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ABSTRACT

Exploring biogeographical patterns of species richness and compositional turnover, and their responses to environmental factors is essential for
predicting biodiversity responses to future global change. However, our understanding at continental scales remains limited, especially in Africa,
due to data gaps and uneven sampling. Using a model-based distribution dataset of >23000 vascular plant species in sub-Saharan Africa, we mapped
species richness, estimated as species counts at site-level and explained using generalised additive modelling (GAM). Compositional turnover was
mapped according to the nonmetric multidimensional scaling of between-site Jaccard dissimilarity and explained using multi-site generalised dis-
similarity modelling (MS-GDM) of zeta diversity. We used deviance partitioning to identify potential underlying mechanisms of these biogeograph-
ical patterns. The results revealed species-rich pockets and compositional clusters of vascular plants across sub-Saharan Africa. The GAM fits the
richness variation well (89.7% deviance explained) and identified mean annual precipitation (contributing 8.52% alone), mean annual temperature,
fire frequency, human footprint, soil clay content, and topographic roughness as significant predictors. The MS-GDM explained 63% and 38.49%
of the deviance in compositional turnover of narrow-range and widespread species, respectively. Geographical distance between sites contributed
the most to the turnover of narrow-range species (9% deviance explained), whereas turnover of widespread species was affected by between-site
differences in soil pH (7.55% deviance explained). Turnover of narrow-range and increasingly widespread species was driven mostly by environmental
heterogeneity (14% and 10% deviance explained, respectively). These insights enhance our understanding of the processes shaping African plant
biogeography and provide a foundation for predicting continental-scale biodiversity responses to future environmental change.

Keywords: African conservation; biogeographical patterns; biodiversity hotspots; compositional turnover; multi-site generalised dissimilarity;
zeta diversity

INTRODUCTION

Exploring biogeographical patterns of species richness and com-
positional turnover, and how they differentially respond to envi-
ronmental factors, is essential for predicting biodiversity responses
to future global change amid accelerating land-use transformation
and climate shifts. Although considerable progress has been made
over the years to explain these patterns, no consensus has been

cited as major determinants of plant species richness (Cowling
et al. 1996, Meentemeyer et al. 2001, O’Brien et al. 2003, Linder
et al. 2012, Moura et al. 2016, Guitet et al. 2018, Mateo et al. 2022,
Wedegirtner et al. 2022, Berihun Tenaw ef al. 2024).

In particular, the effect of water—energy dynamics has been pos-
itively correlated with patterns of species richness, underscoring the
pivotal role of water and energy availability in shaping plant diversity

reached. Most research has focused on richness variation in envi-
ronmental, geographical, and trait spaces, describing site-level
alpha diversity (Whittaker 1960, 1972, Nilsson et al. 1989, Nekola
and White 1999, Vellend 2001, Qian and Ricklefs 2007, Kreft and
Jetz 2007, Violle et al. 2011, Linder et al. 2012, Baker et al. 2025).
Climatic, topographic, edaphic, and disturbance factors are often

and distribution (O’Brien 1998, Hawkins et al. 2003, Kreft and Jetz
2007, Cramer and Verboom 2024, Bhattarai et al. 2025). However,
these patterns are often contextual, complex, and nonlinear. For
instance, at certain montane sites along a broad elevational gradient,
species richness follows a unimodal trend, peaking at mid-elevations
(Bruun et al. 2006, Gebrehiwot et al. 2019, Cirimwami et al. 2019).
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In contrast, at other montane sites, tree species richness remains
unchanged across a 2-km elevational range in plot samples (Lovett
1996, Lovett et al. 2006). An explanation for the unimodal pattern
is that montane species are constrained by climatic and edaphic
variations at higher elevations (Rahbek 1995, Kérner 2007), though
disturbance is also considered to play an important role (Lovett
1999). Physicochemical soil properties corresponding to nutrient
availability and water-holding capacity reinforce species richness
(Kammer et al. 2013), through plant growth and development, and
consequently plant distributions (Zellweger ef al. 2015). The effect
of disturbance on richness involves an interplay between distur-
bance agents (biotic and abiotic) and species adaptive strategies
(Mackey and Currie 2001, Miller et al. 2011, Veldman et al. 2015,
Bond and Zaloumis 2016, Courtenay et al. 2024). Generally, species
richness peaks at intermediate levels of disturbance (Grime 1973,
Dornelas 2010, Weeks ef al. 2023). On either end of the gradient,
plant diversity is limited by competitive exclusion and
species-specific regenerative constraints (Dornelas 2010).

