
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/350915138

Multiple mountain-hopping colonization of sky-islands on the two sides of

Tropical Africa during the Pleistocene: The afroalpine Festuca grasses

Article  in  Journal of Biogeography · April 2021

DOI: 10.1111/jbi.14117

CITATIONS

0
READ

1

6 authors, including:

Some of the authors of this publication are also working on these related projects:

Consequences of polyploidization: from single traits to population dynamics View project

'WORLDCLIMB': Patterns of the climbing impacts on cliff vegetation of the Mediterranean Biome: implementation of an innovative and comprehensive methodology in

a worldwide geographical range View project

Mario Mairal

Complutense University of Madrid

47 PUBLICATIONS   281 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Mario Mairal on 16 April 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/350915138_Multiple_mountain-hopping_colonization_of_sky-islands_on_the_two_sides_of_Tropical_Africa_during_the_Pleistocene_The_afroalpine_Festuca_grasses?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/350915138_Multiple_mountain-hopping_colonization_of_sky-islands_on_the_two_sides_of_Tropical_Africa_during_the_Pleistocene_The_afroalpine_Festuca_grasses?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Consequences-of-polyploidization-from-single-traits-to-population-dynamics?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/WORLDCLIMB-Patterns-of-the-climbing-impacts-on-cliff-vegetation-of-the-Mediterranean-Biome-implementation-of-an-innovative-and-comprehensive-methodology-in-a-worldwide-geographical-range?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario-Mairal?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario-Mairal?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Complutense_University_of_Madrid?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario-Mairal?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario-Mairal?enrichId=rgreq-69a9cce9fa2ff73f0f5c6a84504acc5a-XXX&enrichSource=Y292ZXJQYWdlOzM1MDkxNTEzODtBUzoxMDEzMjM3OTczODAzMDEwQDE2MTg1ODYxNjY4NzY%3D&el=1_x_10&_esc=publicationCoverPdf


Journal of Biogeography. 2021;00:1–17.	 wileyonlinelibrary.com/journal/jbi�  | 1© 2021 John Wiley & Sons Ltd

Received: 2 December 2019  | Revised: 19 February 2021  | Accepted: 3 March 2021

DOI: 10.1111/jbi.14117  

R E S E A R C H  A R T I C L E

Multiple mountain-hopping colonization of sky-islands on 
the two sides of Tropical Africa during the Pleistocene: The 
afroalpine Festuca grasses

Mario Mairal1,2  |   Mary Namaganda1,3 |   Abel Gizaw4  |   Desalegn Chala4 |   
Christian Brochmann4 |   Pilar Catalán1,5,6

1Escuela Politécnica Superior de Huesca, 
Universidad de Zaragoza, Huesca, Spain
2Department of Biodiversity, Ecology 
and Evolution, Universidad Complutense, 
Madrid, Spain
3Department of Plant Sciences, 
Microbiology and Biotechnology, College 
of Natural Sciences, Makerere University, 
Kampala, Uganda
4Natural History Museum, University of 
Oslo, Oslo, Norway
5Department of Botany, Institute of Biology, 
Tomsk State University, Tomsk, Russia
6Grupo de Bioquímica, Biofísica y Biología 
Computacional (BIFI, UNIZAR, Unidad 
Asociada al CSIC, Zaragoza, Spain

Correspondence
Mario Mairal, Escuela Politécnica Superior 
de Huesca, Universidad de Zaragoza, 
Universidad Complutense de Madrid, 
Madrid, Spain.
Email: mariomairal@gmail.com

Pilar Catalán, Escuela Politécnica Superior 
de Huesca, Universidad de Zaragoza, 
Huesca, Spain.
Email: pcatalan@unizar.es

Funding information
Ministerio de Ciencia e Innovación, Grant/
Award Number: CGL2012-39953-C02-01; 
Spanish Aragon Government-European 
Social Fund, Grant/Award Number: 
A01-17R A01-20R; European Social Fund, 
Grant/Award Number: FEDER 2014-2020; 
Norwegian NUFU, Grant/Award Number: 
2007/1058

Abstract
Aim: The afroalpine sky-islands present one of the most interesting models to study 
discrete biogeographic patterns in a terrestrial island system.  Here, we performed 
range-wide sampling of the afroalpine clade of fine-leaved Festuca grasses and ad-
dress a set of hypotheses on its origin and dispersal. We focus on the widespread spe-
cies F. abyssinica and explore the role of the eastern and western African sky-islands.
Location: Tropical Africa.
Taxon: Afroalpine Festuca.
Methods: We combine data from field surveys, phylogeography, coalescence-based 
dispersal modelling, and environmental niche and dispersal costs analyses to infer 
patterns of genetic diversity, genealogical relationships, colonization routes and range 
shifts under two Quaternary climates (current – to represent warm periods; and Last 
Glacial Maximum (LGM) – to represent cold periods).
Results: The westernmost populations in East Africa show higher genetic diversity 
and higher similarities with the West African populations and the Ethiopian Simen 
Mountains than with the more closely situated East African populations. Dispersal 
models and ecological niche predictions of F. abyssinica supported multiple long-
distance dispersals (LDD) among the eastern African sky-islands, and at least two 
dispersal events between the two sides of Africa (0.86 Ma and 0.52 Ma), probably 
facilitated by bridging suitable habitats during the coldest periods of the Pleistocene.
Main conclusions: We reconstruct an afroalpine mountain-hopping dispersal model, 
with migrations occurring between adjacent sky-islands in eastern Africa, and through 
a Central Africa–Sudan pathway connecting afroalpine patches on the two sides of 
the continent.
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afroalpine Festuca, dispersal cost analysis, ecological niche modelling, long-distance dispersal, 
mountain-hopping colonization, phylogeography, Tropical Africa
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1  |  INTRODUC TION

Island systems,  surrounded by sea or situated within a conti-
nent,  have in common their role as generators of diversity and 
constitute ideal scenarios to study the evolutionary processes that 
produced it (McCormack et al., 2009; Warren et al., 2015). On oce-
anic islands, the organisms must necessarily have arrived via cross-
oceanic dispersal, whereas on continental islands the organisms 
may have arrived from adjacent areas, for example, through habitat 
suitability pockets formed under past climates and/or through range 
distribution shifts (Kebede et al., 2007; McCormack et al., 2009).

The mountains of Tropical Africa form a mosaic of scattered 
high-altitude peaks and plateaus subjected to a high degree of iso-
lation, where the communities of plants and animals stand out from 
those of the intervening lowlands for their endemicity (Gehrke & 
Linder, 2014; Mairal, Sanmartín, Herrero, et al., 2017). In eastern 
Africa, the  most remarkable geological structure is the Great Rift 
Valley (Figure 1). In its northern part, the Rift Valley is surrounded 
by the Ethiopian Massif, a region formed by high basaltic plateaus 
and volcanic peaks and divided into two large units, the Abyssinian 
Massif to the northwest and the Harar Massif to the southeast 
(Figure 1). In the southern part, the Rift Valley is divided into 
two large volcanic arches: the Gregory Rift (Eastern Rift) and the 
Albertine Rift (Western Rift), which are re-united further down in 
southern Tanzania.  These arches are splashed by numerous geo-
graphical features such as old massifs, high plateaus and several 

volcanoes of more recent origin. In western Africa, the Cameroonian 
Volcanic Line (CVL) includes volcanoes of various ages such as Mt. 
Cameroon on the mainland and Basilé Peak on the island of Bioko 
(Figure 1). The eastern and western African mountains represent one 
of the most isolated mountain systems in the world (Sklenář et al., 
2014), further subjected to long-term isolation among them due to 
geographical features such as the Congo Basin and the Sahara des-
ert. This, together with the rugged topography, has strongly shaped 
their biota (Hedberg, 1969, 1970; Mairal, Sanmartín, Herrero, et al., 
2017; Sklenář et al., 2014). Nonetheless, the biotic communities ap-
pear to be fairly uniform and these mountains share a large num-
ber of species (Galley et al., 2007; Kingdon, 1990; Popp et al., 2008; 
Sklenář et al., 2014). In fact, most of the Tropical African sky-islands 
have in common three well-defined altitudinal vegetation belts, the 
lowermost afromontane forest (1,300–3,000 m), the transitional er-
icaceous belt (subalpine; 3,000–4,100 m) and the uppermost afroal-
pine belt (>3,550 m; Hedberg, 1951).

