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Abstract

The tropical alpine ecosystem in eastern Africaiggly fragmented among biological ‘sky islandsheve
populations of frost-tolerant organisms are isaldtem each other by a ‘sea’ of tropical lowlan@se-third of
the species in the afroalpine flora are exclusiadyne, but the other species can to varying degextend into
grasslands and open forests of lower vegetatids.b&llong-debated question is whether colonizatibthe
alpine zone of these mountains and subsequeniriatetain gene flow entirely depend on long-distance
dispersal across unsuitable habitats, or whethtatde habitats shifted far enough downslope upast colder
climates to form bridges enabling gradual migratidare we address this question using a classditatee
model. We mapped the extent of the current alpaistat and projected it to the last glacial maximw@M)
climate to assess whether gradual migration wasilplesfor exclusively alpine taxa during this gklgberiod,
and thus potentially also during earlier Pleist@cglaciations. Next, we modelled landcover underecut and
LGM climates to assess whether grassland and apest$ could have served as migration corridorsalfzine
taxa that today extend into lower vegetation b#lte.estimated that the LGM treeline was about 1/8d0wer
and the alpine habitat was about eight times lattggar today. At the LGM, we found that most of therently
fragmented alpine habitat of the Ethiopian highkameés interconnected except across the Great RileY,
whereas the solitary mountains of East/Centralcafremained isolated for exclusively alpine speditsvever,
for drought-tolerant alpine species that today mcieelow the treeline, gradual migration throughitzd
corridors may have been possible among mountainsgithe dry glacial periods, and possibly alsoearrtie

current climate before agriculture transformedltvelying landscapes.
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Introduction

Fragmented landscapes and isolated islands haweabssntral topic in evolutionary and biogeographiearch
since Darwin (Darwin, 1859) and Wallace (Wallacg78). In eastern Africa, the tropical alpine hatbitith its
high degree of endemism and peculiar life formedgay restricted to the highest mountain peakgptesents a
highly fragmented biological ‘sky island’ systemhave populations of frost-tolerant alpine organismes
isolated from each other by tropical lowlands. Adestanding question in African biogeography is thike
colonization of the mountains and subsequent indartain gene flow mainly depend on long-distanspelisal
across unsuitable lowland habitat, or whether gahthigration has been possible through habitatgesdunder
colder climates in the past, when the afroalpirtathbextended to lower altitudes than today (Ceetd964).
Here we address this question based on a new &naliag alpine habitat and landcover type modekmgl by
hindcasting these models to the climate of the Gdatial Maximum (LGM) to represent the glacialipes

during the Pleistocene.

Tropical alpine ecosystems are shaped by uniqo@tl conditions, characterized by warm days aéting
with freezing nights and little seasonal variationemperature (Hedberg, 1964; Rundel, 1994). épital
latitudes, only mountains reaching above the tneadit about 3500 m present such climatic conditaomts
support true alpine floras (Hedberg, 1951). InexasAfrica, alpine ecosystems are found scatteredree
major mountain regions, two of them located in &piia and one in East/Central Africa. The contiguand
elevated Ethiopian Plateau is divided by the GRafitValley into one northwestern (NWE) and one
southeastern (SEE) region, both characterized dity peaks and mountain ranges. The East/Centraiaifri
(ECA) mountain region comprises several solitaghhiountain peaks in Kenya, Tanzania, Uganda,

Democratic Congo and Rwanda, separated from thefdm mountains by the Turkana Lowlands (Fig. 1).

The high eastern African mountains harbor unigp@alfloras and faunas. Endemism is remarkably,t8GPo
at the species level for vascular plants (HedbE9§y7; Gehrke & Linder, 2014) and 64% for mosse®(8p &
Pocs, 1988). In spite of the high degree of fragatén, the mountain floras have many species mrmon and
show close relationships to remote temperate regiothe northern and southern hemispheres (Hedb8&d;
Hedberg, 1970; Smith & Cleef, 1988; Gehrke & Lind&09). It has been suggested that the isolatimong
these mountain floras may be stronger than thahgmoeanic islands, where ocean currents may plaleas
an interconnecting dispersal agent (Hedberg, 19@@articular, the Rift Valley is a prominent lawdpe
feature which has long been considered to repressinbong barrier against gene flow (Hedberg, 18&bede
et al, 2007; Gizavet al, 2016). The Rift Valley is a continuous valleys®m, 6000 km in length, and runs
from northern Syria in Asia to Mozambique in soatstern Africa, cutting through mountains and lowlsim
eastern Africa. It was formed by volcanic procegbas started many million years ago and contirtodae
active well into the Pleistocene (Balatral, 1972; Gehrke & Linder 2014).

