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Additional file 2

1 Extended Account of the Study Areas

We focused on small mammals in the orders Rodentia, Eulipotyphla, and Macroscelidea across
the highest peaks in Kenya—Mount Kenya, Mount Elgon, Aberdare Ranges, Cherangani Hills,
Mathews Range, Mount Kulal, and Chyulu Hills (Error! Reference source not found.,

Additional file 2). They feature unique topographies associated with their origins from tectonic

activities and volcanic eruptions between the Miocene and Pleistocene epochs tied to the East
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African Rift System (Haug & Strecker, 1995; Delvaux & Khan, 1998; C. Morley et al., 1999;
Kper et al., 2004; Chorowicz, 2005; Ebinger, 2005; Wichura et al., 2010; Veldkamp et al.,
2012; Furman et al., 2016; Mairal et al., 2017). Mount Kenya, Mt. Elgon, Aberdare Range, Mt.
Kulal, and Chyulu Hills formed through volcanic activity, with their structures dominated by
volcanic cones and craters, whereas the Cherangani Hills and Mathews Range formed through
tectonic processes. The diverse landscapes and microclimates created by their formation led to
rich biodiversity and high levels of endemism, with fertile volcanic soils and varied altitudes
supporting diverse ecosystems, providing habitats for a wide array of flora and fauna (Korner &
Spehn, 2019). They also act as ecological refuges, enabling species to persist and adapt during
climatic changes. Their geographical isolation also promotes endemism and species evolution,
and the surrounding areas act as barriers, fostering species differentiation (Mamantov et al.,
2021; Males et al., 2023). Together, they are critical biodiversity hotspots, serving essential roles
in water catchments and ecological balance and supporting wildlife conservation and the
livelihoods of local communities (Western et al., 2015). Worryingly, these mountain ecosystems
are characterized by a lack of dedicated formal accounts of their biodiversity patterns and driving
processes, especially for small mammals, which are nonexistent for most and one or two others,

such as Mount Kenya.

Importantly, these mountains not only serve as critical biodiversity hotspots but also play
essential roles in water catchment and climate regulation, underpinning both ecological integrity
and the livelihoods of local communities (Hedberg, 1969; Haug & Strecker, 1995; Prodehl et al.,
1997; Delvaux & Khan, 1998; C. Morley et al., 1999; C. K. Morley et al., 1999; de Klerk et al.,
2002; Kiper et al., 2004; Chorowicz, 2005; Ebinger, 2005; Burgess et al., 2007; Hopp et al.,

2007; Veldkamp et al., 2007; Nicolas et al., 2008; Nonnotte et al., 2008; Taylor et al., 2009;
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Wichura et al., 2010; Veldkamp et al., 2012; Bartakova et al., 2013; Engel et al., 2014; Schiler
et al., 2014; Demos et al., 2015; Jacquet et al., 2015; Furman et al., 2016; Mairal et al., 2017;

Murungi et al., 2017; Bryja et al., 2018; Hughes et al., 2018; Mazoch et al., 2018; Sumbera et

al., 2018; Voelker et al., 2021; Dianat et al., 2023).
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Figure 1. Topographical maps of the study sites and illustrations of the sampling scheme. The figure shows the
location and names of the studied mountains in Kenya. The inset figures show the geographical locality of the
sampled mountains within Kenya (a) and an illustration of the strictly nested quadrat design used in the study

rendered on a digital elevation model map layer (b) — the red lines indicate transect boundaries.

For each mountain, we designed spatially varied sampling windows/grain sizes (Barton et al.,

2013) using the strictly nested quadrat method (Leitner & Rosenzweig, 1997), which yields type
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| species-area curves in Scheiner (2003). Thus, we maintained the spatial extent and shape of the
sampling window while varying the sampling grain/unit, guided by the spatial scale concept’s
two key aspects: the spatial extent (overall size of the area considered in a specific study) and
spatial grain or resolution (the dimensions of the individual spatial units within that area, for
which observations or predictions are made). This approach ensures more accurate estimates of
expected species richness for a randomly located plot within a given area, allowing for direct
associations between species turnover and aggregation patterns across regions (Scheiner, 2003;
Barton et al., 2013). We overlaid grids spanning the extents of mountains for each spatial grain
size—0.0001, 0.001, 0.01, 0.1, 1, 2, 4, 6, 8, and 10 km?>—resulting in ten community datasets for
each mountain. The spatial grain sizes were defined by leveraging our data resolution, previous
studies, and the field sampling scale at which small mammal communities demonstrate unique
biogeographic diversity (de la Sancha et al., 2020; Onditi et al., 2022). The largest grain size was
used as the sampling baseline grain size for the consecutively smaller units. Each subsequent
smaller-grain grid was created by determining the centroid of the baseline grid and then creating
a buffer of varied radii around it. The radii lengths were back-calculated to match the
predetermined grid sizes using the formula Pi multiplied by the squared radius (A = 7). Due to
the different geomorphological characteristics of the mountains (lateral extents and peak-base
heights), as highlighted in the section above, we ultimately sampled variable numbers of grids
per mountain determined based on the transition in environmental conditions (histograms of the
climate and elevation data), vegetation, and species turnover from the surrounding lowlands. The
variable lateral extents and peak-base heights between mountains resulted in 458 grids at Mount

