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Abstract

Conservation areas encompassing elevation gradients are biodiversity hotspots be-
cause they contain a wide range of habitat types in a relatively small space. Studies
of biodiversity patterns along elevation gradients, mostly on small mammal or bird
species, have documented a peak in diversity at mid elevations. Here, we report on a
field study of medium and large mammals to examine the impact of elevation, habitat
type, and gross primary productivity on community structure. Species richness was
observed using a camera trap transect with 219 sites situated across different habitat
types from 2329 to 4657 m above the sea level on the western slope of Mt Kenya,
the second highest mountain in Africa. We found that the lowest elevation natural
habitats had the highest species richness and relative abundance and that both met-
rics decreased steadily as elevation increased, paralleling changes in gross primary
productivity, and supporting the energy richness hypothesis. We found no evidence
for the mid-domain effect on species diversity. The lowest elevation degraded Agro-
Forestry lands adjacent to the National Park had high activity of domestic animals and
reduced diversity and abundance of native species. The biggest difference in com-
munity structure was between protected and unprotected areas, followed by more
subtle stepwise differences between habitats at different elevations. Large carnivore
species remained relatively consistent but dominant herbivore species shifted along
the elevation gradient. There was some habitat specialization and turnover in spe-
cies, such that the elevation gradient predicts a high diversity of species, demonstrat-
ing the high conservation return for protecting mountain ecosystems for biodiversity

conservation.
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1 | INTRODUCTION

Mountains are critically important for conservation because they pro-
vide diverse habitats for a wide range of species (Dirnbéck et al., 2011)
and, especially in light of climate change, because they provide climate
refugia for many species (McCain & Colwell, 2011). Temperature and
rainfall patterns in mountains can change dramatically across a rela-
tively short linear distance, creating varied habitats and microclimates,
that in turn create a mosaic of niches for specialist species. Tropical
montane environments in particular are essential hotspots for verte-
brate diversity (Rahbek, Borregaard, Colwell, et al., 2019). However,
mountain biodiversity is now at risk due to increasing temperatures
(Pauchard et al., 2016), which especially threaten species confined
to higher elevations. Upslope shifts in species ranges and vegetation
zones can result in the loss of suitable (tropical-alpine) habitats fol-
lowing extensive warming (Dirnbock et al., 2011). This phenomenon,
referred to as the “escalator to extinction” has been detected in bird
communities in tropical montane habitats (Marris, 2007; Sekercioglu
et al., 2008). Thus, documenting the pattern of change of biodiversity
along elevational gradients has important conservation applications
(Rahbek, Borregaard, Antonelli, et al., 2019).

Understanding the drivers of mountain biodiversity may help to
identify conservation measures that avoid “escalator to extinction”
scenarios, or to predict how habitat loss will affect mountain com-
munities. Various hypotheses have been proposed to explain the
high diversity of mountainous regions. Some studies of biodiversity
change along elevational gradients have found that middle eleva-
tion domains have the highest diversity (Colwell & Lees, 2000). The
prevailing explanation for this pattern is that tolerance ranges for
both low elevation and high elevation specialists converge at mid-
elevations resulting in representation from both of these groups in
the same intermediary spaces, commonly referred to as the mid-
domain effect (Colwell & Lees, 2000). This pattern has been shown
for a variety of smaller species including small mammals, birds, her-
petofauna, and snails across a wide range of temperate and trop-
ical mountains (Malonza, 2015; McCain, 2004; Pan et al., 2016;
Patterson et al., 1998; Rickart et al., 2011; Tattersfield et al., 2001).
There has been relatively little study of these patterns in medium
and large mammals (>500g, hereafter referred to as “large mam-
mals” in line with other co-regional studies (Gebert et al., 2019)),
which might be expected to show different patterns of diversity due
to their larger spatial and/or larger energy requirements. Since larger
mammals range more widely and live at lower density, they might
be less likely to survive as specialists on narrow bands of suitable
habitat, as often seen in smaller species (Sanchez-Cordero, 2001) al-
though a relative lack of large mammal focused studies leave these

patterns in question.

The energy richness hypothesis (Wright, 1983) provides an al-
ternative prediction that high elevations should have both fewer
individuals and lower diversity than lower elevations due to the
lower levels of primary productivity associated with alpine plant
communities. While this theory has typically been tested along
latitudinal gradients, it could be even more appropriate for high
elevation tropical habitats because the seasonal variation that con-
founds the latitudinal explanations is less pronounced in equatorial
montane environments (Malhi et al., 2017). This hypothesis predicts
that measures of primary productivity describe how much energy
is available in a habitat to support animals across all trophic lev-
els. One potential mechanism for this is described by the “more-
individuals hypothesis” (Storch et al., 2018), where higher energy
availability supports more individuals, allowing more species to
have viable population sizes. Thus, the energy richness hypothesis
(and “more-individuals mechanism”) predict that patterns of mam-
mal relative abundance and diversity should follow the trend of
productivity along elevational gradients, which generally decreases
with increasing elevation. This differs from the mid-domain effect
in that lower elevations (and higher areas of productivity) may have
lower mammal relative abundance and diversity than intermediate
elevations (Rahbek, 1995).