How the sky island biotas evolved and how simil@simong mountain systems were established and

maintained over time have been intensely discuisst literature (Hedberg, 1951, 1957, 1970; S/itBleef,
1988; Harmsemet al, 1991; Gottelliet al, 2004; Kochet al, 2006; Ehrichet al, 2007; Umett al, 2007; Popp
et al, 2008; Gehrke & Linder, 2009; Gehrke & Linder, 20Gehrke & Linder, 2014; Sklehét al, 2014). The

3



proportion of shared species generally correlaids thhe geographic distance among the mountainbri&e&
Linder, 2014; Sklenzet al, 2014). The more geographically isolated the mainstare, the more endemic taxa
they harbor and the poorer they are in species ru(@mith & Cleef, 1988; Harmset al, 1991; Gehrke &
Linder, 2014). Colonization patterns thus seemetelbsely associated with geographic distance. Keweghe
patterns of genetic structuring and diversity withpecies seem to be more complex. Recent phylogeloig
studies suggest that afroalpine species may hdyaamic history with periods of allopatric divergeroften
interrupted by repeated intermountain dispersaltgitdidization, but the inferred histories differrsiderably
from species to species and among different monsi{@issefa et al. 2007, Ehrich et al. 2007; Gighal 2013,
2016; Masao et al. 2013; Wondimu et al. 2014).0me species, populations inhabiting distant moustare
genetically very similar, suggesting recent colatian or extensive gene flow. Two species that eldend to
lower vegetation belts in the mountains show nagygghic structuring of their genetic diversity At(&izaw et
al. 2013; Masao et al. 2013), possibly indicatimat thabitat connectivity through lowland corridbes been

more important than long-distance dispersal.

The Pleistocene ice ages were distinct climatiaesvduring the past 700,000 years also in eastéicaAThe
vegetation belts in the mountains were oscillaimgesponse to the changing climate, but few detai known
(Bonnefilleet al, 1990; deMenocal, 199Shanahan & Zreda, 2000hompsoret al, 2002). Pollen analyses
show thathe African tropics were colder and drier than todaring the last glaciation (Bonnefilit al, 1990;
Mark & Osmaston, 2008) and that the alpine zorigast Africa may have descended as much as 1,000 m
(Coetzee, 1964).1e treeline started to rise soon after the stattt@Holocene (11 200 cal BP) following the
increase in temperature and moisture and soonedathcurrent elevation (Umet al, 2007). Globally, the
natural treeline is associated with an isoline agertemperature of 6.4+ during a growing season that lasts
at least 90 days (Korner, 2012). In the tropicsrefis only little seasonal variation in temperatand the
growing season therefore lasts the whole year wgpect to temperature (Rundel, 1994, Kérner & $&ayl
2004). In our study area, the annual temperatun@tdy correlated with seasonal temperatures (Fig.table
S1) and can therefore be used as a proxy for thpdeature of the growing season. In tropical easidiica,
the temperature was reconstructed to have been2.®°C lower during the LGM than today (Bonnefi#t al.,

1990). The LGM temperature reported by Schneidar@eimlinget al (2006) falls within the same range.

Despite shifting to lower altitudes during cold ipés, the afroalpine belt in East/Central Africa leeen
thought to have been isolated since its origin hded, 1970; Harmseet al, 1991). This may be true for these
solitary mountains, but it remains uncertain to tdegree this also holds for the alpine habit&timopia. In
Ethiopia, vast landmasses are found at high el@vatind the current alpine habitat exists on patetl
volcanic uplifts. It is therefore possible that #ipine zone of most of the high Ethiopian mourgdiacame

interconnected and formed one continuous habitéaat on each side of the Rift Valley under coldanates.