Kenya (spanning 1,090-4,642 m), 134 at Mount Elgon (1,854-4,154 m), 371 at Aberdare
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Ranges (1,830-3,816 m), 212 at Cherangani Hills (932-3,416 m), 357 at Mathews Range (651

2,434 m), 99 at Mount Kulal (592-1,899 m), and 112 at Chyulu Hills (967-1,954 m).

1.1. Mount Kenya

Mount Kenya, Africa’s second-highest peak at 5,199 meters, is an extinct stratovolcano formed
approximately 2.6 and 3.1 million years ago during the Pliocene epoch. Its formation is
intrinsically linked to the tectonic activities of the East African Rift System, where the Arabian
and African Plates are moving apart. The resulting volcanic activity built up layers of solidified
lava and ash, creating the mountain’s massive structure, rugged peaks, and glacial valleys
(Baker, 1967; Hastenrath & Kruss, 1992; Mahaney et al., 2012; Maslin et al., 2014; Loomis et
al., 2017). The mountain’s volcanic origins have produced rich, fertile soils that support diverse
vegetation zones ranging from montane forests at the base to alpine meadows and moorlands
toward the peak. Its distinct elevational gradients and habitat heterogeneity create a variety of
microclimates, fostering high levels of endemism and biodiversity, including species adapted to
harsh alpine conditions. Mount Kenya is one of the most species-rich areas for small mammals,
supporting a wide array of flora and fauna, including local endemics like the Mount Kenya mole-
rat. Ecologically, Mount Kenya exhibits a pronounced wet—dry characterization. The
southeastern slope, being the windward side, receives approximately 2,500 mm of average
annual rainfall. This moisture supports a succession of vegetation types: mixed Afromontane
rainforest bordering farmed areas at the base, followed by bamboo forest, undifferentiated forest,
and Montane Ericaceous vegetation toward the peak. The northwestern slope—the leeward
side—is comparatively drier, receiving about 800 mm of rainfall. It primarily supports
Afromontane undifferentiated forests from the base to mid-elevations and Montane Ericaceous

vegetation above (Musila et al., 2019; Onditi et al., 2022). Recent surveys have revealed a high
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diversity of small mammals on Mount Kenya, with phylogenetic and functional diversity trends
contrasting with species richness. The mountain serves as a biodiversity hotspot and a refuge for
species affected by climatic changes. Its significance in natural ecology and ecosystem services

is recognized through its designation as a UNESCO World Heritage site, an important bird area,
and a key biodiversity area. Beyond biodiversity conservation, Mount Kenya provides essential

ecosystem services that underpin wildlife preservation and local communities’ livelihoods

(Bennun & Njoroge, 1999; Brown & Hay-Edie, 2014).
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Figure 2. Satellite image of Mount Kenya showing the outline of the study site. The elevation is shown with an

exaggerated rendering to aid in visualizing the spatial extent of the mountain.
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1.2.  Mount Elgon

Mount Elgon, an extinct shield volcano on the Kenya-Uganda border, reaches an elevation of
4,321 meters and is one of East Africa’s oldest volcanoes, formed approximately 24 million
years ago during the Miocene epoch (Cameron et al., 2000; Nield et al., 2000; Ongugo et al.,
2002; Vedeld et al., 2005). Its broad, gentle slopes—characteristic of shield volcanoes formed by
low-viscosity lava flows—feature a vast caldera and numerous lava tube caves. Although
slightly removed from the central axis of the Great Rift VValley, Mount Elgon’s formation is
related to regional tectonic stresses and volcanic activities associated with the East African Rift
System. The mountain’s long geological history has allowed ecosystems to mature and diversify.
Unique features like the caldera and lava tube caves provide specialized habitats, supporting rare
plant species and endemic animals in the montane forests and Afro-alpine zones. The isolation
and varied habitats contribute to high levels of endemism and biodiversity, making Mount Elgon
a vital conservation area. The national park covers about 1,279 km? and showcases diverse
ecosystems influenced by elevation. Surrounding lands are utilized for agriculture, highlighting

the balance between conservation and human use in the region.
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Figure 3. Satellite image of Mount Elgon showing the outline of the study area (red outline). The yellow line is the

administrative boundary between Kenya and Uganda.

