ significantly with re-
spect to wing chord (Wilcoxon rank sum test, W = 187.5,
P < 0.001, preussi being 4.79% larger than genderuensis),
tail length (Wilcoxon rank sum test, W = 349, P = 0.001,
preussi being 6.01% larger than genderuensis), culmen
length (Wilcoxon rank sum text, W = 57.5, P < 0.001,
preussi being 16.13% longer than genderuensis), bill depth
(Wilcoxon rank sum test, W= 300, P = 0.0004, preussi being
9.96% thicker than genderuensis), bill width (Wilcoxon
rank sum test, W = 144, P < 0.001, preussi being 11.39%
wider than genderuensis), and tarsus length (Wilcoxon
rank sum test, W = 422.5, P = 0.010, preussi being 6.31%
longer than genderuensis; Tables 4 and 5). C. r. preussi and
C. r. parvirostris differ significantly with respect to every
variable from C. r. reichenowi (Tables 4 and 5). The two
western taxa that are nearly indistinguishable in the PCA
analyses, C. r. preussi and Cinnyris reichenowi parvirostris,
can only be told apart by culmen length (Wilcoxon rank sum
test, W = 2341, P < 0.001, preussi being 5.46% longer than
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FIGURE 7. Projections of ancestral ranges in the Last Glacial
Maximum and the Holocene with current geopolitical borders
superimposed. C. r. reichenowi is in black (Mahalanobis
distance 0-3 from centroid; fade 3-6), C. r. genderuensis is in
red (Mahalanobis distance 0-8 from centroid; fade 8-20), and
C. r. preussi is in blue (Mahalanobis distance 0-10 from centroid;
fade 10-30). Note distances are not equal as models are based
on different sample sizes and projections in past climates are
unequal for different taxa; scales were selected to maximize
visibility. Country names are provided in Figure 2.

parvirostris), which is the main character that was used by
Eisentraut (1965) to describe parvirostris as a distinct sub-
species. Other separable groups included C. r. reichenowi
and C. . genderuensis, whose measurements differ only
with respect to wing chord (Wilcoxon rank sum test,
W =993, P = 0.005, genderuensis being 2.81% larger than
reichenowi) and culmen length (Wilcoxon rank sum test,
W = 1129.5, P < 0.001, genderuensis being 7.29% longer
than reichenowi).

Analysis of female sunbirds similarly separated
individuals into these East and West groups, with
some overlap between all populations. With respect to
comparisons between C. r. genderuensis and C. r. preussi,
populations were found to be separable in all pairwise
comparisons except tail length (Wilcoxon rank sum test,
W = 1315, P = 0.098; Tables 4 and 5). The number of
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variables capable of separating populations was fewer for all
but one comparison between female birds (C. r. reichenowi
and C. r preussi differ with respect to every variable;
Table 4). All other populations had a reduced number of
segregating characters, with the most similar populations
being C. r. reichenowi/C. r. genderuensis and C. r. preussi/
C. r. parvirostris.

Discriminant function analyses for males of the 3 best
supported taxa—reichenowi, preussi, and genderuensis—
recovered 2 main groups (preussi and reichenowi), with
only one individual identified as a morphologically
distinct third group (genderuensis). Two genderuensis
were assigned to preussi, and all other individuals were
assigned to reichemowi. Accuracy separating better-
represented reichenowi and preussi is higher, with
95.1% of preussi and 98.1% of reichenowi assigned to
the correct group based on morphological data. When
randomly subsampling and re-performing the DFAs,
we found that specimens could be identified to popu-
lation with ~89.1% accuracy, with the individual aver-
ages for genderuensis and preussi identification accuracy
being 91.5% and 86.7%, respectively (Cooper et al. 2021;
doi:10.5061/dryad.34tmpg4j0).

Like the male dataset, the female dataset was un-
able to discern genderuensis as a group separate from
either C. r. preussi or C. r. reichenowi when the entire
dataset was used. However, a test of only C. r. preussi and
C. r. reichenowi was 96.1% accurate in separating these
taxa based on morphological characters. When we re-
peated the random sampling method for C. » preussi and
C. r. genderuensis, we can separate females of these three
taxa ~85.4% of the time (Cooper et al. 2021; doi:10.5061/
dryad.34tmpg4j0).