The possibility for gradual migration through habitorridors between the eastern African mountaier
colder climates may however have varied considgratvong different afroalpine species, which shagda
variation in their lower elevation boundaries untter current climate. While some species are cedfio areas

above 4500 m, others extend into afromontane gmnadsland open montane forests, and some of theen hav



been observed as low as 1000 m (Hedberg, 1970k&&htinder, 2014). Only 169 (32%) of the specieshe
afroalpine flora are ‘exclusively alpine’ when defd by a lower elevation limit of 3200 m (Gehrke.i&ader
2014). Thirty-six percent of the species not ordgwr below the afroalpine zone in eastern Africadiso in
tropical countries that lack mountains characterizg alpine climate (Gehrke & Linder, 2014). Depiagdon
their individual traits and habitat requirementsnay thus have been possible for some ‘non-exaiisalpine’
species to disperse among mountains through nomeafiabitat corridors under colder climates, anssjimy
even under the current climate before the landseasestrongly transformed by agriculture. Stromgaton
and migration solely via long-distance dispersay tiaus be restricted to the one-third of the afsoed species
that are exclusively alpine and only occur in amg®eriencing nightly frosts. Since most alpinecegeare
adapted to grow in full sunlight, grasslands atdowaltitudes are candidate for serving as migratoryidor for
the non-exclusively alpine species that are s@ffity drought-tolerant. For afroalpine species thday stretch

to the lowermost altitudes even open forests mayesa&s migration corridor.

Here we explore the potential for past habitat estinity under the colder climate of the LGM, t@resent also
earlier glacial maxima during the Pleistocene, asgkss whether gradual migration corridors canédwdtain
patterns in floristic and genetic similarity amahg three mountain regions as well as among indalid
mountains. We used a classification tree modetagept the treeline position as well as the landeco
distribution based on paleoclimate data. We moddhe extent of the current alpine habitat andgmtgd it to
the LGM climate to assess whether the alpine hiabviia widespread enough to allow gradual intermaiant
migration of exclusively alpine species. Next, wedalled a suite of eastern African landcover tyipeth under
current and LGM climates to assess whether gragsiad open forest types may have served as migratio
corridors for non-exclusively alpine species, ihmse that today extend downslope into to the nmenfarest

and other lower elevation vegetation types.



Methods

Defining the alpine habitat in the study region

The alpine habitat in tropical Africa covers theasituated above approximately 3500 m (Hedbergl)1%e
used this elevation as a cut-off value and classifihe study area into alpine and non-alpine lavelconits
based on the 1 km resolution DEM (Hijmaisal, 2005). We sampled both ‘alpine’ and ‘non-alpihebitat
units randomly proportional to the log of theiraig 1,000) for generating a training and test skttaVe

randomly split this dataset into 75% for trainingl&25% for testing.

Defining the landcover types in the study region

We used the 300 m resolution GlobCover dataseh@?t al, 2012) to represent landcover types in our study
area after simplifying and reclassifying it intosea general landcover units: (i) closed fores},djien forest |,
(iii) open forest Il, (iv) shrub/grassland I, (\Wrsib/grassland Il, (vi) flooded areas and (vii)pemds and other.
Almost all landcover types of the GlobCover datasster wide altitudinal ranges. Especially the zmger

units that are categorized as open forest and Afragsland are very heterogeneous in terms of digiibution
across elevation gradients (Figs. S1& S2). Sontearh are mainly confined to lower elevations, wioilkers
cover a large altitudinal span. To minimize heterogty, those covering a large altitudinal span thog
potentially most suited as migration corridorsdtpine species were reclassified as type | (shrabgand | and
open forest 1), and those mainly confined to loelevations and thus drier conditions were recleeskiis type

Il (shrub/grassland Il and open forest II; TableWe computed the area per landcover unit and sathgach
unit randomly proportional to the log of its areal(000) for generating a training and test datades
‘croplands and other’ landcover unit was excludednfland cover reconstruction. Over the last 10 yHrs, 50%
of the ice-free terrestrial surface has been mediifiy humans, whereas there was little human ineerior to
this period (Lambiret al, 2003). Cropland is a landcover type that has lceemerted from other landcover
units. We decided to model ‘potential land coveitgiby letting other landcover units colonize greas now

covered by cropland. All sample points were randosplit into 75% training and 25% test data.