During the last decades, the colonization of the different 
Tropical mountains of Africa has been alternatively explained 
by long-distance dispersal (LDD hypothesis; Ayele et al., 2009; 
Hedberg, 1970) or via forest reconnections (Montane forest bridge 
(MFB) hypothesis; Kebede et al., 2007; Kadu et al., 2011; Mairal, 
Sanmartín, Herrero, et al., 2017; Mairal, Sanmartín, Pellissier, 2017), 
when the afromontane vegetation belt descended 1,000–1,500 m 
and connected isolated patches through vegetation bridges during 
the glacial phases (Coetzee, 1964; Kebede et al., 2007). However, 

F I G U R E  1  Map showing sampling sites for the studied afroalpine Festuca species (green triangles). The red square encompasses the 
Tropical African Mountains (small inset). Yellow lines represent the Great Rift Valley (major tectonic faults). The map was generated using the 
software GeoMapApp (v. 2.3 (http://www.geoma​papp.org)

http://www.geomapapp.org
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recent phylogeographic and ecological niche modelling studies have 
shown that these two hypotheses are not mutually exclusive (Chala 
et al., 2017; Gizaw et al., 2013; Mairal et al., 2015; Mairal, Sanmartín, 
Herrero, et al., 2017).  It has been argued that the ranges of afro-
montane plant species can be explained by both LDD and MFB, 
aided by short-range or stepping-stone dispersal between adjacent 
mountains (Coetzee, 1964; Kadu et al., 2011; Kebede et al., 2007). 
The most remarkable examples of afromontane disjunctions are pro-
vided by plant species that are shared between sky-islands located 
on different sides of Tropical Africa (Kingdon, 1990). Despite their 
extreme isolation under the current climate, it has been proposed 
that past vegetation corridors could have connected the ranges of 
some afromontane lineages throughout equatorial Africa (Hall, 1973; 
Kadu et al., 2011; Mairal et al., 2015; Mairal, Sanmartín, & Pellissier, 
2017; Pokorny et al., 2015), while for others a LDD process has been 
proposed (Gizaw et al., 2016; Popp et al., 2008).

By contrast, it has been reasoned that MFB contact for spe-
cies restricted to the afroalpine belt would have been impossible 
between most mountains in East Africa (Chala et al., 2017), and 
definitely between mountains situated on opposite sides of the 
continent, leaving intermountain LDD as the only plausible expla-
nation for the afroalpine colonizations (Assefa et al., 2007; Chala 
et al., 2017; Ehrich et al., 2007; Gizaw et al., 2016; Hedberg, 1970; 
Wondimu et al., 2014). However, there are so far no studies address-
ing the connections between the two sides of Tropical Africa for 
plant species that are typical of the uppermost, afroalpine vegeta-
tion belt.

Here, we examine  the patterns of genetic diversity and phy-
logeographic history of the afroalpine fine-leaved Festuca species 
found on both the eastern (from Ethiopia to Uganda) and the west-
ern Tropical African sky-islands. These fescues form a single afroal-
pine clade of polyploid (mostly tetraploid) species (Namaganda et al., 
2006) originated at the  Messinian–Pliocene transition, remarkably 
from northern South American ancestors (Minaya et al., 2017). Most 
of these fescues are restricted narrow endemics; by contrast,  F. 
abyssinica sensu lato is widespread in mountains on both sides of 
Tropical Africa (Figure 1b; Clayton, 1970). In this sense, the afroal-
pine Festuca species may therefore be good candidates for studying 
migration patterns both within eastern Africa and between the east-
ern and western Tropical African sky-islands.

We address a set of hypotheses on the origin and spread of the 
afroalpine Festuca species. Our first hypothesis assumes that the 
afroalpine Festuca clade originated by dispersal from South America 
(Minaya et al., 2017), and therefore we predict that the lineage first 
arrived in West Africa and then spread to East Africa. For migra-
tion between West and East Africa, we hypothesize three possi-
ble scenarios: (a) direct LDD, (b) stepping-stone LDD and c) MFB, 
that is, gradual migration. Based on previous evidence, we expect 
a west–east colonization through LDD or through suitable habitat 
pockets that might have facilitated migration between the two sides 
of the African continent. Here, different pathways might be ex-
pected: a northern path through the mountain massifs of the Sahara 
(Désamoré et al., 2011; Mairal, Sanmartín, Herrero, et al., 2017), 

a Central African pathway (Kadu et al., 2011; Wickens, 1976) or a 
Southern Migratory Tract (SMT; White, 1981). Through hypothesis 
testing scenarios, we expect to find additional cues to discern be-
tween the LDD and MFB hypotheses, and to unveil the connection 
path presumably followed by this and other afroalpine plants be-
tween the two sides of the continent.

In the present study, we performed range-wide field sampling 
of the afroalpine Festuca clade in Tropical Africa, to explore dis-
persal patterns and speciation in the eastern and western African 
sky-islands. We present a dated phylogeny of the afroalpine Festuca 
species using non-coding plastid (pDNA) markers and the nuclear 
ribosomal (nrDNA) ITS region. We use a large sample of  intraspe-
cific DNA sequences and Amplified Fragment Length Polymorphism 
(AFLP) markers covering the entire range of F. abyssinica and other 
afroalpine fescues. These markers have been shown to be suitable 
for detecting ancient phylogeographical signals of genetic diver-
sity, especially when covering wide geographic scales (Bonin et al., 
2007; Mairal, Sanmartín, Herrero, et al., 2017). We also performed 
coalescent-based dispersal modelling analysis to unravel the coloni-
zation scenario of the Tropical African sky-islands by the widespread 
afroalpine F. abyssinica. We modelled the distribution of F. abyssinica 
under the current and the Last Glacial Maximum (LGM) climates, and 
hypothesized that suitable habitat pockets might have facilitated 
stepwise migration between western and eastern Africa and within 
eastern Africa. We further computed least cost path–based resis-
tance estimates of migration between the populations from the two 
sides of Africa. Our main aims were to (a) determine the geographical 
distribution of genetic variation in afroalpine Festuca, with a focus 
on F. abyssinica, (b) examine the role of the afroalpine sky-islands 
as refugia of genetic diversity, (c)  reconstruct the phylogeographic 
history including ancestral ranges and migration paths between  F. 
abyssinica populations and (d) detect suitable habitat pockets and 
identify potential migration routes between western and eastern 
Tropical Africa during past colder periods.