1.3. Aberdare Range

The Aberdare Range, also known as the Nyandarua Range, is located west of Mount Kenya and
stretches over approximately 160 kilometers, with peaks reaching up to 3,999 meters (Hedberg,
1969; Gichuki, 1999; Lambrechts et al., 2003). This highland formation consists of steep
forested ravines and open moorlands, representing the eroded remnants of a large shield volcano
formed from volcanic activities linked to the East African Rift System during the Pliocene to
Pleistocene epochs (about 5.3 million to 11,700 years ago). Situated along the eastern edge of the

Great Rift Valley, the range is part of the uplifted regions resulting from tectonic forces
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associated with the rifting process. The region’s high rainfall sustains lush montane forests and
bamboo zones, fostering diverse habitats that support rich biodiversity. The varied altitude and
climate create multiple ecosystems—including rainforests, bamboo forests, and moorlands—
crucial for water catchment, supplying rivers like the Tana and Athi. The steep western slopes
sharply descend into the Kinangop Plateau and the Rift Valley, while the eastern slopes descend
more gradually. Like Mount Kenya, the Aberdare Range’s diverse habitats support numerous

species, emphasizing its importance for conservation and ecological balance in the region.
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Figure 4. A satellite image of the Aberdare Ranges showing the outline of the study area.

Page 9 of 27



145

146

147

148

149

150

151

152

153

154

1.4.  Cherangani Hills

The Cherangani Hills, located in northwestern Kenya along the western flank of the Gregory
Rift, reach elevations up to 3,530 meters and consist of a series of rolling hills, forested ridges,
and rocky gorges (Davies, 2006; Neumann & Scott, 2018; Rotich, 2019). Composed
predominantly of ancient metamorphic rocks with some volcanic intrusions, they were formed
through uplift and faulting associated with the Great Rift VValley during the Miocene epoch
(approximately 23 to 5 million years ago). The moderate climate supports extensive indigenous
forests that are biodiversity reservoirs, home to rich birdlife and mammals. The ecological
integrity of the Cherangani Hills is essential for sustaining regional biodiversity and ecological

services, emphasizing the importance of conservation in this area.

Page 10 of 27



155

156

157

158

159

160

161

162

163

164

Moiben 5
Chegilet:\Village 1§

Kabulwa Village &

Karuna
Singore
Barwesa

KARTION

Gdogle Earth

C

Figure 5. Satellite image of Cherangani Hills showing the outline of the study area (red outline).

1.5. Mathews Range

The Mathews Range, also known as the Lenkiyio Hills, is a relatively remote mountain range in
northern Kenya that stretches approximately 150 kilometers from north to south, reaching
elevations up to 2,688 meters (Foster & Gleadow, 1992). The range formed around 5 million
years ago during the late Tertiary period through tectonic uplift and faulting associated with the
East African Rift System and consists of steep-sided mountains and valleys, creating a “sky
island” with unique ecosystems. The semi-arid climate at lower elevations transitions into denser

forests in the highlands, supporting diverse wildlife, including endemic flora and fauna adapted
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to arid conditions. The isolation and unique climatic conditions have allowed species to evolve
independently, enhancing biodiversity and making the Mathews Range a critical area for
conservation and ecological studies. The region is an important conservation area and supports
pastoralism among local communities, highlighting the balance between ecological preservation
and human livelihoods. Its ecological and cultural significance underscores the importance of

ongoing efforts to protect and study this unique environment.

\ GoogleEarth
¢

Figure 6. Satellite image of Mathews Range showing the outline of the study area (red outline).

1.6. Mount Kulal

Mount Kulal, an extinct volcano near Lake Turkana in northern Kenya, rises to approximately
2,300 meters and encompasses about 750 square kilometers (Lusigi, 1989; Méackel et al., 2021).