Predictor variables

In order to model both alpine/non-alpine vegetatiod the sampled landcover types, we used 19 biatit
variables of the current climate (~1 km resolutiobj)ained from the WorldClim database (Hijmabsl, 2005).
We also used a DEM of ~1 km resolution from the esalata source and generated two topographic vasiabl
slope angle and slope aspect. The slope aspeatomasrted into eight categorical classes (N, NESIEE, S, SW,
W, NW). We stacked the bioclimatic layers and thie topographic variables and overlaid the staclster
datasets with the randomly sampled points. Thespleapoints now contained information about alpiae
non-alpine classes for alpine habitat modelling #edsix land cover units for landcover types gsedeent
variables and the 19+2 variables as independedigboes. Pairwise Pearson correlations were contpute
between all independent variables. For furtheryaea, we only retained predictor variables wittearBon
correlation threshold below |0.7| by selecting anig variable based on assumed biological impogtantong
those correlated higher than this threshold. Téssilted in ten variables selected for building batidels

(alpine habitat and landcover types; Fig. S3): slapgle, slope aspect, Annual Mean Temperaturel(BIO



Mean Diurnal Range (BIO2), Isothermality (BIO3)gPipitation Seasonality (Coefficient of Variatidi015),
Precipitation of Wettest Quarter (Biol6), Precipita of Driest Quarter (Bio17), precipitation of maest
quarter (BIO18) and precipitation of coldest qua(Bi1019).

In order to allow both alpine habitat and landcayge reconstruction of the LGM climate, we useg $hme

eight bioclimatic variables that we selected frameé different climate models of the LGM (~5 kraagkution)
from the WorldClim database (www.worldclim.org): SM4 (CC, hereafter); MICRO-ESM (MR) and MPI-
ESM-P (ME). All the bioclimatic layers of the thre&M climate models were resampled to the samen( k

resolution as the current climate variables usiegrest neighbor assignment technique in a GIS.

Statistical model calibration of alpine habitatesxtand landcover types

The randomly selected training data points andsétected predictor variables were used as inpfiit &0
classification tree model to reconstruct both tipéne habitat extent and the landcover types irrplagt package
(Therneau & Atkinson, 2015). We first fitted a fgtlart model with low values for minimal complexggin per
additional split (cp = 0.001), which can be coneidiea relaxed parameter set that allows for ovierdithe
resulting tree. Next, we optimized the complexiéygmeter (cp) of a statistically optimized tree midtirough
crossvalidation by identifying the cp value aftdrigh the improvement was no longer significant. Tuiktree
was pruned at this identified cp value of the opted model. Finally we computed misclassificatioroerates
and Cohen’s kappa values on both the training estddiata sets to evaluate model performance. ¥inedl

projected these models (alpine habitat extent and tover types) to the three LGM climate models.

In addition to using the reconstructed LGM climat@s also generated an additional environmentairlay
order to build an even simpler model of treelindgtsmder LGM climate. We derived an LGM mean annua
temperature map by deducting 4.0 °C from each mk#ie current mean annual temperature valuegwebn
information from Bonnefille et al. (1990), i.e., timpics the temperature was expected to be 4.0 2@lower
during LGM than today. We then built an additiorsainpler model of alpine habitat based only on tagdables:
1) annual mean temperature and 2) slope angle.cbhi®rms to the general theory of treeline positiy
Korner (2012), but modified by adding one more ailé, slope, which had high variable importancte
more complex model (Table 2). We used the sameitigaind test dataset and the same procedurelas in
more complex models and evaluated it accordingherifwe hindcasted the model to the computed average
annual temperature of the LGM, which had tempeestueduced by 4.0 °C. Finally we investigated haveim
the treeline descended and the extent of the alb#at was enlarged during the LGM under the nsorgle
treeline model applied to the current temperatuap that was reduced by 4 °C. This means that we ttatl
of 4 treeline reconstructions for LGM, three orggfimg from the more complex treeline model that apglied

to the three LGM climate models, and one origir@afiom the simpler treeline model.



Results

Habitat connectivity among exclusively alpine taxa

Hindcasting the alpine habitat based on all seteptedictor variables to the three LGM climate msddowed
that there was a vast extent of alpine habitat bofthiopia and in East/Central Africa (Fig. 2hél'simpler
model based only on slope and mean annual temperaftthe LGM gave similar results (Fig. 3). Thedals
were highly and equally robust, with very low masdification error rates (< 0.001) and gave vegh tkiappa
values (> 0.99) when evaluated on both the trainimgdj test datasets. In the more complex treelindeinannual
mean temperature had the highest variable impagtioitowed by slope and precipitation of the wartnes
quarter (biol8; Table 2). In the simpler treelined®l, mean annual temperature contributed 60% lapé s

contributed 40% to the predictive power.