Ecological Data

Populations differed with respect to several envi-
ronmental variables, but C. r. genderuensis appeared
to be from the most xeric localities and C. r. preussi
from the least xeric (Cooper et al. 2021; doi:10.5061/
dryad.34tmpg4j0). Our models for past climate suita-
bility increase the habitable area for each population
in the eastern and western highlands, but also identify
an area of suitability in the modern Central African
Republic and the northern Democratic Republic of the
Congo in the Holocene and Last Glacial Maximum
(Figure 7). Populations appear to have been last
connected during the Last Glacial Maximum, the most
recent period where suitable conditions for these spe-
cies were largest and most contiguous. The location
of the suitable corridor differs for eastern and western
populations; C. . reichenowi predictions show an expan-
sion across the southern Congo into Angola and up the
coastal highlands towards Cameroon; C. . genderuensis
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and C. r. preussi models show increased suitability east-
ward across the Central African highlands. All three
populations show suitability in the interior Gabonese
highlands near Makokou (an area where other highland
taxa such as P. insignis have been recorded; Borrow and
Demey 2014), the Ituri region, and in localized parts
of the southern Congo basin (i.e. the northern edge of
Katanga, DRC).

There is no significant difference between the ecolog-
ical niche models and the null hypothesis of no ecological
niche divergence for C. r. genderuensis and C. r. preussi (no
tests with a significant P value; Table 5C). The niches of
C. r. genderuensis and C. r. reichenowi are divergent when
compared to null models of C. r. genderuensis (P < 0.001),
but within the range of variation for C. . reichenowi null
models. Comparisons of C. r. preussi and C. r. reichenowi
found that these species’ ecological niches are signifi-
cantly different when compared to the null distribution
of C. r preussi (P < 0.025), and near-significant when
compared to the null distribution of C. r. reichenowi
(P = 0.034). Reducing locality sets to the 80% of points
that are closest to the niche centroid changes these overall
results only with respect to the relationship between
C. r. reichenowi and C. r. genderuensis, which are found to
be significantly more similar than expected under the null
hypothesis (P < 0.010 for both comparisons; Cooper et al.
2021; doi:10.5061/dryad.34tmpg4j0).

DISCUSSION

Our phylogenetic analyses recover clear separation be-
tween eastern and western C. reichenowi populations, with
evidence for a single colonization event from East Africa
westwards. Consistent with our hypothesis, we find evi-
dence of diversification within the C. reichenowi complex
forming three major groups, with C. r genderuensis in
the Adamawa highlands being more similar morphologi-
cally to the eastern C. r. reichenowi than to the adjacent,
montane C. r. preussi. We did not find empirical support
for ecological niche diversification between the adjacent
populations of C. r. genderuensis and C. r. preussi, despite
their parapatric distributions and the apparent preference
of C. r. genderuensis for xeric plateaus in the interior of
Central Africa. Our assessments of ecological niche ev-
olution suggest niche differentiation is occurring with
respect to C. r. reichenowi and C. r. preussi (with one of
the two comparisons being significant in each compar-
ison set). Our results strongly support two main ancestral
populations and show three ancestral populations as the
second most likely scenario (Figure 5). We confirm the bi-
ogeographic closeness of Mt. Cameroon and Bioko with
respect to other highland areas, a pattern shared by other
species inhabiting the highlands of Cameroon, Equatorial

Ornithology 138:1-21 © 2021 American Ornithological Society
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Guinea, and Nigeria (e.g., Western Mountain Greenbul
[Arizelocichla  tephrolaema), White-tailed Warbler
[P lopezi]) (Borrow and Demey 2014, Clements et al. 2019).