2  |  MATERIAL S AND METHODS

2.1  |  Population sampling and DNA extraction

We performed several field campaigns and range-wide sampling of 
the afroalpine Festuca in the Tropical eastern African mountains, 
and also obtained samples from West Africa from herbaria and as 
silica-dried leaf collections (Tables S1 and S2). We covered the total 
distribution ranges of the species and sampled at least two popula-
tions of F. abyssinica (2n = 4× = 28; Namaganda et al., 2006) on each 
of nine high mountains in Eastern Africa (Figure 1): Bale and Simen 
Mts in Ethiopia; Aberdare Mts, Mt Elgon and Mt Kenya in Kenya; Mt 
Kilimanjaro and Mt Meru in Tanzania and Rwenzori Mts and Virunga 
Mts (including Mt Gahinga and Mt. Muhavura) in Uganda, and on 
two West African mountains, Mt Cameroon in Cameroon and Basilé 
Peak in Equatorial Guinea (Bioko Island). In addition, other species 
of the F. abyssinica clade (F. borbonica, F. camusiana, F. gilbertiana, F. 
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macrophylla, F. perrieri; Minaya et al., 2017) and other, less closely 
related afroalpine species (F. chodatiana (2n = 4× = 28; Namaganda 
et al., 2006), F. obturbans and F. pilgeri (2n = 4× = 28; Namaganda 
et al., 2006) were sampled in the field for this study (see Table 1; 
Tables S1 and S2). Samples were collected from individuals scattered 
across the whole occupancy area of each population, and preserved 
in silica gel. Total genomic DNA was extracted from a total of 227 in-
dividuals using the DNeasy Plant Mini Kit (QIAGEN Inc.), from 20 to 
25 mg of silica-gel-dried leaves or herbarium leaf materials. For some 
species, DNA sequence data were retrieved from our previous study 
(Minaya et al., 2017). We included 21 additional Festuca and Loliinae 
species representing the sister South American (American II) clade 
of the afroalpine clade (following Minaya et al., 2017) that were 
used as alternative outgroups in the phylogenetic and biogeographic 
analyses. Additional details of the afroalpine Festuca species are ex-
plained in Supporting Information ‘Expanded Material and Methods’.

2.2  |  DNA sequencing and phylogenetic analysis

We selected the nuclear ribosomal (nrDNA) ITS region and two 
plastid intergenic spacer regions (trnL-trnF and trnT-trnL) for phylo-
genetic analysis. These markers have proven to be useful for inter-
specific analyses in previous studies of Loliinae (Minaya et al., 2017). 
In all, we generated 78 new sequences for the afroalpine Festuca 

(26 trnL-trnF, 26 trnT-trnL, 26 ITS). The population information of the 
material examined and GenBank accession numbers are detailed in 
Table S2.

Sequences for each plastid and nuclear region were aligned using 
MAFFT 6.814b (Katoh et al., 2002), implemented in the software 
GENEIOUS PRO 5.4.4. (Biomatters Ltd.). MRMODELTEST v.2.2 soft-
ware (Nylander, 2004) was used to determine the best-fitting model 
of sequence evolution for each data partition. Phylogenetic analyses 
were performed as different data partitions, using each marker sep-
arately (ITS, cpDNA), before combining the data sets (ITS + cpDNA). 
The broad-leaved and fine-leaved Festuca and the American II group 
species  were used as outgroups, rooting the tree with the basal 
broad-leaved  F. coerulescens.  Phylogenetic relationships were esti-
mated using Bayesian inference implemented in MrBayes (Ronquist 
et al., 2012).  Two independent runs of three Metropolis-coupled 
chains each were run for 10 – 20 million generations, sampling every 
1000 generations. Convergence was assessed by monitoring cumu-
lative split frequencies  in MrBayes and the effective sampling size 
criterion (ESS >200) in Tracer v1.6 (Rambaut et al., 2013). After dis-
carding the first 25% samples as burn-in, we pooled the remaining 
trees to construct a 50% majority rule consensus tree.

Lineage divergence times were estimated using a nested dating 
approach (Mairal et al., 2015; Pokorny et al., 2011), implemented 
in BEAST v.1.7 (Drummond & Rambaut, 2007). Due to the lack of 
fossil records for the afroalpine fescues, a more inclusive fine-leaved 

TA B L E  1  Descriptors of within-population genetic diversity in eastern African Festuca abyssinica populations and other afroalpine Festuca 
species estimated using AFLP markers. Due to the close geographic proximity, the Gahinga and Muhavura populations were united into 
a single ‘sky-island’. Abbreviations: Hj, Nei's gene diversity; DW, frequency down-weighted value. The highest values observed for some 
parameters are indicated in bold.

Sky-island
No. of 
populations

No of 
samples Hj

No of private 
fragments

Proportion of 
variable markers (P) DW

F. abyssinica

Simen 4 20 0.1531 1 0.5122 42.553

Rwenzori 6 16 0.2376 11 0.7807 107.44

Gahinga -Muhavura 3 8 0.2620 10 0.6684 54.843

Elgon 7 33 0.1510 5 0.6140 90.623

Bale 13 44 0.1743 5 0.7140 139.391

Kenya 2 7 0.1642 1 0.3754 17.401

Aberdare 3 10 0.1592 — 0.4263 21.816

Kilimanjaro 5 11 0.1571 1 0.4859 43.717

Meru 3 11 0.1176 — 0.3421 26.165

Total 46 160 34

F. abyssinica s. l. complex species

F. gilbertiana Simen 1 6 0.2466 — 0.5561 32.146

F. macrophylla Simen 1 10 0.2257 — 0.6649 56.873

Other close afroalpine Festuca species

F. obturbans Kilimanjaro 1 4 0.1599 — 0.2912 11.88

F. pilgeri Aberdare 20 20 0.1423 2 0.4947 60.491

F. pilgeri Kenya 25 27 0.1245 2 0.4912 99.767

Total 46 51 4
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Loliinae data set (31 samples, 2287 positions) was used to estimate 
divergence times within the afroalpine Festuca ingroup (22 samples, 
2268 positions). The Loliinae tree was rooted with broad-leaved F. 
pratensis, F. scariosa and F. coerulescens. We calibrated (a) the crown 
node of the broad-leaved and fine-leaved Loliinae (22.5 Ma,  stan-
dard deviation [SD] = 1); (b) the stem node of Festuca–Wangenheimia 
(11.47 Ma, SD = 1); (c) the stem node of Aulaxyper–Vulpia 2x (9.32 Ma, 
SD = 1); (d) the crown node of the American II and afroalpine clades 
(6.19 Ma, SD = 0.8) and (e) the crown node of the afroalpine clade 
(4.17 Ma, SD = 0.8). Choice of model priors was based on Bayes fac-
tor comparisons using the path sampling (PS) and stepping-stone (SS) 
sampling methods in BEAST (Baele et al., 2012). We used a uniform 
prior for the ucld.mean within values commonly observed in plant 
plastid markers (10−4–10−1 substitutions/site/Ma; Wolfe et al., 1987) 
and a default exponential prior for the standard deviation.  Two 
MCMCs were run for 20 million generations, sampling every 1000th 
generation. We used Tracer v.1.6 (Rambaut et al., 2013) to moni-
tor convergence and ESS values (>200) for all parameters, and 
TreeAnnotator v. 1.7 (Rambaut et al., 2013) to construct a maximum 
clade credibility tree from the posterior distribution after discarding 
10% samples as burn-in.

To infer  ancestral ranges and to trace the history of mi-
gration events in the  F. abyssinica  clade,  we used the Discrete 
Phylogeographic Approach (DPA) of Lemey et al. (2009). To identify 
the rates (colonization routes) that are best supported by the data, 
we applied a continuous-time Markov chain (CTMC) model with a 
Bayesian stochastic search variable selection (Lemey et al., 2009) 
implemented in BEAST 1.7.5. We defined six discrete areas, group-
ing populations within the main geographical areas: (1) Harar 
Massif (Bale), (2) Abyssinian Massif (Simen), (3) Eastern Riſt (Kenya, 
Kilimanjaro, Meru, Aberdare and Elgon), (4) Western Riſt (Virunga, 
Rwenzori), (5) Cameroon and (6) Bioko. Migration rates among sky-
islands were modelled using default gamma prior distributions.

2.3  |  AFLP fingerprinting

For the AFLP analysis, we included five afroalpine Festuca species. 
For Festuca abyssinica, we analysed 160 individuals (46 populations) 
distributed in nine sky-islands and covering all the distribution of 
the species in Eastern Africa (Table 1) and one location in Western 
Africa (Cameroon; Figure 1). Additionally, we used  six individuals 
of F. gilbertiana (1 population), 10 of F. macrophylla (1 population), 4 
of F. obturbans (1 population) and 47 (20 from Aberdare and 27 from 
Kenya) of F. pilgeri (2 populations; Table 1). The AFLP fingerprinting 
followed the original procedure of Vos et al. (1995) with minor modi-
fications  and  was implemented using the AFLP plant mapping kit 
(Applied Biosystems). Additional details are explained in Supporting 
Information ‘Expanded Material and Methods’.