The simpler model predicted a larger extent ofredgiabitat area both under current and LGM clirtizde did
the more complex model. Although the hindcasted L&{t&nt of the alpine habitat area varied amongatie
models, the predicted lower altitudinal limit okthlpine zone was quite similar, approximately 160@wer
than today (Figs. 4, 5). The simpler model predidsgger alpine extent under LGM climate (Fig. b, 7
Averaged over all four treeline reconstructions, dffroalpine habitat was 8.3 times larger durirgltEM as

compared to today.

In Ethiopia, most of the currently fragmented afipirze habitat areas were united during the LGM e@t@cross
the Rift Valley. Especially in the Shewa-Wallo mégsthe NWE mountain region, almost all currendliypine
fragments became interconnected following the doandvshift of the treeline. In contrast, the alpivaditat
areas in East/Central Africa remained disconnedtethg LGM, despite expansion on each of the sglita

mountains.

Under both current and LGM climates, the alpineitaatarea in Ethiopia was more than two times latan
that in the East/Central Africa (Figs. 6 & 7). Tihthiopian alpine habitat represented 64% and 69¢heofotal
alpine habitat under current and LGM climates, eetipely. The Ethiopian mountains in the SEE regitome
harbored a current alpine habitat almost as lasgbat in East/Central Africa. The modelling basacturrent
climate did not predict presence of a proper alpiagitat in Yemen, but, notably, all models sugegshe

presence of an araboalpine habitat during the LGM.



Habitat connectivity among alpine taxa that extentbwer altitudes

The landcover model had comparably high misclasgifin rates (0.45 on training data and 0.43 andizt®)
and a fair (Monserud & Leemans, 1992) kappa valué8(on training and 0.46 on test data), so thatewere
interpreted with caution. Even under the curreimate, the land cover data and the model prediexéehsive
grasslands interconnecting the three main mounggjions. The same was found for two of the thre®LG
climate models (MR and ME; Fig. 8). In all thesedals, the grassland habitat of type | interconrecte
individual Ethiopian mountains both in the NWE &IHE regions, which also were bridged by grasslands
extending across the Rift Valley. The East/Cerfifatan solitary mountains were also interconnedigd
grasslands of type | in the northern and westertspand by savannah open forest (open forest the
southeastern part. The third LGM model (CC) shothedowland (savannah) grassland (type Il) to beemo
widespread. Although this model also showed graddtabitat connectivity among individual mountatirsh
in Ethiopia and East/Central Africa, the Turkanalinds were mapped to be fully covered by lowland
(savannah) grasslands (type 1), which might ordyéhserved as a dispersal corridor for very droaghapted
alpine taxa. The GlobCover (Ariret al, 2012) dataset currently shows very limited forester in eastern

Africa with much open space that can serve as aatiig corridor for alpine taxa (Fig. 8e).

Our results from the landcover type modelling untdath current and LGM climates showed that the Rifliey
in Ethiopia may have allowed gradual migration lpfrze species that are able to grow below theitre€Figs.
8a, b, ¢ &d). In contrast, the Turkana lowlandsegypd to have remained a considerable barrier battie
Ethiopian and the East/Central African mountais® aluring the LGM. The savannah open forest mapped
between the Ethiopian NWE region and East/Centfat#@ on the western side may however have serged a

migration corridor for some species.