Our gene flow analyses show evidence of some introgres-
sion between C. r. genderuensis and both C. r. reichenowi
and C. r. preussi. This introgression, however, is most evi-
dent in the specimen that is missing data and obfuscating
our analyses (FMNH 122395) or the specimen from the
Bamenda Highlands (FMNH 273746) which is geographi-
cally between core preussi and core genderuensis. More re-
search on intervening populations between Mt. Cameroon
and the Bamenda Plateau is required to fully understand
connectivity across these montane regions. Despite evi-
dence for past introgression, it appears that differentiation
between C. r. genderuensis and interior C. r. preussi is on-
going. Whether or not Cameroonian interior populations
are diagnosable in the field without morphological
measurements remains to be seen; while our inspections of
museum specimens suggest that interior birds are more of
a “golden green” than the coastal highland “emerald green”
C. r. preussi, we have not quantified these differences.

Diversification Dynamics

Ecological niche models indicate C. reichenowi populations
were in sympatry or local parapatry around the time of
the Last Glacial Maximum (~22,000 years ago). It is un-
clear whether this contact occurred via the highlands of
south-central Africa, via the northern edge of what we
consider Sub-Saharan Africa, or through a combination of
these two routes (Figure 7). Under either scenario, as the
climate warmed, distributions became more fragmented,
approaching the current, modern distribution of the
eastern and western groups. Species diversity in Cinnyris
is centered in Eastern and Southern Africa, where they
have adapted to numerous different habitats and niches.
Within the “Double-collared” sunbirds, taxa have adapted
to other drier habitats such as the miombo woodland (e.g.,
Western Miombo Sunbird [Cinnyris gertrudis]) adjacent
to the highland regions, and multiple taxa have become
restricted to individual remote highlands across the area
of former suitability for C. reichenowi, such as Prigogine’s
Sunbird (Cinnyris prigoginei) endemic to the Marungu
Highlands (Macdonald 1958, Sinclair and Ryan 2010).

Our mitochondrial genes indicate a divergence between
eastern and western lineages ~0.87 mya, despite potential
distributional overlap as recently as ~22,000 years ago and
serious distribution fragmentation during the Holocene
(~6,000 years ago). The relatedness of Mt. Cameroon to
Bioko reflects the island’s isolation only ~10,500 years ago
(Rohling et al. 1998, Melo et al. 2011), and requires further
insight into whether birds cross the channel periodically,
given the monophyly of the SNAPP tree and the near sea-
level distribution of C. r. preussi on the windward slopes of
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Mt. Cameroon ~35 km from populations on Bioko (Serle
1964). Mitochondrial dating of the divergence between
eastern and western populations of C. reichenowi near-
coincides with estimates of a large increase of Antarctic
ice volume during the mid-Pleistocene climate transition
(Elderfield et al. 2012). More investigation of the timing
of population isolation in the Cameroon highlands is
warranted, and requires more, higher quality sampling and
caution regarding skewed divergence times due to poten-
tial fixation from small effective population sizes during
the fragmentation of populations during glacial cycles.
More extensive genomic data will also elucidate if climatic
cycling (and which climatic cycles) coincided with diversi-
fication events and contribute to effective population size
fluctuations within C. reichenowi and within the genus
Cinnyris as a whole.

A mystery arising from this study is the lack of
C. reichenowi from the southern highlands of Africa.
According to mitochondrial data, C. reichenowi is sister
to Southern Double-collared Sunbird Cinnyris chalybea
of South African fynbos and highlands (Bowie 2003), with
a large disjunction between this species and the nearest
populations of C. reichenowi in the Albertine Rift. If the
southern highlands were used to colonize the western part
of the African continent, then it appears that all geograph-
ically intermediate populations have since gone extinct.
However, no fewer than eight additional double-collared
Cinnyris occur in south-central Africa from Angola to
Malawiand Kenya, including the Montane Double-collared
Sunbird (Cinnyris ludovicensis), found in Angola (nom-
inate subspecies) and disparately in Malawi and Zambia
(whytei, sometimes elevated to species rank) (Bowie et al.
2016). Several other avian taxa occurring in both East and
West Africa also have populations in Angola, with lim-
ited evidence that colonization across Africa occurred
via Angola for some groups (Vaz da Silva 2015). It is also
possible that these other Cinnyris species would have pro-
vided a biotic barrier via competition, thus preventing
C. reichenowi from colonizing via the south. This sce-
nario would further support the idea that these species
colonized across the northern Congo basin, where some
outlying populations still remain (e.g., C. r. genderuensis in
the western Central African Republic and C. r. reichenowi
in the Imatong Mountains of South Sudan and Uganda).