Surprisingly, few studies have examined large mammals along an
elevational gradient; the most similar investigation was conducted
on Mt Kilimanjaro (Gebert et al., 2019). While this study detected
a mid-domain peak in richness at about 1800m, a lack of relative
abundance data still limits our knowledge of elevational patterns of
diversity in larger mammals in contiguously protected landscapes.
We also have little insight as to whether elevational patterns are
determined by overlapping ranges of elevational specialists, as has
been observed for smaller species, or by patterns of primary produc-
tivity, as seen across latitudinal gradients.

The Kenyan highlands are among the most species-rich areas
of equatorial Africa, harboring high levels of threatened and en-
demic biota. Indeed, this region is recognized as a global epicenter
of threatened biodiversity, having been designated as an Eastern
Afromontane Biodiversity Hotspot (Mittermeier et al., 2004).
Significantly, a number of highly-threatened Guineo-Congolian
lowland rainforest species occur isolated from their main ranges
in montane habitats on Mt Kenya (Dommain et al., 2022) such
as the bongo (Tragelaphus eurycerus isaaci), black-fronted dui-
ker (Cephalophus nigrifrons hooki) and potto (Perodicticus ibeanus
stockleyi), (Butynski & De Jong, 2017; Kingdon et al., 2013). The
Mt Kenya highlands are noted as an area of high priority for
conservation investment and protection in Africa due to the po-
tential to protect numerous species in a small area (Mittermeier

et al., 2011). In terms of biodiversity patterning, several studies
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have investigated trends in small animal and plant species along
elevational gradients. For example, Musila et al. (2019) recently
showed that small mammal species diversity exhibited a mid-
domain effect on the east (wetter) side of Mt. Kenya but that there
was little variation in species richness on the (drier) northwest-
ern side of the mountain. In contrast, studies on mollusks on the
mountain showed that diversity steadily decreased with elevation
(Tattersfield et al., 2001), and that herpetofauna diversity peaked
twice (Malonza, 2015). Here we report the first systematic study
of large mammal communities on Mt Kenya, adding to previous
small scale or anecdotal reports, such as U.S. President Theodore
Roosevelt's elephant hunt (Roosevelt, 1910) and work in the Teleki
Valley of the mountain (Young & Evans, 1993).

The goal of this paper is to test hypotheses about the deter-
minants of diversity by analyzing changes in large mammal diver-
sity along a 2328 m elevational gradient of Mt Kenya. We asked
whether diversity is unimodal due to an overlap of ranges for the
high elevation and low elevation specialists (resulting in a mid-
domain effect) or, alternatively, if diversity is negatively correlates
with elevation as a result of resource limitations, as predicted by
the energy richness hypothesis and many-individuals mechanism.
Because the natural landscapes of Mt Kenya are increasingly iso-
lated and surrounded by land converted to rain-fed cropland and
non-native forest plantations (including mixed agriculture small
plot shamba farming, timber plantations, and livestock grazing)
(Eckert et al., 2017), a secondary objective of our project is to es-
tablish which wildlife species can occupy disturbed habitat outside
of protected areas. This study sheds light on elevational patterns
in large mammal diversity, a largely missing component of eleva-
tional patterns across taxa, which tends to be dominated by work

on smaller and less mobile taxa (Figure 1).

FIGURE 1 A male common eland
(Taurotragus oryx) traversing the sparse
vegetation of Mt Kenya's Afro-alpine
habitat at an elevation of 4164 m.
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2 | MATERIALS AND METHODS
2.1 | Studysite

At an elevation of 5199 m above the sea level, Mount Kenya (00°9’S,
37°19'E) is the second-highest peak in Africa and a truly equatorial
mountain as its northern slopes straddle the equator (Figure 2a). Mt.
Kenya is an extinct volcano formed over 5million years ago which
last erupted about 1 million years ago (Veldkamp et al., 2012).

The climate of the region exhibits strong rainfall seasonality but
very small annual temperature fluctuations. The bi-annual passage
of the tropical rainbelt results in two distinct rain seasons between
March and June and between October and December with interven-
ing dry seasons (Nicholson, 2017). Due to a rain shadow effect, the
northwestern side (and to a lesser extent, the western side investi-
gated here) of Mt. Kenya is drier than the southeastern side, which
receives moisture from the Indian Ocean (Baker, 1967; Coe, 1967,
Downing et al., 2023; Smith & Young, 1987). From 1948 to 3000 m,
rainfall increases and reaches an average of 1050mm and a maxi-
mum of about 1600 mm per year on the western slope (study area)
(Downing et al., 2023). Above this elevation, rainfall decrease to
approximately 750mm per year at the summit region (Baker, 1967;
Coe, 1967). In contrast, temperatures continuously decrease with
increasing elevations (Coe, 1967).