Discussion

Using alpine habitat and landcover type modelind llindcasting these models to the LGM climate, aech
here provided insights into a long-debated issufiitan biogeography: to what degree did colon@abf the
currently strongly isolated sky islands and subsatjintermountain gene flow depend on long-distance
dispersal across unsuitable habitat, and to whanexlid suitable habitat corridors occur under L@Mil earlier
colder climates to enable gradual migration? Westshown that the answer to these questions maygbyro
depend on the species and the mountain regiondamesi. Exclusively alpine species, which curreatily
occur above the treeline in these mountains, resdasolated in each of the solitary East/Centraicah
mountains even during the LGM, when we estimatedreline to be 1,000 m lower and the alpine habit
about eight times larger than today. In this regexclusively alpine species seem to have beeregnti
dependent on long-distance dispersal for colorunadind intermountain gene flow (except for a fewintains
in Kenya and along the Uganda/Rwanda/Congo boréiggs; 2 & 3) In contrast, the alpine fragments in
Ethiopia probably fused during the LGM except asrite Rift Valley, allowing for migration of sucpexies.
We also show that drought-tolerant alpine spetiastbday extend below the treeline may have had
opportunities for gradual migration through grasdland open forest corridors among mountains iregibns
during the dry glacial periods, possibly also urtthercurrent climate before agriculture transforrfesdlow-

lying landscapes.

Exclusively alpine species: isolated in East/Cémtfeaca, partly connected in Ethiopia

The results from both treeline models and all LAvhate data sources showed that the afroalpinedtalbas
considerably expanded during this (and probablijegaglaciation(s), on average about 8.3 timegdathan
today. Although the spatial extent of the alpinbita predicted by different LGM climate modelsfditd
somewhat, they consistently predicted that the Lig@dline was about 1,000 m lower than today, iragrent

with the results of a pollen analysis from Mountne Coetzee, 1964).

Our finding of a lack alpine habitat in the low+g landscapes separating the East/Central Africaumiains
during the LGM is consistent witHedberg (1970) and Harmsehal (1991), who considered their alpine zones
to have been isolated since their origin. This \dauxplain why these mountains harbor more singlestain
endemics than the Ethiopian mountains (Hedberg4;196dberg, 1970; Knox & Palmer, 1998), which our
analyses showed to have been more interconnectedyadwlder climates. Considerable intermountainegge

flow among the East/Central mountains has neversisdbeen inferred in several phylogeographic studiaen
across the vast Ugandan gap separating the mosiatiaing the western and eastern branches of th&/&liéy,
demonstrating the importance of long-distance diggieand hybridization (Gizaet al 2013, 2016; Masao et al.
2013; Wondimu et al. 2014, and unpublished data).

In Ethiopia, the Rift Valley appears to have présdra strong barrier against migration of exclusiedpine
species even during the LGM (Figs. 2&3). Althoubhl horthwestern and southeastern mountain regiars s

considerable number of alpine species (Gehrke &&ir2014), the Rift Valley represent a distincteenbreak
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in several of those examined to date (Gizwal 2013, 2016; Masao et al. 2013; Wondimu et al42@hd
unpublished data). However, the phylogeographidistuhave mainly focused on the geographically most
separated mountain ranges in Ethiopia, the Simenitvithe northwest and the Bale Mts in the south@ag. 1),
which often harbor distinct genetic groups (e.gaBiet al 2016). The study of Wondimu et al. (2014) also
included Mt Choke, which is situated in the nortsteen region but much closer to the Rift Valleyritiae
Simen Mts and showed that the populations in tlismtain represented admixtures of both the SimerBate
Mts. These results call for more extensively sahpleylogeographic studies to assess the relevdrag o
finding of the fusion of LGM alpine habitat on eagitle of the Rift but not across it for gene flaneixclusively

alpine species in Ethiopia.

Interestingly, our models predicted the existerfcancaraboalpine LGM habitat in Yemen, an arealtts
proper alpine zones today. This is a significamdifig since Yemen and the Arabian Peninsula haga be
suggested as a main migratory pathway for Eurdsiaages colonizing the mountains of eastern Af(i¢ach
et al. 2006; Assefa et al. 2007, Ehrich et al. 26®pp et al. 2008, Gehrke & Linder 2009).

In eastern Africa, we found that the alpine hatstgms mainly to be shaped by temperature-relabetirbatic
variables, which is in agreement with Kérner & Raul (2004). Mean annual temperature strongly aigsl
with seasonal temperature variables and was faubé the most important variable in our model. $basonal
variation in temperature is minimal (Rundel, 1998@cause of the high correlation with seasonal txatpre
variables, mean annual temperature can be usegraxyto the temperature of the growing seasonfauad
that relying only on annual temperature and slopmadel the treeline and the extent of the alpiigitht in
eastern Africa provided a model almost as robugh@snodel in which we used more variables to disoate

the alpine habitat from non-alpine lowlands.