Considering C. reichenowi in this greater radiation
provides further insight into potential mechanisms for the
separation of C. r. genderuensis from adjacent populations
of C. r. preussi. The Rift mountains possess multiple
Cinnyris sunbird species along with larger sunbirds from
other genera (Kingdon 1989, Sinclair and Ryan 2010).
Several larger species are sympatric with C. r. reichenowi,
including Rwenzori Double-collared Sunbird (Cinnyris
stuhlmanni) and C. regius. At the fringes of the distribution
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for C. reichenowi, there are other highland forms that are
locally sympatric or geographical replacements, most
notably the Eastern Double-collared Sunbird (Cinnyris
mediocris).

The niche space for sunbirds is significantly more packed
locally and regionally in Eastern Africa than it is in Central
and Western Africa, where the only other strictly mon-
tane sunbird species are the more distantly related Ursula’s
Sunbird (Cinnyris ursulae) and the long-billed Cameroon
Sunbird (Cyanomitra oritis), itself presumably sister to the
East African Blue-headed Sunbird (Cyanomitra alinae). In
the xeric Adamawa, there are no other montane “Double-
collared” sunbirds, and Cinnyris r. genderuensis is thus
relatively unique in these habitats (though there are other
Cinnyris, e.g. Olive-bellied Sunbird C. chloropygius and
Orange-tufted Sunbird C. bouvieri). In the eastern part
of its distribution, the small-billed Cinnyris r. reichenowi
occurs largely below the elevational zone of the large
billed, alpine C. stuhlmanni, and locally co-occurs with
other Cinnyris such as C. regius and possibly Rockefeller’s
Sunbird (Cinnyris rockefelleri) (Sinclair and Ryan 2010). In
the western montane regions, these species are replaced
by Cinnyris r. preussi, the largest billed of all C. reichenowi
populations and the largest high-montane Cinnyris in the
Cameroon Line (Borrow and Demey 2014). Countering this
propensity for larger bill evolution is that birds on Bioko
(‘parvirostris’) possess bill lengths significantly smaller
than core preussi and significantly larger than genderuensis
(Table 4; Appendix 1, available via Dryad) (Cooper et al.
2021). The reasons for this disparity are not known, but
may be related to the insular nature of Bioko.

The null expectation for any allopatric population is niche
conservatism with respect to historical conditions (Peterson
2011). If we operate on the assumption that C. 7. reichenowi
represents the ancestral state for the species, then only
C. r. preussi has diverged in some regard. C. r. genderuensis
appears to inhabit more xeric areas when compared to mon-
tane regions, but it has not diverged in bill morphology
and it is not divergent according to niche equivalency tests.
Populations of C. . reichenowi in the Imatong Mountains of
South Sudan and the mountains of Kenya warrant further
investigation to determine if ecological diversification is also
occurring in the East. More rigorous studies are required
to understand whether these morphological and ecological
differences are truly driven by biotic interactions or if they
are the result of more random evolutionary processes.

Taxonomic Classification

Given the inherent genetic structure within these
populations coincident with their geographic separation,
we recommend the recognition of two species and three
taxa of Cinnyris sunbird in the place of C. reichenowi
sensu lato. We refrain from assigning these names the
“Double-collared” moniker, as this is absent for some

Ecological diversification and speciation dynamics of Cinnyris reichenowi 17

“Double-collared” species (e.g., Neergaard’s Sunbird
[C. neergaardi]) and can lead to confusion between taxa.

Rift Sunbird C. reichenowi (Sharpe 1891): occurring
broadly across eastern Africa, from the Albertine Rift to
the highlands of Kenya. Monotypic.