In contrast to richness, the component of compositional turn-
over in biogeographical patterns describes assemblage differences
between site-pairs, known as beta diversity (Whittaker 1960,
1972, Legendre ef al. 2005). Biodiversity partitioning into alpha
and beta diversity often contains missing unspecified information
that prescribes overall assembly processes (stochastic versus deter-
ministic processes) and differentiates the contributions to com-
positional turnover of narrow-range species and species that are
more widespread (McGeoch et al. 2019, Deane et al. 2023). To
provide a full set of biodiversity partition metrics, zeta diversity
was proposed for quantifying multi-site compositional turnover
(Hui and McGeoch 2014).

Beta compositional turnover of plants has mostly been asso-
ciated with environmental heterogeneity (Palmer 2007, Stein

et al. 2014, Bakker et al. 2023) and spatial connectivity (Wiens
and Donoghue 2004, Harrison and Cornell 2008). Under het-
erogeneous environments, compositional turnover may be
expected to reflect resource partitioning between species and
geographical distance decay of compositional similarity (Rick-
lefs 1977, Dufour et al. 2006, Stein et al. 2014). Exploring
multi-site zeta diversity can further tease apart potential drivers
of compositional turnover for narrow-range species from
increasingly widespread species (Latombe et al. 2018). Such
analyses at continental scales particularly for African vascular
plants are lacking, due largely to data discrepancies that include
uneven geographical coverage and inconsistent sampling inten-
sity, all of which constrain our understanding of biogeographical
patterns at broad spatial scales.

Global plant diversity records are highly uneven, with African
plant distributions poorly represented by herbarium botanical
collections that form the basis of global data compilations (Kiiper
etal. 2006, Ahrends etal. 2011). Consequently, we use a
model-based distribution dataset (https://bien.nceas.ucsb.edu/)
and map the biogeographical patterns displayed by more than
23,000 vascular plant species in sub-Saharan Africa. Specifically,
we map in parallel the biogeographical patterns of species richness
and compositional turnover at 20-km resolution and explore the
influence of factors associated with climate, disturbance, and envi-
ronmental heterogeneity for potentially explaining these patterns.
Compositional turnover reflecting the gain and loss of largely

narrow-range species to increasingly widespread species is differ-
entiated using zeta diversity of different orders.