Alpine species that extend below the treeline: pidégrassland corridors

Because our landcover model had comparably higblagisification error rates and a fair kappa vahe,
interpret the results with caution. Many of thedeover types in eastern Africa are today influenogd
anthropogenic activities, and they cover largauwtnal spans (Figs. S2, S3). This indicates they fire quite
heterogeneous and that the thematic resolutioria@i@ver is not very precise, and may partly exptae

comparably high misclassification in our habitatdab

From the GlobCover data, it can clearly be seenttigaforest cover in eastern Africa is small aighly
fragmented (Fig. 8e). In accordance, even undecuhent climate (when agricultural landscapes weptaced
by potential natural landcover types in our models predicted extensive grasslands interconneatutigidual
mountains as well as the three main mountain regibhe same was found for two of the three LGM atien
models. Grasslands and open forests probably onieected all the Ethiopian mountains, also actosdift

Valley. In East/Central Africa, the mountains watgo interconnected by grassland extending fronvihenga
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and Rwenzori mountains in the west to Mt Elgon Btienya in the northeast, with further extensitmsards
northwestern Ethiopia on the western side of the&kdna Lowlands (Figs. 1 & 8). The Turkana Lowlands
separating the East/Central African mountains fEthiopia seem to present the strongest barriealfone
species in our study region; this area was mappée fully covered by the driest type of grasslaftigse I1),

which might have served as a dispersal corridoy ol very drought-adapted taxa.

Regardless of the uncertainty associated with adat it is difficult to assess to what degree glasds may
have served as migration corridors for ‘non-exalelyi’ alpine species. Firstly, such grasslands tmapartly
too dry to be suitable for most alpine specieseeisly during glacial periods. Secondly, it is pixe that most
of the alpine species that today also occur beleatreeline have their primary populations in thpéne zone,
functioning as sources for occasional sink popaoitegtiextending downslope along open patches and alon
watercourses. However, we tentatively explored oecice data for some alpine taxa from the Global
Biodiversity Information Facility (GBIF), providingome support for the Rift Valley in Ethiopia, matt the
Turkana Lowlands, as a potential migration corritwrnon-exclusively alpine plants (Chala et ahpubl. data).
We found some occurrence points located in theeatigrasslands in the Ethiopian Rift Valley, briagithose
from the northwestern and southeastern mountainmegOur findings are also in line with phylogesginic
studies of some alpine species, suckrisa arborea(Gizawet al, 2013) andoeleria capensi$Masao et al.,
2013). These species are drought-tolerant, extetalMer vegetation belts in the eastern African ntains, and
show no geographic structuring of their genetiedsity, possibly indicating that habitat connedyithrough

grassland and open forest corridors has been mmertant than long-distance dispersal.

Although the Turkana Lowlands appear as a virtuatlgenetrable barrier against gradual migratioalpine
species, the genetic structuring in several spgmads to higher levels of gene flow across thigesive
lowland gap than across the Rift Valley in Ethioprathese species, the populations in southeaEtiopia
belong to the same genetic group as those in HasbAwhereas another, distinct genetic groupist in
northwestern Ethiopia (Gizaet al, 2013; Wondimtet al, 2014; Gizawet al, 2016). The most likely
explanation is that this unexpected pattern isadriby long-distance dispersal directed by prevgiiuinds and

bird migration routes.

Our results call for more detailed comparative Esidbf species with different traits, habitat reqments, and
altitudinal ranges using a combined phylogeographit modeling approach, to further explore thetineda
importance of migrational corridors and long-distadispersal in the fascinating sky island systéeastern

Africa.
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Figure 1:a Mountains and low-lying landscapes of eastern Afrithe eastern and western branches
of the Great Rift Valley are indicated witippled linesb Potential habitat corridors for drought-
tolerant alpine species that today extend belovirtedine, assessed based on landcover modelling

(line thickness indicates potential corridor suitability
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Figure 2: Extent of the afroalpine habitat in east&frica modelled based on all selected predictor
variables under the current clima#g &nd hindcasted to three different last glaciakimam climate
models: CCSM4 (CQy); MICRO-ESM (MR;c) and MPI-ESM-P (MEd). The alpine habitats are
indicated inblack
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Figure 3 Extent of the afroalpine habitat in eastern Aficadelled based on current mean annual temperatdrslape §) and
hindcasted to mean LGM temperatuog. (The alpine habitats are indicatedlack