Reproducibility and processing of the AFLP fragments were per-
formed using GeneMapper Software v4.1 (Applied Biosystems). To 
reduce potential errors associated with AFLP, we first discarded 
short fragments (length <100  bp)  because the fragments of this 

size class have a high chance of being non-homologous (Vekemans 
et al., 2002). AFLP profiles were scored as present or absent based 
on the selection of allele peaks with threshold intensity higher than 
100  RFU (relative fluorescent units).  Afterwards, we performed 
manual editing for each primer combination, checking the profile 
peak by peak to exclude shoulder peaks and unreliable loci (variation 
between replicates). We exported the peak height data and loaded 
them into the R package AFLPSCORE version 1.4a (Whitlock et al., 
2008). In this way, the AFLP profiles were scored and the error rates 
were estimated.  The 10% of samples that were replicated to test 
for reproducibility were below the critical bound of 5% indicated in 
previous reports (Pompanon et al., 2005) for each primer combina-
tion. Additional data reliability was assessed through comparison of 
duplicates, from one or two individuals per population.

2.4  |  AFLP data analyses

The resulting AFLP matrix was analysed using  AFLP-SURV 
v.1.0 (Vekemans et al., 2002) to estimate demographic statistics such 
as Nei's gene diversity (Hj), proportion of variable markers and pair-
wise differentiation among subpopulations (FST; Lynch & Milligan, 
1994; Nei & Li, 1979). Ten thousand permutations were performed 
to calculate FST values. The AFLPdat R package (Ehrich, 2006) was 
used to determine the number of private fragments per population 
and to  calculate the frequency-down-weighted values (DW) per 
population, equivalent to the weighted species value, using rarefac-
tion analyses (Crisp et al., 2001; Schönswetter & Tribsch, 2005).

In order to explore the genetic clustering of populations 
of Festuca, we used different groups: (i) the afroalpine clade (F. ab-
yssinica, F. gilbertiana, F. macrophylla, F. obturbans, F. pilgeri); (ii) the F. 
abyssinica s. l. group (F. abyssinica, F. gilbertiana, F. macrophylla) and 
(iii) F.  abyssinica s.str.  A pairwise similarity matrix using Dice's co-
efficient was constructed and subjected to a principal coordinate 
analysis  (PCO)  implemented in NTSYS v.2.1 (Rohlf, 1998). Genetic 
relationships among samples were visualized in SPLITSTREE v.4.10 
(Huson & Bryant, 2005) using neighbor-net analysis with the split 
decomposition method. To quantify the amount of genetic differen-
tiation attributable to geographical and population subdivision, a hi-
erarchical Analysis of Molecular Variance (AMOVA) was performed 
using ARLEQUIN v.3.0 (Excoffier et al., 2005). For this, exploratory 
analyses were performed considering sky-islands as different units 
or grouping them according to geographical features (e.g. Gregory 
vs. Albertine Rift), or to previous bio/phylogeographic hypotheses 
(e.g. Mt Elgon as a crossroad and other paths; Mairal, Sanmartín, 
Herrero, et al., 2017). Bayesian clustering methods implemented in 
STRUCTURE v.2.3 (Falush et al., 2007; Pritchard et al., 2000) were 
used to assess genetic structure. Analyses were performed under 
admixture conditions and correlated allele frequencies between 
groups. A total of 500,000 MCMC generations with a burn-in of 
100,000 were run for K values of 1–10, with 10 repetitions for each 
K. The most likely K value was determined using Evanno et al. (2005) 
ΔK, implemented in STRUCTURE HARVESTER (Earl, 2012). To 



6  |    MAIRAL et al.

identify possible geographical locations acting as major genetic bar-
riers among F. abyssinica populations, we computed barriers (using 
geographical coordinates of each sky-island; Table S3) on a Delaunay 
triangulation using Monmonier´s algorithm in BARRIER v.2.2 (Manni 
et al., 2004). The significance was examined by means of 1000 boot-
strapped distance matrices obtained using AFLPSURV.

2.5  |  Phylogeographic hypothesis testing of the 
colonization routes

Based on the results from the above-mentioned analyses and on 
phylogeographic hypotheses for afroalpine organisms in the east-
ern African sky-islands (Mairal, Sanmartín, Herrero, et al., 2017), we 
tested the strength of alternative colonization routes of  F.  abyssi-
nica populations against the null hypothesis of isolation by distance 
(IBD) – determined by the shortest pairwise linear distance connect-
ing populations (Buckler et al., 2006). For this, we used our AFLP 
data set and the program PHYLOGEOGRAPHER 1.1 (Buckler, 1999; 
Buckler et al., 2006) to test simple correlations between pairwise 
genetic distances and geographical distances matrices among popu-
lations (Dietz, 1983; Smouse et al., 1986), assessing the significance 
with 10,000 permutations. For some models, we created intermedial 
virtual nodes in areas that have been postulated as phylogeographic 
canonical hypotheses for afromontane species (Kadu et al., 2011; 
Mairal, Sanmartín, Herrero, et al., 2017; White, 1981), like those in 
South Sudan and the Congo Basin.

Additionally, we tested phylogeographic hypotheses that take 
into account the potential existence of incomplete lineage sort-
ing (ILS) using the chloroplast data set. For this, we  performed 
Approximate Bayesian Computation techniques as  implemented in 
the software DIYABC v1.0.4.46beta (Cornuet et al., 2008, 2010) to 
statistically evaluate alternative scenarios for the dispersal history 
of F. abyssinica. We clustered populations into five groups according 
to their plastid and nuclear geographical structure: Harar, Gregory, 
Albertine, Cameroon and Bioko (see Figure 4b). We considered six 
competing population history scenarios of colonization (Figure 4b): 
(1) stepping-stone dispersal from northeast to west; (2)  stepping-
stone dispersal from west to northeast; (3) ancestral colonization in 
Cameroon–Albertine Rift and dispersal to the east, with diversifica-
tion on both sides of Africa; (4) ancestral colonization from the west 
to the east side of Africa, with a retro-colonization from east to west; 
(5) ancestral colonization from the east to the west side of Africa and 
(6) radiation. In a first analysis, the prior distribution of parameters 
had a larger interval due to the lack of ancestral information; they 
were subsequently corrected in a second analysis according to the 
values obtained after the first tests (Bobo-Pinilla et al., 2018). We 
assumed equal effective population sizes for each historical scenario 
(Ne) in the two tests. For the mutation model, we imposed a Uniform 
mutation rate  (μ  =  10−9–10−7) for the plastid molecules.  We simu-
lated 10 million data sets for each scenario and summarized them 
using summary statistics (number of haplotypes, number of segre-
gating sites, variance of pairwise differences and FST) to compute 

measures of bias and precision for each scenario [95% high posterior 
density (HPD) credibility intervals] (Cornuet et al., 2008). We esti-
mated the posterior probability of each scenario by weighted logistic 
regression, using the 1% of the simulated datasets with summary 
statistics that were closest to the observed values. We also esti-
mated the posterior probability of the parameters from 1% of the 
best-simulated datasets, using local linear regression and logit trans-
formation of parameters (Cornuet et al., 2010). Table S4 shows the 
prior distributions of the demographic and divergence parameters 
imposed for the six scenarios in the two consecutive searches and 
the estimated parameters’ values.