MATERIALS AND METHODS
Study area

The study was confined to mainland sub-Saharan Africa (Stuart
et al. 1990, De Klerk et al. 2002, Ncube et al. 2025) encompassing
approximately 24 million km? of land (Fenta et al. 2020), south
of 20°N latitude, and between 20°W and 55°E longitude. Proxi-
mate islands were excluded as their ecological dynamics are
expected to differ from those of the mainland (Whittaker et al.
2008). The continent is topographically complex, including a
series of rift valleys (Lamptey 2021), with prominent peaks in the
eastern (Kilimanjaro-5895m), southern (Thabana-Ntlenyana-
3482m) (Maxted etal. 2004), and western and central
(Cameroon-4040 m) regions (Cheek ef al. 2021). The climate is
highly variable, influenced by its broad latitudinal span across both
the northern and southern hemispheres. This geographical range
results in diverse climatic zones, ranging from arid, tropical, and
temperate, contributing to the significant regional climatic varia-
tion (Hulme et al. 2001, Collins 2011). Approximately one-third
of the region’s soils are highly acidic (pH <S5.5) (Pauw 1994) and
suffer from infertility due to an interplay of socioeconomic, cli-
matic, topographic, and geological factors (Tully ef al. 2015).
These soils tend to be rich in clay and silt but lack sufficient organic
matter (Zingore et al. 2015, Bado and Bationo 2018). The high
plant diversity (Klopper et al. 2007, Linder 2014, Catarino and
Romeiras 2020) has been classified into major bioregions (Din-
erstein et al. 2017, Ncube et al. 2025). Some of these bioregions
are ecologically dynamic; for instance, large areas of the tropical
and subtropical grasslands, savannas, and shrublands are flamma-
ble (Goldammer & De Ronde, 2004, Bond and Zaloumis 2016)
and burn frequently (Archibald et al. 2010).

The plant dataset

A dataset of model-based species distributions for 23,189 native
African vascular plant species was used in this study. We relied on
predicted distributions due to data deficiencies in occurrence
records of vascular plants in Africa (Kiiper et al. 2006). This data-
set was generated as part of the Spatial Planning for Area Conser-
vation in Response to Climate Change (SPARC) global project
and compiled by the Botanical Information and Ecology Network
(BIEN) group, together with external partners (https://bien.
nceas.ucsb.edu/). It was obtained from online resources main-
tained by Conservation International. The predicted distributions
were based on the MaxEnt model, which implemented spatially
thinned and taxonomically verified occurrences, with climate and
soil data (Merow et al. 2019). Each model prediction was con-
verted into a binary raster of presence/absence using the Sth per-
centile threshold (Merow et al. 2019).

We converted the predicted distribution dataset into a site-by-
species matrix for mapping and analysing the biogeographical
patterns of the African vascular plants. We achieved this by map-
ping the binary raster of a species’ distribution onto a ‘fishnet’ grid
of 20x20-km cells, using Albers equal area conic projection
(WGS1984) in ArcGIS v.10.8.1 with two standard parallels of
20°N and 23°S (ESRI2020), which was then pruned to cover the
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entire spatial extent of mainland sub-Saharan Africa. The final
matrix generated using the ‘raster’ R package (Hijmans 2020,
R Core Team 2020) comprised 23,189 species and 55,815 sites.
These species represent a substantial portion of the estimate of
47,714 native vascular plant species in sub-Saharan Africa (Qian
etal. 2021).

Environmental predictors

We selected a range of environmental predictors to explain the
patterns of species richness and compositional turnover. The over-
all choice of selection was informed by their relative importance
and partial contributions in explaining species diversity for vas-
cular plants (Gentry 1988, Lee and Chun 2016). These were cat-
egorised according to three key potential explanations: climate,
disturbance, and environmental heterogeneity (Supporting Infor-
mation Table S1).

We used four bioclimatic predictors (Fick and Hijmans 2017):
mean annual temperature (biol), maximum temperature of warm-
est month (bio$), mean temperature of warmest quarter (bio10),
and mean annual precipitation (bio12) (worldclim.org). Fire fre-
quency and human footprint were used in this study as proxies for
fire and human disturbance, which are known to regulate African
rangeland ecology. In the absence of herbivory data, we were not
able to include a herbivory layer. However, fire can exert effects
considered to be analogous to herbivory (e.g. African megafauna)
on such systems (Bond and Keeley 2005, Mndela et al. 2025), so
we selected fire to explore the intermediate disturbance trend in
shaping plant diversity. The human footprint, which characterises
the cumulative human pressure placed on the environment (Venter
et al. 2018), was obtained from sedac.ciesin.columbia.edu. We used
the fire data (Andela ef al. 2019) and calculated fire frequency as
the number of times a pixel burnt for the period 2003-2016. Spe-
cifically, fire layers on days of burn per year were resampled using
the ‘aggregate’ tool in ArcGIS 10.8.1 (ESRI 2020) and then con-
verted into binary maps; the number of times a pixel burned during
the said period was counted. Fire frequency of a pixel is thus the
number of counted fires in the pixel during the 14-year period.
Environmental heterogeneity was represented by soil and topo-
graphic roughness. The soil data from SoilGrids (soilgrids.org)
include physical and chemical properties of topsoil (<5cm in
depth), namely soil clay content, soil sand content, bulk density,
soil pH, and soil organic carbon. Only topsoil properties were
included as they can strongly affect plant growth and thus plant
diversity (Rivera et al. 2014), while deep soil structures often are
strongly correlated with properties of topsoil. For topographic
roughness, the standard deviation of elevation within a grid cell (Ir]
et al. 2015) was computed from the digital elevation model (DEM)
(srtm.csi.cgiar.org), using the ‘terra’ R package (Hijmans 2021).