Formed during the Pleistocene epoch through tectonic and volcanic activities associated with the
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East African Rift System, it features rugged terrain marked by steep slopes and deep canyons.
Mount Kulal creates a unique microclimate in an otherwise arid region, offering a cooler and
more humid environment than the surrounding desert. Designated as a UNESCO Man and
Biosphere Reserve, Mount Kulal acts as a “sky island,” fostering distinct ecological conditions
due to its isolation and elevation. Its montane forests are a haven for diverse bird species and
mammals. The mountain is divided into northern and southern sections, with the northern part
receiving about 900 to 1,000 millimeters of rainfall annually, compared to 200 to 300 millimeters
in the southern part; this variation contributes to its ecological diversity. Mount Kulal’s

ecosystems are vital for local biodiversity and serve as an essential ecological corridor.

Figure 7. A satellite image of Mount Kulal showing the outline of the study area (red outline).
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1.7.  Chyulu Hills

The Chyulu Hills are a geologically young volcanic mountain range in Kenya, consisting of
numerous volcanic cones and craters. The most recent volcanic activity was recorded in 1856,
resulting in fresh lava flows and ash cones. Situated between the Tsavo and Amboseli plains, the
hills were formed from volcanic activities related to tectonic movements influenced by the East
African Rift System. Formed between 1.4 million years ago and the Holocene epoch
(approximately 11,700 years ago), the Chyulu Hills extend over 100 kilometers, and range in
elevation from 1,000 meters on the upland plains up to 2,188 meters (Novak et al., 1997a; Novak
et al., 1997b). While the surrounding region receives about 400-500 millimeters of average
annual rainfall, the peak elevations—covered in evergreen montane cloud forests within
grassland-shrub mosaics—teceive higher amounts, ranging from 800 to 2,000 millimeters
annually (Onditi et al., 2022). The hill provides habitats for numerous bird species and mammals
and is crucial for conservation efforts and ecological research. They illustrate the intricate
interactions among climate, elevation, and biodiversity, mainly because they are nestled between
the expansive Tsavo ecosystems. The recent volcanic soils support unique ecosystems, and the

combination of fertile soils and varied climates promotes high biodiversity and endemism.
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Figure 8. Satellite image of Chyulu Hills showing the outline of the study area (red outline).

2 Extended account of the estimation of diversity indices

We estimated species richness and various phylogenetic and functional diversity indices for a
more holistic characterization of the communities. Parameters for diversity indices calculations
were carefully chosen based on preliminary analyses and literature review, and the selection of
diversity indices was guided by the study’s aim to capture both the breadth of evolutionary
history and the range of functional traits within montane small mammal communities, providing
a comprehensive view of biodiversity (McGill et al., 2006). Following the preliminary
explorations, five alpha diversity indices—species richness (SR), phylogenetic diversity (PD),
functional diversity (FD), phylogenetic mean nearest taxon distance (PDMNTP) and functional
mean nearest taxon distance (FDMNTP)—and three multisite beta diversity indices (taxonomic,
phylogenetic, and functional) were estimated for each mountain across ten spatial grains. For the

estimations, the datasets (species composition matrix, phylogeny, traits, and metadata) were first
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curated to ensure that site (grid 1Ds) and species names exactly matched, using the ‘base’ and

‘picante’ R packages with the functions ‘match.phylo.comm’, ‘match.phylo.data’, and ‘all.equal’

(Kembel et al., 2010; R Core Team, 2024).

Species richness (SR) was estimated based on the presence-absence sum of unique species to
represent taxonomic diversity. Despite SR not incorporating species abundance information, it
remains a versatile, practical, and broadly comparable index for biodiversity valuation (Gaston &
Spicer, 2003; Magurran, 2004). Thus, it is a fundamental metric in biodiversity studies due to its
ease of comparison across regions and ability to provide baseline data for tracking ecological
changes. The SR calculation was implemented in the ‘specnumber’ function from the ‘vegan’ R

package [version 2.6-4; Oksanen et al. (2019)].

Phylogenetic richness (PD) was derived using Faith’s PD, a widely accepted measure of
diversity that calculates the evolutionary history of a set of taxa (represented as leaves) by
summing the edge lengths connecting these taxa to the root of the tree (Faith, 1992), to represent
phylogenetic diversity/richness. The index offers a straightforward interpretation of a
community’s evolutionary history, capturing the number of species and the evolutionary
relationships and distances among them, thus offering insights into ecosystem resilience, feature
diversity, and conservation priorities by valuing the breadth of evolutionary history. It has broad
practical applications in ecology and evolutionary biology (Scherson & Faith, 2018). The PD
calculation was implemented using the ‘pd’ function in the R package ‘picante’ [version 1.8.2;

Kembel et al. (2010)].