Volcano Sunbird C. preussi, consisting of the following
two subspecies: Genderu Sunbird Cinnyris preussi
genderuensis (Reichenow 1910) restricted to the greater
Adamawa Plateau region of Cameroon, the Central African
Republic, and likely occurring in northeastern Nigeria; and
the nominate Volcano Sunbird C. p. preussi (Reichenow
1892) widespread in the humid volcanic highlands of
Cameroon, Equatorial Guinea (Bioko Island), and Nigeria.
Bioko parvirostris (Eisentraut 1965) is best considered a
synonym of preussi, as it is only distinguishable by bill and
tail length and is genetically indistinguishable from adja-
cent mainland populations.

There is still difficulty in knowing the range limits and
exact distribution of C. p. genderuensis and Cinnyris preussi
preussi, but it is clear that these taxa have diversified mor-
phologically, and ecologically, and possess different genetic
signatures that, despite evidence of admixture, fall into dis-
crete monotypic clades. We refrain from recognizing these
populations as full species at the present time, but note that
genderuensis may be worthy of species rank pending addi-
tional research in the northern Cameroon contact zone.

FUTURE RESEARCH

This research focused predominantly on elucidating
the relationships between western populations of
C. reichenowi sensu lato, in large part to determine
whether C. p. genderuensis is an ecomorph of C. p. preussi
or its own, distinct taxon. However, this study has not
emphasized coverage of the East African Cinnyris, in-
cluding outlying populations of C. reichenowi. The pop-
ulation of C. reichenowi is known from the Imatong
Mountains of South Sudan and northern Uganda, where
they occur on small, more xeric ridges that are geographi-
cally isolated from the main, humid mountain ranges of the
Albertine Rift. There is also a population of C. reichenowi
that occurs predominantly in Kenya and eastern Uganda
that abuts several other Cinnyris species, including the
similar C. mediocris. Whether there is ongoing diversi-
fication in eastern C. reichenowi is unknown. Birds in
Kenya were originally described based on one specimen
as the race kikuyuensis (Mearns 1915), a race which has
since been synonymized with reichenowi (Friedmann
1937). Given the amount of structure within western
C. reichenowi sensu lato, a more comprehensive analysis of
all “Double-collared” sunbirds is warranted, especially the
smaller birds found in Kenya, Sudan, and adjacent eastern
Uganda (Bowie 2003).
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Understanding Afromontane Diversification

This research has reinforced the finding that museum
toepads can be used to facilitate work on gene flow and spe-
cies limits. Most African specimens were collected before the
practice of gathering tissues and other associated metadata
with a specimen. Thus, many specimens from Africa do not
have the modern genetic material to include in studies. The
use of next generation sequencing technologies allows for the
use of these historical toepads and thereby fills in some sam-
pling gaps. These historical specimens can become valuable
extended specimens (Webster 2017) documenting genotypic
variation as well as phenotypic variation across geography
to shed more light on speciation dynamics and connectivity
across the continent.

This case study illustrates the complex nature of specia-
tion events across Afromontane ecosystems and is a dem-
onstration of niche shifts occurring in species that have
colonized across the African continent. Many Afromontane
disjunct taxa appear to have conserved niches, occurring
only in montane forests (e.g., White-breasted Robin-Chat
Cossyphicula roberti). But like C. preussi, there are other
Afromontane taxa that illustrate similar high and low ele-
vational differentiation that has been described at the sub-
specific level, namely Elliot’s Woodpecker (Dendropicos
elliotii, with nominate lowland and highland johnstoni,
sometimes regarded as specifically distinct) and Black-
throated Apalis (Apalis jacksoni, with lowland nominate
and highland bambuluensis). The presence of these phe-
notypically similar but genetically differentiated mon-
tane and lowland populations is worth investigating in
other populations. A better idea of the genetic structure
within and between species that occupy different moun-
tain ranges and different elevation bands in the Afrotropics
is necessary for fully understanding the evolutionary dy-
namics across sub-Saharan Africa.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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