2.6  |  Ecological niche modelling and dispersal cost 
path analyses

We used a total of 305 occurrence records, 242 from our own field 
observations/collections, 16 from herbaria and 47 from Global 
Biodiversity Information Facility (GBIF; see Supporting Information 
‘Expanded Material and Methods’). Data were compiled in a matrix and 
records falling within 1 km distance from each other were removed. 
In order to perform the modelling analysis, three model algorithms 
varying in statistical properties were used to map the habitat suit-
ability for F. abyssinica: (i) maximum entropy model (MaxEnt; Phillips 
et al., 2006), (ii) general additive model (GAM; Wood, 2011) and (iii) 
the gradient boosting model (GBM; Elith et al., 2008). Methods to 
generate and weight pseudo-absence records, and model fitting pro-
cedures and their evaluation are explained in Supporting Information 
‘Expanded Material and Methods’. We produced binary presence/ab-
sence maps of the F. abyssinica niche models using Maximum Sum 
Threshold (Maximum Sensitivity plus Specificity) criteria. We gen-
erated three binary maps for current potential distribution and for 
each of the LGM climate models. Then, we used an ensemble ap-
proach (Araújo & New, 2007) to assemble these binary maps and 
defined three habitat suitability classes for F. abyssinica based on 
agreements among the pixels in predicting habitat suitability (Chala 
et al., 2016): (i) unsuitable area with high certainty, when none of the 
maps from all the three algorithms predicted habitat suitability; (ii) 
uncertain habitat suitability, when only one of the three binary maps 
predicted suitability, and (iii) suitable habitat with high certainty, 
when two or three maps predicted suitability. We further divided 
the ensemble habitat suitability maps into two classes by assigning 1 
to the pixels that were classified as suitable with high certainty and 
0 to the rest to represent suitable and unsuitable habitats. Then, we 
overlaid the current and LGM versions of these F. abyssinica maps to 
detect temporal changes in habitat suitability and potential habitat 
corridors or suitable pockets between eastern and western African 
mountains during the LGM in ArcGIS environment.

To detect temporal changes in migration resistance, we de-
rived pairwise least-cost path distances between the geographi-
cally closest eastern and western African high mountains, that is, 
between Gahinga/Muhavura and Cameroon, as well as between 
Simen and Cameroon, by using the habitat suitability maps as a 
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F I G U R E  2  Phylogenetic analyses. (a) Maximum clade credibility (MCC) tree obtained from the BEAST analysis of the afroalpine Festuca 
abyssinica sensu lato species based on concatenated plastid and nuclear data set (trnL-trnF, trnT-trnL and ITS). (b) BEAST Maximum clade 
credibility (MCC) tree showing the Bayesian ancestral range reconstruction analysis of Festuca abyssinica s. lat. Coloured branches (see 
legend) represent the ancestral range with the highest posterior probability for each population (only branches with PP > 0.5 are coloured); 
node pie charts show marginal probabilities for alternative ancestral ranges (only shown in supported coloured branches). Numbers above 
branches are mean ages (Ma) and numbers below branches are Bayesian posterior probability support (PP).
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cost raster. The cost raster was produced by assigning different 
cost values for the ensemble habitat suitability classes. Pixels 
which were unsuitable with high certainty were assigned a resis-
tance cost of 10, pixels categorized into the uncertain suitability 
class a cost of 5 and pixels categorized into the certain suitability 
class a cost of 1.

3  |  RESULTS

3.1  |  Phylogenetic analysis

The trnL-trnF, trnT-trnL and ITS data sets consisted of 846, 739 and 
587 nucleotide sites respectively. The concatenated pDNA matrix 
consisted of 22 sequences and 1585 sites, and the concatenated 
ITS  +  pDNA matrix of 22 sequences and 2,172 sites, of which 26 
were polymorphic.

The plastid and nuclear Bayesian trees were congruent to 
each other (Figures S1 and S2). The 50% MR consensus tree of 
the combined ITS + pDNA data set resolved the afroalpine clade as 

monophyletic with strong support (Figure S3). In this tree, the F. ab-
yssinica sample from Cameroon was resolved as sister to F. abyssinica 
samples from Gahinga and Muhavura4 (Albertine Rift), whereas the 
F. abyssinica sample from Bioko was sister to a F. abyssinica sample 
from Kilimanjaro2 (Gregory Rift; Figure S3).

The birth–death (BD) and the strict-clock models were selected 
as best-fit models for divergence time estimation of lineages in 
BEAST (Table S5). The afroalpine Festuca samples selected for the 
BEAST dated tree (Figure 2a; Figure S4) showed the same resolu-
tion and high posterior probability values as those in the MrBayes 
trees. Split dates for the outgroup Festuca species agreed with 
those of Minaya et al. (2017), with the crown age of the afroalpine 
clade dated in the Pliocene (4.17 Ma, 95% HPD = 3.23–5.1; Figure 
S4). Our dating analysis inferred an early Pleistocene age for the 
strongly supported crown node of the Festuca abyssinica s. l. group 
(1.85  Ma,  95% HPD  =  1.04–2.97; Figure 2a). Remarkably, a clade 
grouping F. macrophylla, F. gilbertiana and one individual of F. abys-
sinica from Muhavura4 (PP = 0.91) were dated 720 kya, and a clade 
of F. abyssinica samples from Kilimanjaro2 and Bioko (PP = 0.94) 520 
kya. The relationship between the F. abyssinica samples from the 

TA B L E  2  Hierarchical analysis of molecular variance (AMOVA) for afroalpine Festuca species and exclusively for Festuca abyssinica based 
on percentages of allelic variation at different levels: (A) among groups, (B) among populations within groups and (C) within populations. 
Abbreviations indicating population codes of F. abyssinica are as follows: Ab (Aberdare), Ba (Bale), Ke (Kenya), Me (Meru), Ki (Kilimanjaro), Si 
(Simen), El (Elgon), Rw (Rwenzori), Mu (Muhavura) and Ca (Cameroon). Albertine Rift includes populations of Rwenzori, Gahinga and Muhavura; 
Gregory Rift includes populations of Aberdare, Elgon, Kenya, Kilimanjaro and Meru. Aby: F. abyssinica. All values have a significance of p < 0.01.

AMOVA groups
No of 
groups (K)

Levels F-statistics

A B C Fsc Fst Fct

Afroalpine Festuca

[pilgeri]/[obturbans]/
[Aby(Albertine + Ca) + macrophylla +gilbertiana]/[Aby 
(Simen, Eastern Rift)]

4 26.88 9.17 63.95 0.12544 0.36052 0.2688

[abyssinica]/[macrophylla]/[gilbertiana]/[pilgeri]/
[obturbans]

5 20.51 15.74 63.75 0.19806 0.3625 0.20506

[abyssinica + macrophylla + gilbertiana]/[pilgeri]/
[obturbans]

3 21.15 16.97 61.88 0.21519 0.38121 0.21154

Festuca abyssinica group

[macrophylla + gilbertiana + Aby(Albertine + Ca)]/[Aby 
(Simen, Eastern Rift)]

2 23.59 9.07 67.33 0.11874 0.32666 0.23593

[macrophylla +gilbertiana]/[abyssinica] 2 13.95 16.72 69.32 0.19436 0.30677 0.13953

Festuca abyssinica

All populations 1 20.7 NA 79.3 NA NA NA

[Ab + Ba + Ke + Me + Ki + Si + El + Rw + Mu]/[Ca] 2 26.94 14.52 58.54 0.19875 0.41457 0.26936

[Ab + Ba + Ke + Me + Ki + Si + El]/[Rw + Mu + Ca] 2 22.88 10.27 66.85 0.13321 0.33151 0.22877

[Ca + Rw + Mu + Si]/[Ba + Ab + Ke + Me + Ki] 2 10.42 14.62 74.96 0.16318 0.25038 0.10421

All populations except Ca

[Rw + Mu]/[Si + Ba + Ab + Ke + Me + Ki + El] 2 22.37 9.98 67.75 0.12857 0.32348 0.22367

[Rw + Mu + Si]/[Ba + Ab + Ke + Me + Ki + El] 2 9.79 14.13 76.07 0.15673 0.23931 0.09792

[Rw + Mu + Ca]/[Ba + Si]/[El + Ab + Ke + Me + Ki] 3 18.47 6.18 75.35 0.07575 0.24649 0.18473

[Rw + Mu + Si + El]/[Ba + Ab + Ke + Me + Ki] 2 −2.62 21.51 81.11 0.20962 0.18887 −0.2625

All populations except Ca and El

[Rw + Mu + Si]/[Ba + Ab + Ke + Me + Ki] 2 6.68 15.63 77.69 0.16751 0.22308 0.06675



    |  9MAIRAL et al.