Functional richness (FD) was estimated using the functional richness index of Villeger et

al. (2008), i.e., the functional space volume occupied by the community. Unlike dendrogram-
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based derivations of functional diversity, this approach’s incorporation of trait
multidimensionality in terms of the species in a community and their combined trait space makes
it a more intuitive, flexible, and practical biodiversity index. The FD was calculated using the

‘dbFD’ function in R package ‘FD’ [version 1.0-12: Laliberté et al. (2014)].

Net phylogenetic relatedness of species within communities was represented by the
phylogenetic mean nearest taxon distance (PDMNTP), estimating the average distance between
each species and its nearest relative in the community (Webb et al., 2002; Webb & Donoghue,
2004). The PDMNTD was calculated using the ‘ses.mntd’ function in R package ‘picante’ [version
1.8.2; Kembel et al. (2010)]. On the other hand, the net functional relatedness of species within
communities was represented by the functional mean nearest taxon distance (FDMNTP), which
adopts the PDMNTP concept to traits to estimate the mean distance of each species to its nearest
neighbor within the same community based on functional traits. This calculation is made
possible by using a distance matrix as input where the representation of species associations as
trees are first converted to a distance matrix. Thus, PDMNTP captured the diversity of biological
traits present in a mountain community, emphasizing species’ ecological roles, their interactions
with the environment and each other, and how these contribute to ecosystem functioning and
services. Its ability to identify functionally redundant or complementary species and reveal
functional clustering or overdispersion is vital to gaining ecological insights into species
persistence. The PDMNTP was calculated analogously as PDMNTP (using the ‘ses.mntd’ function
also in R package ‘picante’ [version 1.8.2; Kembel et al. (2010)]) following traits’ conversion to
a trait distance matrix (Webb et al., 2002; Webb et al., 2008) using the Gower dissimilarity index
(Gower, 1971; Legendre & Legendre, 1998). Our use of MNTD generally relates to its

sensitivity to diversity at the finer branches of the phylogenetic tree or the smallest functional
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differences between species, reflecting recent diversification events or niche differentiation. It
provides unique insights into the evolutionary history of the community and helps to reveal
patterns of phylogenetic clustering or overdispersion as it focuses on the phylogenetic or trait
relationships between species. Thus, the resulting patterns may suggest the existence of
environmental filtering pressures favoring related species with similar ecological traits or
competitive exclusion limiting the success of closely related species living in close proximity. It
IS more sensitive to changes among closely related species or those with very similar functional
traits, able to detect fine-scale ecological processes, informing the importance of preserving

closely related species or those with unique functional traits.

Beta diversity: taxonomic, phylogenetic, and functional multisite beta diversity indices. To
understand how variations in spatial grain influence biodiversity along elevational gradients, we
partitioned beta diversity into its turnover and nestedness components across taxonomic,
phylogenetic, and functional dimensions (Lozupone & Knight, 2005; Baselga, 2009; Baselga,
2012). We analyzed taxonomic beta diversity using a presence-absence dataset, quantifying
species composition variation among sites. This approach helped us differentiate whether
biodiversity changes were driven by species replacement (turnover) or by variations in species
richness (nestedness-resultant components), enhancing our grasp of spatial scale impacts on
community composition. Similarly, for phylogenetic beta diversity, we assessed changes in the
phylogenetic makeup of communities using a phylogenetic tree, thereby determining if observed
diversity shifts stemmed from phylogenetically similar or dissimilar species turnover or
discrepancies in phylogenetic richness. This analysis elucidates the role of evolutionary histories
in shaping community structures across diverse locales. In functional beta diversity, we

investigated trait variation across sites to discern shifts in ecosystem functions attributable to
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changes in species roles (functional turnover) versus alterations in the range of functions present
(functional nestedness). By dissecting biodiversity components across spatial grains and
landscapes, our work aims to deepen the understanding of biodiversity patterns and the
underlying ecological and evolutionary processes. The analyses were implemented in the
‘betapart’ R package version 1.6: Baselga et al. (2018) using the Jaccard dissimilarity index and
the community data matrix. The taxonomic beta diversity was implemented using the
‘beta.multi’ function, while phylogenetic beta diversity was implemented using the
‘phylo.beta.multi’ function, passing the phylogenetic tree as input. The functional beta diversity
was computed using the ‘phylo.beta.multi’ function, passing the functional traits as arguments;
however, the traits were first transformed by constructing a functional dendrogram using the
‘helust’ function on the Gower distance matrix of traits, which was computed using the ‘vegdist’
function from the ‘vegan’ package. This dendrogram was then converted to a phylo object using

the ‘as.phylo’ function.
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