The climatic gradients are reflected in distinct vegetation zones,
which comprise three main altitudinal belts: the Montane Forest belt,
the Ericaceous belt, and the Alpine belt, typical for the highest moun-
tains in East Africa (Allen, 1991; Coe, 1967; Hedberg, 1951; Smith &
Young, 1987). Below an elevation of about 2200-2300m the natural
forest cover of Mt Kenya region has been almost completely lost and is

replaced by agricultural fields and exotic timber plantations (Cupressus
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FIGURE 2 (a)Study area with transect of camera trap sites set every 100m along the Burguret trail on the western slope of Mt. Kenya.
Colored dots represent each camera trap location with the color denoting the habitat type (legend shown in b) (Map image: TanDEM-X

DEM ©DLR). (b) Camera trap sites shown by their elevation along the transect. Colored dots denote habitat type of each site. The legal park
boundary is between the bamboo and ericaceous zones but the functional protected space extends down to the base of the Montane Forest
(see the study site text for more details). (c) Examples of habitat types organized counter-clockwise from the top left (lowest elevation) to

bottom left (highest elevation) with corresponding color borders.

TABLE 1 Habitat zones (Young & Evans, 1993) sampled with corresponding major vegetation, elevations, and number ~25-day camera

traps deployments during our study.

Habitat Primary vegetation

Agro-forestry

Montane Forest
understory partly by Arundinaria alpina

Bamboo zone

Ericaceous Belt

Exotic timber plantations (Cupressus lusitanica), small plot potato farming

Mixed, old growth forest dominated by Podocarpus latifolius, Juniperus procera,

Monodominant stands of bamboo (Arundinaria alpina)

Combined zone of Hagenia abyssinica - Hypericum revolutum forest zone and

Ericaceous belt (shrublands of Erica arborea and Festuca pilgeri tussocks,
partly burned in 2012) and swamps of Carex monostachya and F. pilgeri)

Afro-Alpine Belt

Stands of giant senecios (Dendrosenecio spp.) and giant lobelias (Lobelia spp.)

among tussock grasslands dominated by F. pilgeri and dwarf shrubs of

Alchemilla agrophylla

Rock Bare ground and rocky outcrops with <10% vegetation cover

lusitanica and Grevillea robusta on the western side) (Kehlenbeck
etal.,2011). The Montane Forest area on the mountain consists of three
zones: montane rainforest (2400-2870m), bamboo (2870-3220m) and
Hagenia-Hypericum forest (3220-3285m) (Table 1) (Hedberg, 1951).
The Ericaceous belt stretches from 3285 to 3857m and, on the west-
ern side, consists of a mosaic of shrublands dominated by tree heather
(Erica arborea) and sedge-grass swamps dominated by the sedge Carex
monostachya and tossock grass Festuca pilgeri. The Afro-Alpine belt
(3857-4246m) is characterized by tussock grasslands (F. pilgeri), dwarf
shrubs (Alchemilla agrophylla), giant senecios (Dendrosenecio keniensis,
D. keniodendron) and giant lobelias (Lobelia telekii, L deckenii). Above this
is the windswept Rock zone (4246-4657 m) composed of craggy peak
formations, diminishing glaciers, and rock fields with few scattered
herbs, grasses, and mosses (Figure 2c).

The greater Mt Kenya ecosystem features a border at 2401 m el-
evation that separates the Mt Kenya Forest Reserve, administered by
the Kenya Forest Service (KFS), at lower elevations, and the greater
Mt Kenya National Park management area (Figure 2a), administered
by the Kenya Wildlife Service (KWS), at higher elevations. The Forest
Reserve below 2401 m is a mixed-use agricultural area that undergoes
agricultural cycles where new timber saplings are planted after ma-
ture forest clearcut harvests, during which time the land is also used
for small plot potato farming (called shambas) between the sapling
rows by tenant farmers for the first 10years. At intermediate timber
growth stages, tenant farmers either interplant shade vegetables
between the timber rows or move to the next timber clearcut plot
and livestock is brought in to graze the intermediate to mature timber
areas (Bussman, 1994; Eckert et al., 2017). In all stages this habitat
type is under intensive land use and occupation, including the corre-
sponding wildlife trapping/hunting. Above 2401 m, the National Park

Number of
Elevation range (m) cameras
2329-2401 21
2401-2869 71
2869-3214 25
3214-3857 43
3857-4246 21
4246-4657 38

management area is strictly off limits to consumptive extraction or
livestock use (Figure 2). Given that the conversion of natural habitat
into agricultural habitat has rapidly increased over the last 40years
(Eckert et al., 2017), there is a sharp distinction between protected
habitats at elevations above 2401 m in along the Burguret Trail and
mostly disturbed habitat at lower elevations.