Albertine Rift (Gahinga, Muhavura2) and Cameroon dated 860 kya 
was, however, poorly supported (Figure 2a).

The Bayesian ancestral range reconstruction analysis 
showed nearly equal nodal probabilities for some of the potential an-
cestral ranges (Figure 2b). Nonetheless, the ancestral area with the 
highest support and highest probability was Cameroon, suggesting 
a potential origin in this area and an initial LDD of F. abyssinica from 
western to eastern Tropical Africa (Figure 2b).  Interestingly, this 
analysis supported subsequent independent migrations: a first mi-
gration from the Abyssinian massif to the Albertine Rift (Muhavura) 
and a second migration event between eastern and western African 
sky-islands (from Kilimanjaro to Bioko) in the Pleistocene (Figure 2b), 
suggesting that the Bioko population is of recent origin.

3.2  |  Population genetics and 
phylogeographic analysis

The final AFLP data set comprised 1,570 loci from 229 individuals 
and 53 populations of five afroalpine Festuca species. Despite the 
use of AFLP may have some biases, the large number of available 
AFLP loci in this study tends to reduce homoplasy and their wide-
spread random distribution throughout the genome allows to bal-
ance these biases (Bonin et al., 2007). Additionally, our AFLP results 
are consistent with those of our DNA sequences (see below), and 
with numerous phylogeographic studies that have detected similar 

phylogeographic patterns around the Rift Valley for angiosperms, 
vertebrates and insects (reviewed in Kostin et al., 2020; Mairal et al., 
2015; Mankga et al., 2020), many of them using AFLP data (e.g. 
Kebede et al., 2007; Muchugi et al., 2008; Sertse et al., 2011; Tusiime 
et al., 2020; Wilfert et al., 2006; Wondimu et al., 2014).

Descriptors of within-population genetic diversity are summarized 
in Table 1. Within F. abyssinica, Nei's gene diversity, proportion of vari-
able markers and the largest number of private fragments were highest 
in the Albertine Rift (Rwenzori and Muhavura), followed by the Harar 
Massif (Bale) and Elgon. The rarity index (DW) was highest for the 
Harar Massif (Bale), followed by the Western Rif (Rwenzori) and Elgon.

Hierarchical AMOVA (Table 2) and split networks recovered 
three main groups for the afroalpine  Festuca  species (Figure S5a): 
(i)  F. pilgeri and  F. obturbans; (ii)  F. gilbertiana and the F. macro-
phylla  populations from the Abyssinian Massif (Simen) plus the F. 
abyssinica  populations from the Albertine Rift and Cameroon and 
(iii) the F. abyssinica populations from the Abyssinian Massif, Harar 
Massif and Gregory Rift.  The subsequent network analysis using 
only the F. abyssinica s. l. group species (Figure 3a) differentiated two 
groups (ii and iii) fully congruent with the previous analysis. An addi-
tional network using only F. abyssinica sensu stricto samples (Figure 
S6a) differentiated two main groups, one of them grouping popula-
tions from Albertine Rift and Cameroon and the other containing 
the rest of the populations. Neighbor-joining trees of the afroalpine 
Festuca species (Figure S7) and the F. abyssinica populations (Figure 
S8) gave similar results.

F I G U R E  3  Population genetic analyses of Festuca abyssinica s.lat. based on AFLP markers. (a) Split network with colours and symbols 
set according to taxonomy and location, as indicated in the chart. Codes for populations correspond to those indicated in Table S1. (b) 
Histograms showing the Bayesian clustering of individuals to genetic groups (STRUCTURE); colours represent the proportion of individual 
membership to each inferred Bayesian group. Dotted lines indicated barriers to gene flow for Festuca abyssinica sensu stricto and their 
percentage, as inferred by BARRIER.
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F I G U R E  4 Dispersal model routes of Festuca abyssinica in the African sky-islands based on (a) AFLP markers analysed with 
PHYLOGEOGRAPHER, and (b) chloroplast markers using DIYABC. (a) Models are ordered from greater to lesser probability (Model 1 to Model 
12). Connective lines represent dispersion paths. Only the 12 dispersal models with the highest correlation with genetic distance are shown 
(see Table S7). Model 1:1-Node1//Node1-2-3-4//4-10-9//4-5//5-6//5-7//5-8; Model 2: 1-2-3-4//4-10-9//4-5//5-6//5-7//5-8; Model 3: 1-2-4//4-
3//4-9//4-10//10-5-6//10-7-8; Model 4: 1-3-4//4-2//4-9//4-10//10-5-6//10-7–8; Model 5: 1-3-2-4//4-9//4-10–7-8//4-6-5; Model 6: 1-2//2-
3//2-4//4-9//4-6-5-10-7-8; Model 7: 1//1-Node1-9//1-2//2-3//2-4//4-9//4-6-5-10–7-8; Model 8:1-3-10//10-9-4//4-2//4-6-5//10-7-8; Model 9: 
1-3-2-4//4-6-5//4-9-10-7-8; Model 10: 1-3//3-4-9//3-2-6//3-5-10-7-8; Model 11: 1-2//2-3//2-4//4-6-5//4-9-10-7-8 and Model 12: 1//1-2-4//4-
5//4-6//1-3-9-10-7-8. The numbers represent sky-islandś  populations: (1) Cameroon; (2) Gahinga-Muhavura; (3) Rwenzori; (4) Elgon; (5) Aberdare; 
(6) Meru; (7) Kenya; (8) Kilimanjaro and (9) Simen; (10) Bale. All connective paths (lines joining dots) are read from west to east. Double slashes 
represent principal bi- or trifurcations. (b) Graphical representation of the six scenarios simulating alternative dispersal routes analysed with 
DIYABC. The numbers represent populations groups: (1) Gregory Rift, (2) Albertine Rift, (3) Harar, (4) Cameroon and (5) Bioko. The right scale 
shows the states for the time parameter (t), setting the conditions t2 > t1, t3 > t2 and t4 > t3. The values indicate the probability of each scenario.
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The Bayesian STRUCTURE analyses for the afroalpine Festuca spe-
cies assigned individuals to three optimal clusters (K = 3; Figure S5b) 
that were similar to those found in previous analyses (Table 2; Figure 
S5a). F. obturbans and the Simen and Bale plants of F. abyssinica 
showed considerable admixture. Separate analyses of F. abyssinica s. l. 
(Figure 3b) and F. abyssinica s. str. (Figure S6b) recovered two optimal 
clusters (K = 2), congruent with the previous analyses.

Genetic differentiation among populations (FST values) was 
highest between Cameroon and the rest of populations, except for 
the Albertine Rift populations (Muhavura and Rwenzori), which in 
turn showed much lower values with respect to Cameroon than to 
the rest of populations (Table S6). The BARRIER analysis revealed 
a major boundary separating Albertine Rift plus Cameroon from 
the central and south Gregory Rift with a value of 100%, and a sec-
ondary boundary separating them from the Abyssinian, Harar and 
northern Gregory Rift populations with a value of 82% (Figure 3b).

3.3  |  Colonization routes

The highest correlation of the tested colonization routes with 
PHYLOGEOGRAPHER using AFLP data corresponded to Model 1 
(r = 0.9832; Table S7), which inferred a west-to-east plus Elgon-to-
north and Elgon-to-south colonization, including the presence of a hy-
pothetical, geographically intermediate node between the Cameroon 
and Albertine Rift populations (Figure 4a). The IBD model (Model 2) 
showed the next highest correlation (r = 0.8981). The model taking 
into account geographic barriers across the Rift Valley (Figure 3b) and 
having Mt. Elgon as a crossroad (Model 3) showed the next highest 
correlations (Figure 4a; Table S7). Additional models showed decreas-
ing correlation values, with the model of go-and-back colonizations 
between western and eastern African mountains (Model 12) showing 
the lowest correlation value (Figure 4a; Table S7).