Prior to the statistical analyses, all 12 predictors (Supporting
Information Table S1) were screened for collinearity with a vari-
ance inflation factor (VIF), using the ‘car’ R package (Fox and
Weisberg 2019). The criterion of VIF < 10 was used for removing
predictors in a sequential fashion (Dormann et al. 2013), and this
procedure retained 10 predictors for subsequent analyses: mean
annual precipitation (MAP), mean annual temperature (MAT),
soil clay content (SCC), soil sand content (SSC), bulk density
(BD), soil pH (pH), soil organic carbon (SOC), topographic
roughness (TR), human footprint (HFP), and fire frequency (FF)
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(Table S2). All environmental predictors were resampled accord-
ing to a ‘fishnet’ grid of 20-km cells, using Albers equal area conic
projection (WGS1984) in ArcGIS v.10.8.1 with two standard
parallels of 20°N and 23°S (ESRI 2020), which were pruned to
cover the entire mainland of sub-Saharan Africa.

Mapping richness and compositional turnover

Sub-Saharan vascular plant species richness was mapped as spe-
cies counts at site level confined in a 20-km grid cell, using the
‘vegan’ R package (Oksanen et al. 2020). Compositional turn-
over was mapped using the nonmetric multidimensional scaling
(nMDS) of the Jaccard dissimilarities (Jaccard 1900, Dexter
et al. 2018), in the ‘vegan’ R package (Oksanen et al. 2020). The
dissimilarity matrix of the turnover between site-pairs was
decomposed into three dimensions (k= 3) to achieve an accept-
able stress level <0.10 (Clarke 1993, Oksanen et al. 2020).

Normalised scores from the ordination axes were used to map
the species composition in an RGB colour space, assigning red to
axis 1, green to axis 2, and blue to axis 3, using the ‘raster’ R pack-
age (Hijmans 2020). The final maps were generated in ArcGIS
v.10.8.1 (ESRI 2020).

Generalised additive modelling

To explain the variation of species richness, we used generalised
additive modelling (GAM) (Hastie and Tibshirani 1990, Wood
2011) with the 10 environmental predictors. Concurvity was also
calculated to detect generalized collinearity in GAMs (Wood
2017). The GAM was fitted with the restricted maximum likeli-
hood (REML) method using the ‘mgcv’ R package (Wood 2017),
with a negative binomial family distribution, to account for error
overdispersion, and alog link function. Spatial autocorrelation in
the model residuals was assessed both visually by directly inspect-
ing the spatial distribution of model residuals and quantitively by
calculating the Moran I metric using the ‘ape’ R package (Paradis
and Schliep 2019). Both methods identified apparent spatial auto-
correlation (Supporting Information Fig. S1) with Moran’s
1=0.09 (P<.001). To account for this trend of spatial autocor-
relation in the data, alongitude-latitude interaction was included
in the GAM.