2.2 | Datacollection

We conducted this study along the western slope of Mt Kenya (00°8’S,
37°15'E) from August 29, 2015 through November 18, 2015. We po-
sitioned camera traps every 100m along a 23.7 km long transect fol-
lowing the Burguret Trail (Figure 2) from elevations 2329 to 4657 m
covering six main habitats (Table 1). Our camera trap transect fol-
lowed routes used by the Smithsonian research teams accompanying
former Roosevelt (1910) in order to consolidate logistics with concur-
rent Smithsonian small mammal research during our study period. To
evaluate the importance of management difference systems, we also
deployed cameras in the Agro-Forestry plantation buffer zone at the
boundary of the park to quantify wildlife species using this degraded
habitat, and the use of the protected areas by neighboring livestock.
We deployed camera traps (Reconyx Hyperfire: RECONYX,
Inc., Holman WI, USA) following best practices as evaluated in Kays
et al. (2020), locked to trees and rocks at knee height (~50cm) with-
out bait (a configuration that enabled these camera traps to reliably
detect mammals down to ~500g), rotating to new sites within the
same elevational range every 3-4weeks, for a total of 239 trap lo-
cations across the six habitat types over a three-month period. Sites
were chosen using a stratified-random design to cover off-trail,
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game-trail, and main-trail locations with each camera spaced at
least 100m away from another camera in the same strata to prevent
auto-correlation (Kays et al., 2010, 2021). Cameras were set to take
a series of 10 photos at 1 frame/s for each motion trigger, and to
retrigger immediately if the animal was still in view. For analyses we
combined consecutive triggers <60s apart into one “sequence” and
counted the number of animals that passed through the field of view
as a measure of group size. We stratified cameras along the main
trail (68 cameras), game trails (75 cameras), and off trail (96 cameras).

We used the eMammal system to process the camera trap data
by uploading each deployment, excluding false triggers, and record-
ing each animal identified (McShea et al., 2016). Field staff initially
identified animals detected before a second expert mammalogist
team member reviewed identifications for taxonomic accuracy. For
analysis, we used composite groups for three taxa (hares: Lepus cap-
ensis, Lepus victoriae; genets: Genetta genetta, Genetta maculata, and
small rodents) that could not be consistently identified to species
level in camera trap photographs (Table S1).

We related mammal species assemblages in specific elevational
zones to the corresponding vegetation belts (Table 1). Vegetation
belts and their elevational ranges were mapped along the Burguret
Trail between August 19 and 31, 2015. Dominant plant species were
identified with Agnew (2013) and Beentje (1994) and elevations re-
corded with handheld GPS (Garmin GPSmap 65s).

At each camera location, we calculated the gross primary pro-
ductivity (GPP), a key indicator of ecosystem productivity. We used
the NASA MODIS Terra data to estimate GPP with a spatial reso-
lution of 1km (Radeloff et al., 2019), which was the highest reso-
lution available for our study period. Our transect of camera traps
extended over 23.7 km, allowing us to observe and map variations on
GPP across the elevational gradient (Figure 3). We used the software
QGIS (QGIS Development Team, 2018) to assign each camera trap

site a specific GPP value based on its location.

2.3 | Analyses

To measure relative abundance for each species and camera deploy-
ment, we calculated the detection rate of each species as the sum
of animals seen moving through the frame of view of the camera
divided by the number of total trap nights. Previous studies using
a variety of methods have shown that detection rate is closely cor-
related to animal density when camera deployments are unbiased
(Nakashima, 2018; Rowcliffe et al., 2008). In addition to this raw
rate, we also accounted for the fact that larger animals tend to trig-
ger the camera from further distances than smaller animals by esti-
mating detections/day/m?2. We used the formula:

Detection rate=day

Detection correction = -
1.65 x Body mass (kg)3

from Rowcliffe et al. (2011) and obtained average body masses for
all species from the Animal Diversity Web (University of Michigan
Museum of Zoology, 2020). Due to the difficulty of sexing many of

the species observed, we used the average body mass between male
and female based on the Animal Diversity Web (University of Michigan
Museum of Zoology, 2020). We used JMP software to calculate
Pearson's correlation coefficient between the relative abundance and
elevation, and also GPP and average species richness detected by cam-
eras grouped by 200m elevation change (Figure 3). These grouped val-
ues were tested for normality using the Shapiro-Wilk normality test.
We used the betapart (Baselga & Orme, 2012) and vegan R packages
(Oksanen et al., 2016) to calculate species richness and Shannon di-
versity, and to evaluate beta-diversity between habitats based on the
Sgrenson similarity index. We used the function “estimateR” in vegan
to calculate Chao species estimates to evaluate sample adequacy, in
addition to generating a species accumulation curve. We then analyzed
the relationship between diversity and elevation by fitting a Gaussian
generalized linear model for Shannon diversity, and a Poisson gener-
alized linear model for species richness data in R. We compared qua-
dratic and linear fits using elevation and habitat zones as covariates of
Shannon diversity and species richness of all mammal species by cam-
era trap. We compared AlCc values to determine which model best fit
the data and tested for violations of model-fitting assumptions using
the DHARMa package (Hartig, 2020).

3 | RESULTS

Of the 239 camera trap deployments, 219 were successful, (20 fail-
ures arose due to dead batteries, card errors, obstruction by falling
vegetation, and hyena camera damage). Each deployment location
was monitored for approximately 4weeks before it was recovered and
redeployed to the next target site. The successful deployments with
at least 14 camera trap nights resulted in a total of 5756 trap nights
in which 28 species of wildlife and four species of domestic livestock
were detected, totaling 3018 wildlife observations and 2447 domestic
species observations (see Table S1 for raw data and scientific names).
Exact counts and detection rates per species can be found in Table S1.

3.1 | Wildlife relative abundance

Within the national park there was a relatively consistent downward
trend in wildlife abundance with increasing elevation when consid-
ering individual deployments (Figure S1), or averaging within habitat
types (Figure S2). The relative abundance of all native species was
negatively correlated with elevation (r=-.68, p=.01) and positively
correlated with GPP (r=.91, p=4.62e-05, Figure 3). Outside the
park, in the Agro-Forestry zone, there was a high level of domestic
animal activity and low abundance of native species (Figure S2).

3.2 | Species richness and Shannon diversity

Our observations fell within Chao species richness estimates sug-
gesting sampling adequacy over our research period (Figure S5).
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This was reinforced by our species accumulation curve that which
leveled off at approximately 30 species over our 219 deployments
(Figure S5). Native species richness declined steadily with eleva-
tion, and this effect was also explained by habitat type. Linear and
quadratic models that included elevation and habitat performed
similarly to models with only elevation (AlCc range=725.7-727.8)
suggesting that adding habitat as a covariate only modestly

improved model fit (Table 2), over models with elevation or habi-
tat alone (Figure 3). Given that simpler models should be pre-
ferred in the case of similar competing models (Arnold, 2010), we
concluded that the best model of species richness and Shannon
diversity included only the elevation. We did not find significant
evidence for heightened species richness or Shannon diversity
at mid-elevations, indicated by the lack of a significant negative
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second-order polynomial coefficient in quadratic fits (richness

p=.06, Shannon's diversity p=.55).

3.3 | Species-specific patterns

Changes in diversity across the elevational gradient were likely
caused by different levels of habitat specificity across mammals
(Figure 3). On one side of the spectrum were the strict habitat
specialists, like the steenbok (Raphicerus campestris), that were
found in only the Agro-Forestry zone. Likewise, the crested por-
cupine (Hystrix cristata) and the southern tree hyrax (Dendrohyrax
arboreus) were only detected in the Montane Forest of the National
Park. Other species, like the suni (Neotragus moschatus), were com-
monly found in multiple zones, often occurring in high relative
abundance in one zone and in moderate and low abundance in
adjacent habitats (Figures S3 and S4). Interestingly, the common
duiker (Sylvicapra grimmia) was found in high numbers in both the
patchwork of Agro-Forestry land and the high elevation Ericaceous
belt but was only observed once in the denser Montane Forest or
Bamboo zones that feel between these two zones, displaying a
fidelity to habitats with similar vegetation characteristics. Finally,
many carnivores (Carnivora), including leopard (Panthera pardus),
spotted hyena (Crocuta crocuta), and zorilla (Ictonyx striatus) were
habitat generalists that were detected across multiple habitat
types and elevational zones (Figure 4).

Changes in species dominance across habitats and elevations
helped us understand shifts in montane mammal communities on Mt
Kenya (Figures S3 and S4). For herbivores, we found unique species
combinations dominating each habitat. Specifically, suni and bush-

buck (Tragelaphus scriptus) dominated in the dense vegetation of the

TABLE 2 Summary of generalized linear models of species
richness (Poisson error structure) and Shannon diversity (Gaussian
error structure) to elevation and habitat.