The DIYABC analysis supported scenario 3 (Figure 4b) of an ancestral 
split between Cameroon and the Albertine Rift, followed by diversifica-
tion on both sides of Africa (colonization of Bioko from Cameroon and 
of Gregory Rift and Harar from Albertine Rift) as the most probable. The 
posterior probability of the logistic regression for this scenario was 72% 
[0.72; HPD: 0.71, 0.736], while the alternative hypotheses showed much 
lower probabilities (<11%; Figure 4b). The analysis estimated the ances-
tral Cameroon-Albertine Rift split 8.2704 generations ago, and the splits 
resulting in the five genetic groups 1.4204 generations ago.

3.4  |  Niche modelling and dispersal cost 
path analyses

All models from the three algorithms had high performances, with 
area under the ROC curve (AUC) values greater than 0.98, and all 
predicted similar distribution of F. abyssinica under the current cli-
mate (Figures S9 and S10). The predictions for LGM were more var-
iable, both among algorithms and climate models (Figures S11–13). 
Two of the LGM climate models, CC and ME, provided relatively 

similar results showing presence of suitable habitat pockets be-
tween western and eastern African mountains across the eastern 
Democratic Republic of Congo, north-western Cameroon and 
Central Africa (Figure S14). All models showed that the habitat of 
F. abyssinica was highly expanded during the LGM (Figure S9), six 
to seven times larger on average compared to today (Figure 5b). 
Variations in predicted maps among different LGM climate models 
in Tropical Africa were also reported in an earlier study (Chala et al., 
2017). The variation mainly emanates from strong disagreements 
among LGM global circulation models in predicted precipitation-
related climate variables for the tropical regions (Varela et al., 
2015).

Because of the habitat expansion during the LGM, the mi-
gration resistance estimates between Cameroon and Gahinga/
Muhavura, and between Cameroon and north-western Ethiopia 
showed a strong reduction compared to today (Figure 5). The mi-
gration resistance between Cameroon and Gahinga/Muhavura 
was the lowest under both current and LGM climates. The po-
tential migration path between Cameroon and north-western 
Ethiopia differed between the two climates. Under the current 
climate, stepwise migration was estimated to take place across the 
Central Republic of Africa and Sudan, but the cost accumulation 
was high. However, in all the LGM climate models, the eastern 
and central African mountains (i.e. the Gahinga/Muhavura path-
way) were predicted to better bridge Cameroon and Ethiopia by 
stepwise migration through the shortest Central Africa–Sudan 
pathway (Figure 5). Alternatively, all the algorithms predicted 
that there was an extended, continuous suitable habitat south-
westward to Angola and Namibia under all LGM climate models. 
However, our least-cost path analysis did not support that this po-
tential route helped to improve migration between western and 
eastern Tropical African Mountains.

4  |  DISCUSSION

4.1  |  Inter- and intraspecies genetic diversity and 
structure of afroalpine fescues and implications with 
respect to their taxonomy

Our study demonstrates the importance of combining phylogenetic, 
phylogeographic and niche modelling approaches to increase our 
understanding of the histories of species in the Tropical African 
sky-islands. Sky-islands of similar size and age can be quite similar 
in species composition  (Gehrke & Linder, 2014), but nevertheless 
show large differences among lineages (Ehrich et al., 2007; Mairal, 
Sanmartín, Herrero, et al., 2017).

Our phylogenetic analyses show that the populations of the 
widespread and morphologically polymorphic F. abyssinica s.str. form 
a monophyletic group together with accessions classified as F. mac-
rophylla and F gilbertiana based on morphology (here referred to as 
Festuca abyssinica s. lat.). Notably, F. macrophylla and F. gilbertiana from 
the Abyssinian Massif (Simen) formed a well-supported group with F. 



12  |    MAIRAL et al.

F I G U R E  5  (a) Least-cost paths and least-cost path distances between western and eastern African high mountains under current and 
three LGM climate models [MIROC-ESM (MR), MPI-ESM-P (ME) and CCSM (CC)]. The paths are plotted on a habitat suitability map produced 
by averaging predicted probability values from nine LGM habitat suitability maps (three algorithms * three climate models), with increasing 
suitability indicated as increasing darkness of grey to black. (b) Spatial extent of suitable habitats for F. abyssinica under current and three 
LGM climate models [CCSM (LGM(cc)), MIROC-ESM (LGM(mr) and MPI-ESM-P (LGM(me)]. (c) Schematic representation of the distribution 
of F. abyssinica during the glacial phases (in blue), showing the supported transcontinental dispersal events among the Tropical African sky-
islands (continuous lines), as well as the hypothetical reconstructed pathway through Central Africa–Sudan (dashed line) in the Pleistocene.
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abyssinica from the Albertine Rift, based both on our concatenated 
plastid and nuclear sequence data (Figure 2; Figure S3) and on our nu-
clear AFLP data (Figure S5; Figure 3). Our results suggest both a long 
history of isolation among the eastern African Great Rift populations, 
especially for F. abyssinica, as well as recent gene flow between the 
Abyssinian F. macrophylla and F. gilbertiana and the F. abyssinica pop-
ulations of the Albertine Rift (Figure S5). These species are reported 
to differ in size traits (large panicle and spikelets in F. macrophylla, 
intermediate in F. abyssinica, smaller in F. gilbertiana and larger glumes 
and florets in F. abyssinica than in the other species; Clayton et al., 
2006 onwards; Phillips, 1995a,b; Namaganda et al., 2007). However, 
these taxa could not be distinguished from the widespread F. abyssi-
nica based on our genetic data, and we therefore merged these into 
‘F. abyssinica s. lat.’ to simplify the presentation of the results. The 
young ages inferred for the F. macrophylla and F. gilbertiana popu-
lations (300–290  kya; Figure 2a) may suggest a recent origin from 
F. abyssinica s. lat. ancestors (1.06–1.85  Ma; Figure 2a). The other 
afroalpine species included here (F. pilgeri and F. obturbans) are clearly 
divergent from the F. abyssinica clade (Figures S4, S5a and S7) and 
are also differentiated by their glabrous ovary tips and (for F. pilgeri) 
by a continuous leaf-blade section sclerenchyma ring (Clayton et al., 
2006 onwards; Namaganda et al., 2007; Namaganda et al., 2009). 
Nevertheless, some individuals of F. pilgeri and most of F. obturbans 
show genetic admixture with the F. abyssinica s. l. genetic groups 
(Table 2; Figure S5b), suggesting introgression.

Within F. abyssinica s. lat.,  the strongest genetic structure was 
detected between two clusters (Figure 3; Figure S6) separated in a 
west–east distribution.  These findings agree with previous studies 
that showed that genetic variation is strongly structured between 
the western and eastern sides of the Great Rift System (reviewed 
in Mairal, Sanmartín, Herrero, et al., 2017). In F. abyssinica s.lat., one 
genetic group includes the western populations (both the Albertine 
Rift in East Africa and Cameroon in West Africa), and the other group 
includes the remaining eastern African populations (Figures S5 and 
S6; Table 2). However, most individuals from the eastern (Ethiopian) 
massifs are admixed with the western group (Figures S5 and S6), 
and the inferred divergence ages of these populations are quite re-
cent (~260  kys, Figure 2). These results suggest recent gene flow 
between the western and eastern genetic groups, as well as across 
the Rift Valley in Ethiopia within the eastern group. The genetic sim-
ilarity among the populations of Festuca from the Simen and Bale 
mountains, across the Rift Valley, is in line with the regional floristic 
similarity patterns (Gehrke & Linder, 2014) and historical habitat con-
nectivity between the two massifs (Figures S9 and S14; Chala et al., 
2017).