18



@ current
—— MPI-ESM-P
==+ MICRO-ESM
— — CCsm4

150 200

Number of pixels
100

20‘00 30|00 40K00 50100 60|00
Elevation (m)
Figure 4: Altitudinal range of the alpine habitatgastern Africa modelled based on all selected
variables under current climate and hindcastetreetdifferent LGM climate models: CCSM4;
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Figure 5: Altitudinal range of the alpine habitateiastern Africa modelled based on mean annual
temperature and slope (current) and hindcastecetmrannual LGM temperature (LGM mean). The
y-axis represents a 1 km x 1 km grid cell count #uex-axis represents altitude (m)
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Figure 6: Spatial extent of alpine habitat modellgtth all selected environmental variables under
current (Cu) and hindcasted to three last glacatimum climate models (CCSM (CC), MICRO-
ESM (MR) and MPI-ESM-P (ME))AA Yemen (araboalpinelECAEast/ Central AfricaSEE
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Figure 7: Spatial extent of alpine habitat modebaded on mean annual temperature (CuBiol) and
slope and hindcasted to mean annual LGM temperéifg. AAYemen (araboalpinelECA
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Figure 8 Spatial extent of the landcover types in easteritAfunder currenia and three LGM climate models: MICRO-ESM

(MR; b), MPI-ESM-P (ME;c) and CCSM4 (CCqd) and after reclassification of the GlobCover inrtajor landcover units).
Mountains with alpine zones, water bodies and treaGRift Valley are superimposed
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Table 1: Reclassification of GlobCover into eiglatsses of generalized landcover units used in the
present paper

Generalized GlobCover Labels

legend

Closed forest Closed (>40%) broadleaved decidumgst (>5m) 50
Closed (>40%) needleleaved evergreen forest (>5m) 0o 7

Open forest | Closed to open (>15%) broadleavedgeeen or semi-deciduous forest (>5m) 40
Open (15-40%) broadleaved deciduous forest/wood|aBuh) 60
Closed to open (>15%) mixed broadleaved and nesallet forest (>5m) 100
Mosaic forest or shrubland (50-70%) / grassland5Q%) 110

Closed to open (>15%) (broadleaved or needleleaxazigreen or deciduous) 130
shrubland (<5m)

Open forest lI Open (15-40%) needleleaved decidooesvergreen forest (>5m) 90
Closed to open (>15%) herbaceous vegetation (giagssavannas or 140
lichens/mosses)

Shrub/grassland |  Mosaic cropland (50-70%) / vegeiggrassland/shrubland/forest) (20-50%) 20
Mosaic vegetation (grassland/shrubland/forest)18%) / cropland (20-50%) 30

Shrub/grassland Mosaic grassland (50-70%) / forest or shrubland5@%) 120

Il Sparse (<15%) vegetation 150

Flooded areas Closed to open (>15%) broadleavedtfoegularly flooded (semi-permanently 160

or temporarily) - Fresh or brackish water

Closed (>40%) broadleaved forest or shrubland peemidy flooded - Saline or 170
brackish water

Closed to open (>15%) grassland or woody vegetatioregularly flooded or 180

waterlogged soil - Fresh, brackish or saline water

Croplands and Post-flooding or irrigated croplands (or aquatic) 11

others Rainfed croplands 14
Artificial surfaces and associated areas (Urbaasar®0%) 190
Bare areas 200
Water bodies 210
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Table 2: Contribution of variables to the models

Models
alpine vs. non-alpine landcover

complex simple
variables  Importance (%) Variables Importance (%) arid&bles Importance (%)
Biol 29 Bio01 60 Biol6 19
Slope 20 slope 40 Bio01 15
Biol8 16 Biol9 14
Biol6 13 slope 13
Biol9 12 biol8 9
Bio3 10 bio03 9

biol5 9

biol7 6
Table 3: Model performance

Evaluation method Data Models
alpine vs. non-alpine landcover
simple model complex model
misclassification error rate training 0.00045 04D0 0.4362
test 0.00094 0.00093 0.4506
Kappa value training 0.999 0.999 0.477
test 0.998 0.999 0.46
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