Covariates AlIC dAlCc df

Species richness (Poisson models)

Linear elevation + habitat 725.7 0 7
Quadratic (Elevation) 726.2 0.5 3
Quadratic (Elevation) + habitat 727.5 1.9 8
Linear elevation 727.8 21 2
Habitat 736.9 11.2 6
Shannon diversity (Gaussian models)
Linear elevation 247.8 0 3
Quadratic (Elevation) 249.5 1.7 4
Linear elevation + habitat 252.3 4.5 8
Quadratic (Elevation)+ habitat 254.2 6.4 9
Habitat 259.2 11.3 7

Note: The model containing only linear elevation (bold) was the most
parsimonious model for both metrics of diversity, explaining a very

similar degree of variation as other models that included habitat and
quadratic terms, but using fewer degrees of freedom (Arnold, 2010).

lower tropical Montane Forests, blue monkeys (Cercopithecus mitis)
and suni dominated in Bamboo, black-fronted and common duiker
dominated the Ericaceous zone, and the rock hyrax was by far the
most common animal in the rocky Afro-Alpine landscapes at the top
of the mountain. Importantly, there are zones that, despite having
lower than expected species richness, are critical habitats for certain
species and which should be conserved. The pattern for carnivores
was much different; apart from the serval (Leptailurus serval) being
most common in the Ericaceous and Afro-Alpine zones, leopard
and spotted hyena were dominant carnivores across most habitats.
Generalist carnivores, especially relatively large carnivores that are
able to cover a wider range in search of food resources, appear to be
more abundant across the mountain.

3.4 | Community similarity

Our Sgrenson similarity index calculations of wildlife community
beta-diversity show that the wildlife species composition in the
agro-forestry is the most dissimilar from the undisturbed habitats,
with various non-montane species that were only recorded there
(Figure 5, exact values in Table S2), such as the four-toed hedge-
hog (Atelerix albiventris) and steenbok. Subdivided by habitat,
alpha-diversity changed from a maximum of 20 species in the more
productive Montane Forest to a minimum of 6 species in the low
productivity Afro-Alpine and Rock habitats, centered around high
elevation specialists like eland (Taurotragus oryx) and rock hyrax
(Figure 6). This subdivision of habitat also mirrored patterns of el-
evation where higher elevation habitats had lower mean species
richness by camera and lower detected biomass detected per trap
night (Figure 6).

4 | DISCUSSION
4.1 | Mammal diversity and species richness

Our study represents one of the most comprehensive field-based
investigation of the relationship between elevational change and
large (>500 g) mammal communities to date. We found that species
richness and Shannon diversity declined consistently as elevation
increased and gross primary productivity decreased with the high-
est species richness was found in the Montane Forest zone and
the lowest in the Afro-Alpine and Rock habitats which is consist-
ent with Chao species estimates we calculated (Figure S5). Thus,
our results support the energy richness hypothesis (Wright, 1983)
but not the mid-domain effect (Colwell & Lees, 2000) for larger
mammals.

Anthropogenic changes strongly affect mammal communities.
We found that a low relative abundance of native mammals in the
lowest elevation, which could be related to the negative impacts
of human disturbance. Indeed, on a global scale, human impact is
much larger in the lowlands (Nogués-Bravo et al., 2008). However,
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FIGURE 4 Elevational and habitat distributions for native mammals detected by 219 camera traps set along an elevational gradient on Mt
Kenya. Each colored dot represents the detection of a species by a camera trap at that elevation ordered by each species mean detection
elevation.
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FIGURE 5 Sgrenson similarity beta-relateness index detailing similarities of species compositions of mammal detection by camera traps
across six habitat types on Mt Kenya. Height denotes the similarity between mammal communities in that habitat types with shorter heights
relative to each other being more closely related. Exact measures can be found in Table S2.

Agro-forestry Montane Forest
Average
species seen

per camera

3.38 3.38
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appearing at
transition

Number of

Species
disappearing
at transition

Bamboo Ericaceous Afro Alpine Rock

2.8 1.95 1.0 0.93

oot e @ 4 @ B ‘ = @ o @‘> @

FIGURE 6 Mean species richness detected per camera and change in the diversity of mammals in major vegetation zones along an
elevational gradient on Mt Kenya. This alpha diversity pattern resulted from a combination of species maintaining a presence from one
adjacent habitat type to the next (arrows), species disappearing (lower boxes) or appearing (upper boxes) at each habitat transition.

the risks of human disturbance on montane habitats continues to
climb elevation worldwide resulting in encroachment zones that
threaten to engulf border zones of protected spaces similar to Mt
Kenya's Montane Forest (Feng et al., 2023). The lowest elevation
Agro-Forestry plantations had the second highest species rich-
ness among vegetation zones, but showed a low relative abun-
dance of native mammals, presumably due to competition with
livestock and hunting. In the absence of the habitat fragmentation
and land conversion of the Agro-Forestry zone, we would expect
similar, if not greater, levels of wildlife species richness and rela-
tive abundance with decreasing elevation and increasing GPP, a
pattern found not just in mammals but in other clades like herpe-
tofauna (Malonza, 2015). Due to the wide range of climatic zones
surrounding mountains, our results may differ from patterns on
other slopes of Mt Kenya. Specifically, the northern slope features
a wider Ericaceous belt but lacks a bamboo or much of a Montane
Forest belt due to much drier climate conditions (Allen, 1991;
Young, 1984), and the Montane Forest proceeds to much lower el-

evations on the wetter south-eastern slope.