Because the Pleistocene glaciations had limited effect at 
Tropical African latitudes, the sky islands may have acted as local 
refugia for the afroalpine vegetation during several glacial periods 
(Hewitt, 1996). Their rough topography provides high diversity of 
ecological niches, enabling them to act as long-term refugia with 
less drastic glacial climate effects (Ehrich et al., 2007; Tzedakis, 
2009). In afroalpine Festuca, the highest genetic diversity is found 
in the Albertine Rift (Rwenzori and Muhavura) populations of F. 

abyssinica (Table 1). Our results can reflect accumulation in long-
term isolated populations, suggesting that the Albertine Rift moun-
tains may represent the ancestral area for F. abyssinica. However, 
our limited sampling in Mt. Cameroon does not allow us to ac-
curately infer potential ancestry. Nonetheless, Mt. Cameroon's 
0.86  Ma divergence (Figure 2a), ancestral-most area (Figure 2b), 
its genetic similarity to the Albertine Rift populations (Figures S5b 
and S6) and its ancestral divergence in the most likely scenario 3 
chosen by DIYABC (Figure 4b) indicate that this western African 
lineage may be old. Moderately high genetic diversity values are 
also found in F. abyssinica in the Harar Massif and Mt. Elgon. In the 
Harar Massif, successful conservation of the afromontane forests 
may have favoured conservation of genetic diversity in plants since 
the LGM (Ayele et al., 2009; Kebede et al., 2007). In Mt. Elgon, 
high genetic diversity has been explained both by its antiquity and 
its geographical position at a crossroad between the west and the 
east in the Great Rift Valley (Mairal, Sanmartín, Herrero, et al., 
2017).  By contrast, the lower DW values in the other F. abyssi-
nica populations, especially those in the Gregory Rift (e.g. Kenya, 
Aberdare and Meru; Table 1), suggest that they originated by re-
cent dispersal.

4.2  |  Mountain-hopping among close sky-
islands and across Tropical Africa

It is remarkable that we found very close genetic relationships within 
each of two pairs of F. abyssinica populations growing at different 
sides of the continent (Albertine Rift and Mt. Cameroon; Kilimanjaro 
and Bioko), separated by great geographic distances including the 
currently inhospitable Sahara desert and the Congo Basin (Table 2; 
Figures 2 and 3; Figures S5 and S6). This finding contrasts with the 
strong genetic barriers detected within eastern Africa, between the 
Albertine Rift populations and the spatially close Gregory Rift and 
Mt. Elgon populations (Table S6; Figure 3b). The close relationships 
between the lineages from opposite sides of Africa could be inter-
preted as a result of two independent LDDs because their diver-
gences (860 and 520 kya; Figure 2a) are much more recent than the 
formation of the Sahara and Congo Basin barriers (7–6 Ma and 13–
12 Ma respectively: Pokorny et al., 2015). Despite the imprecision 
inherently associated with molecular dating, even the upper limit of 
the dated confidence intervals (1.35 Kya) shows them to be markedly 
younger. Several studies have already suggested predominance of 
LDD events in the colonization of eastern African sky-islands (Ayele 
et al., 2009; Wondimu et al., 2014). This implies, to some extent, sto-
chasticity in the distribution of the different phylogroups. However, 
in our case, we found a strong west/east genetic structure, and our 
most likely dispersal models (using nuclear data) explain a coloniza-
tion pathway between Cameroon and Albertine Rift through the ex-
istence of an ancestral intermediate population, now extinct (Model 
1; Table S7; Figure 4a). Our selected scenarios using coalescence 
(cpDNA data, DIYABC) and correlations of genetic and geographic 
distances (AFLP data, PHYLOGEOGRAPHER) support this ancestral 
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relationship, although they differ in some more recent inferences, 
which may be a consequence of our limited cpDNA data for detect-
ing the recent population dynamics with ABC. This hypothesis is 
further supported by our ecological niche modelling of F. abyssinica 
at the LGM, showing patches of habitat suitability (Figures S9 and 
S14) and reduced least-cost path distances (Figure 5) between these 
areas. One of the assumptions in distribution modelling is that the 
occurrence data used in models reflect the niche requirements of 
the modelled targets. In our case, we mainly relied on data from our 
own extensive field campaigns, with some supplementary data ob-
tained from herbaria and GBIF, and we are confident that this data 
set is reasonably large and of high quality. We computed the least-
cost path distance by negatively scaling cost values against habitat 
suitability. Although species do not necessarily disperse to all pixels 
that are suitable to them, the least-cost paths we computed were 
consistent with the genetic data and could explain the close genetic 
relationship we found between F. abyssinica populations from dif-
ferent sides of the continent, under all three LGM climate models.

Our results thus suggest a stepping-stone colonization model in-
cluding previous existence of intermediate lower-altitude populations 
of F. abyssinica that connected the two sides of Tropical Africa and facil-
itated glacial transcontinental migration (notably, current populations 
of this species can be found down to 2,130 m; Namaganda, 2007).

Biotic connections between the two sides of Africa have been 
proposed to follow a Southern Migratory Tract (SMT; White, 1981), 
or a northern route through the mountain massifs in the middle of 
the Sahara (e.g. Hoggar and Tibesti; Désamoré et al., 2011; Mairal, 
Sanmartín, Herrero, et al., 2017). The northern track has been 
considered highly unlikely for afroalpine plants (Chala et al., 2017; 
Hedberg, 1970). Furthermore, the absence of both current pop-
ulations and fossils records of F. abyssinica in North Africa and the 
less favourable cost path values (Figure 5) move us to disregard this 
hypothesis. Other studies have suggested mountains in Sudan as 
stepping stones (Kadu et al., 2011; Wickens, 1976). Our least-cost 
path analysis supports this Central Africa–Sudan pathway (Figure 5) 
as the optimal dispersal route. This shortest pathway is in concord 
with that supported by our ecological niche (Figures S9 and S14) 
and dispersal models (Figures 4 and 5). Our LGM niche reconstruc-
tions show suitable habitat pockets for F. abyssinica in the Marrah 
mountains (Sudan), Bongos massif (Central African Republic (CAR) 
and Adamawa plateau (Nigeria, Cameroon and CAR; Figures 1 and 
5; Figures S9 and S14), favouring the potential existence of these 
abyssal stepping-stone populations between the high West and East 
African mountains. These hypothetical populations could have fa-
cilitated transcontinental dispersals during the LGM and other gla-
cial periods, reinforcing the effectiveness of mountain hopping as a 
suitable dispersal model between the two sides of Africa for afroal-
pine plants.  A postglacial climate-driven extinction due to gradual 
aridification of North and Central Africa (Mairal et al., 2015; Mairal, 
Sanmartín, & Pellissier, 2017) would have eliminated these interme-
diate F. abyssinica populations and left the species to track its remain-
ing suitable climatic conditions, today restricted to the sky-islands at 
opposite sides of Africa.

5  |  CONCLUSIONS

Biotic connections between afroalpine habitats on the two sides 
of Tropical Africa have been traditionally invoked to have resulted 
from long-distance dispersal (LDD) or from Mountain forest bridge 
scenarios. The study of a typical afroalpine grass (Festuca abyssi-
nica) widely distributed at both sides of the continent has allowed 
us to test these hypotheses. Our phylogeographic data show high 
genetic similarities among populations from the two sides of the 
African continent, and together with niche modelling data, this 
suggests that migration occurred via direct or stepping-stone 
LDD. Specifically, our reconstructions show a much more congru-
ent dispersal pathway favouring a mountain-hopping dispersal 
model, with migrations occurring between adjacent sky-islands in 
eastern Africa and through a Central Africa–Sudan pathway con-
necting the afroalpine habitats from the two sides of the conti-
nent throughout scattered suitable habitat pockets in Tropical 
Africa during the Last Glacial Maximum. Our evidence supports 
a stepping-stone transcontinental colonization scenario through a 
few intermediate lower-altitude populations, although we cannot 
exclude direct LDD.
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