4.2 | Habitat, mid-elevation trends, and species
specialization

The patterns we observed in large mammal species diversity par-
alleled those in recent research on Africa's highest mountain, Mt
Kilimanjaro (Gebert et al., 2019), situated about 400km south of
Mt. Kenya, where large mammal species richness also declined
with increasing elevation. However, carnivores on Mt Kilimanjaro
were not detected above 3880m, whereas we detected several
carnivore species (leopard, spotted hyena, slender mongoose
(Galerella sanguinea)) beyond 4500 m. Additional differences in
mammal communities across the two mountains may be due to
increased human presence along the elevational gradient on Mt
Kilimanjaro creating niches for some species that may not have
been present without human influence (e.g. crested porcupine at
3650m on Mt Kilimanjaro, but not Mt Kenya) and potentially ex-
cluding sensitive species from other elevations (e.g. African buf-
falo and bushbuck on Mt Kenya, but not Mt Kilimanjaro). On both

mountains, large mammal species richness declined as elevation
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increased and productivity decreased between 2400 and 4700 m,
providing future support for the energy-richness hypothesis
(Srivastava et al., 1998). Furthermore, the close parallel between
relative abundance and productivity does, from our work, lend
credence to the many individuals hypothesis (Wright, 1983).

This pattern of declining diversity with increasing elevation con-
trasts with results from many other studies that found a mid-domain
(middle-elevation peak) effect (Herzog et al., 2005; Hu et al., 2022;
McCain, 2005). Small mammal surveys conducted on different parts
of Mt Kenya (Musila et al., 2019; Onditi et al., 2022) showed that the
pattern may vary depending on which side of the mountain was sur-
veyed. Our results may deviate from the mid-domain effect, in part,
because larger mammals may not be able to specialize on narrow
bands of habitat due to their larger space requirements and lower
densities compared to small mammals (Beasley & Rhodes, 2010).
Due to their smaller home ranges, small mammals may be more likely
to be found in single habitat type resulting in high species richness
in a relatively small geographic area (Rickart et al., 2011; Schlinkert
et al., 2016) which may partially explain why contemporaneous small
mammal studies on other parts of the mountain found some evi-
dence for mid-domain effects in non-volant small mammal species
richness (Musila et al., 2019; Onditi et al., 2022). Second, it is possi-
ble that large mammal diversity does show a mid-domain effect, but
that it is spread over a larger elevational gradient. Indeed, the Mt
Kilimanjaro study, which focused on elevational ranges from 750 to
4500m, did find a mid-domain effect but that the peak diversity was
around 2100m, roughly 200m lower in elevation than our lowest
camera trap (Gebert et al., 2019), a pattern that was similarly ob-
served in a similar elevation study in the Himalayas (Hu et al., 2022).
A study conducted in the Laikipia region, immediately west of Mt
Kenya, observed an average large mammal species richness of 48
species in protected landscapes between 1600 and 2100m ele-
vation (Kinnaird & O'Brien, 2012). However, the reality that many
regions surrounding the lower slopes of mountains are severely im-
pacted by human activity makes it extremely challenging to disen-
tangle mid-domain effects from the effects of human disturbance.

4.3 | Community composition change between
habitat types

We observed substantial differences in animal communities in
unprotected habitats (Agro-Forestry) versus adjacent protected
Montane Forest habitats administered by the Kenya Wildlife
Service. There are several reasons why wildlife detections were lim-
ited in the Agro-Forestry zone. Firstly, wild herbivores venturing out
of the Montane Forest and into the Agro-Forestry zone likely face
a high degree of resource competition with domestic livestock, sup-
ported by our finding that raw livestock detections outnumbered
wildlife detections by a margin of four to one. Additionally, many
wildlife species are illegally hunted because they are considered
pests (Graham & Ochieng, 2008) or as bushmeat to supplement local
farmers' diets (Menz, 2014). The beta-diversity analyses showed
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that the apparently high species diversity of the Agro-Forestry area
is deceptive because the mammal community includes severely re-
duced abundance of native mammals and large numbers of domestic
species. Some species like common duiker are likely to be found in
the Agro-Forestry belt as a result of the more open habitat created
through land clearance and absence of the prime Montane Forest
that has historically been at that elevation. Within the park common
duiker were absent from the forested region adjacent to the Agro-
Forestry zone, but were frequently detected in the high elevation
open habitat of the Ericaceous zone. Another open habitat species
also found in the Agro-Forestry zone, the steenbok, whose solitary
nature might make them more adept at tolerating human and do-
mestic animal co-habitation, is noted for having a habitat preference
for more arid environments (Du Toit, 1993; Leakey et al., 1999).

Aside from revealing broad elevation patterns in mammal spe-
cies richness, our study also revealed exciting new records of certain
species on the mountain (Figure 7; Table S1). First, we documented
Jackson's mongoose (Bdeogale jacksoni), which had become so rare it
disappeared from comprehensive Mt Kenya mammal lists more than
three decades ago (Young & Evans, 1993). We observed Jackson's
mongoose on three occasions within a narrow elevational band
(2500-2700m), thus suggesting a previously undocumented sur-
viving population of this IUCN listed “Near Threatened” species
(De Luca et al., 2015). Second, we detected two widespread spe-
cies known mostly from lower-elevation drylands: honey badger
(Mellivora capensis) and aardvarks (Orycteropus afer), recorded for
the first time on Mt Kenya from this study. Eland were the only large
herbivore our cameras detected at elevations higher than 4000 m,
the lone survivor of a high mountain mammal community that, as
recently as 50years ago, included elephant (Loxodonta africana),
plains zebra (Equus quagga), hartebeest (Alcelaphus buselaphus), and
African buffalo (Syncerus caffer) (Young & Evans, 1993). Our highest
detections of elephants were in the Montane Forest and our high-
est detections of buffalo were in the Ericaceous zone, hundreds of
meters lower in elevation than these species have been recorded
previously. The low number of elephant detections matches specula-
tion within local conservation organizations that elephants numbers
across the Mt Kenya habitat region may be decreasing as a result
of major historical movement corridors (Meinertzhagen, 1957) being
closed due to land use conversion resulting in an a limited ability to
reach the mountain from other protected wildlife areas (Nyaligu &
Weeks, 2013).

There were also five species that were notably absent in our sur-
vey. Black rhino (Diceros bicornis) and African lion (Panthera leo) have
been extirpated from Mt Kenya with the last published sightings in
1983 and 1977 respectively (Young & Evans, 1993). We did not re-
cord endangered African wild dogs (Lycaon pictus), several packs of
which were observed as high as 3900 m on the mountain as recently
as 1967 (Coe, 1967). Mountain bongo (Tragelaphus eurycerus isaaci)
still survive in the National Park after being nearly hunted to extinc-
tion, and are a species of particular interest given ongoing efforts
through KWS and private party partnerships to revive the popula-
tion on Mt Kenya (Kenya Wildlife Service, 2010). Our camera traps
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FIGURE 7 Selected captures of notable mammals. Clockwise from top left: (a) a pair of clandestine Jackson's mongoose, having not been
scientifically documented on Mt Kenya since 1923, using a bamboo stand; (b) a honey badger and (c) an aardvark both using water features
on Mt Kenya, where there had been no previous records of them ranging; (d) a group of eland at high elevation using the Afro-Alpine

landscape.

transected ideal habitat (Estes et al., 2008) for all of these species
on Mt Kenya but we had zero detections. However, we recognize
that year-round sampling could reveal different patterns for species
like mountain bongo that are known to still exist on some parts of
Mt Kenya.

Our data represent the most exhaustive record of large mam-
mal biodiversity on Mt Kenya conducted since at least the first
Roosevelt Expedition over a century ago. From a practical conser-
vation perspective, the changes in community relatedness as it per-
tains to habitat, where some species exist in large numbers in only
one or two habitats and relatively low numbers in the rest, sug-
gests that the whole range of natural habitats must be protected
to maintain the total species richness. This concern is particularly
relevant for Mt Kenya, given the combination of both low latitudes
and large elevational range (Tenorio et al., 2023). It is also worth
noting that the area of highest species richness abuts the human

modified landscape and is most at risk of habitat fragmentation

and land use conversion, a combination that has been projected
to be troubling for similar montane biodiversity hotspots, which
also face pressures of anthropogenic localized disturbance (Feng
et al., 2023) as well as climate change (lturralde-Pdlit et al., 2017;
Ye et al., 2018). Given the expected future climate change in the re-
gion (Konecky et al., 2014; Notter et al., 2007; Waititu et al., 2022),
we also think this topic will become even more important for eval-
uating the importance of elevational gradients in protecting biodi-
versity. These findings reveal the unique nature of this landscape
and emphasizes the need for governmental and NGO conservation
organizations to continue their essential work to protecting the
mammal communities that exist in these rare Afromontane and
Afroalpine habitat systems.
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