Upon addressing concurvity and spatial autocorrelation, the
final GAM comprised fire frequency, human footprint, mean
annual precipitation, mean annual temperature, soil clay content,
and topographic roughness. Soil predictors, namely bulk density,
soil pH, soil sand content, and soil organic carbon, were excluded
because of high concurvity. Furthermore, the contribution of each
predictor was estimated by comparing the relative drop in devi-
ance explained between the full model and a reduced model with
the focal predictor removed, with the smooth terms in the GAM
fixed (Wood 2017). The contributions of joint effects from a set
of predictors, representing climate, disturbance, and environmen-
tal heterogeneity, were also evaluated following the same
procedure.

Multi-site generalised dissimilarity modelling
To explain compositional turnover of different orders, we used
multi-site generalised dissimilarity modelling (MS-GDM) of zeta
diversity (Hui and McGeoch 2014, Latombe et al. 2017). Zeta
diversity of order N represents compositional similarity among N
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sites. Using a site-by-species matrix with dimensions
53,795 x 23,189, we computed zeta diversity for orders 1-15 with
each order utilising 10,000 randomly selected site combinations.
We produced zeta decline curves, illustrating zeta diversity esti-
mates with increasing orders (Hui and McGeoch 2014, McGeoch
et al. 2019). The same set of environmental predictors (Support-
ing Information Table S2) were used in the MS-GDM.

Due to the excessively large dimension of the site-by-species
matrix, we ran MS-GDM with 1000 and 10,000 site combina-
tions, to ensure the robustness of the response, as captured by the
I-splines. We used the Simpson-equivalent normalised zeta diver-
sity metric (ranging between 0 and 1) for zeta orders 2 and S, to
capture true turnover among sites (Latombe ef al. 2018). The
contribution of each predictor was estimated using the same
method as above, by assessing the relative decrement of deviance
explained between the full model and a reduced model for zeta
orders 2 and S with 1000 site combinations. These analyses were
all run using the ‘zetadiv’ R package (Latombe ef al. 2017). All
analyses performed in this study were conducted in R program-
ming language v.3.6.3 (R Core Team 2020).

RESULTS
Biogeographical patterns of African vascular plants
The biogeographical patterns displayed by African vascular
plants, represented by species richness and compositional turn-
over, were mapped across the study extent (Fig. 1). The counted
species richness ranged from two to 5033 species in the 20-km
grid cells (Fig. 1A). Species richness resulting in as low as two
vascular plants, particularly in drylands, may be attributed to

prolonged drought events and variable precipitation trends
(Berg and McColl 2021, Smit et al. 2024), leading to the sparse
vegetation cover of the present-day (Maestre et al. 2021). In
contrast, higher levels of species richness were almost exclusively
concentrated in eastern, central, western, and southern regions
of Africa (Fig. 1A).

In eastern Africa, we found that species richness was notably
high in the eastern Afromontane region, but only in the Demo-
cratic Republic of Congo, Rwanda, Burundi, Tanzania, and
Malawi, with Ethiopia revealing lower richness levels in compar-
ison. Although the Coastal Forests in eastern Africa are generally
recognised for their high species richness, we observed relatively
lower levels of species richness (<2941) along the entire extent
(Fig. 1A). This discrepancy could potentially be influenced by the
plant dataset used. Species richness was notably high in Gabon,
Equatorial Guinea, and Cameroon in central Africa.

Similarly, regions in West Africa corresponding to the Guinean
forests also exhibited high levels of richness. High species richness
in southern Africa was shown to occur in regions that coincide
with the locations of Maputaland-Pondoland-Albany and Cape
Floristic Region (CFR) centres of diversity. A similar richness
patterning has been shown in sub-Saharan Africa for plants (Bar-
thlott et al. 1996, Myers et al. 2000, Linder 2001, La Ferla et al.
2002) and other taxa (Jenkins et al. 2013), but these are not nec-
essarily congruent.

The spatial variation in the species composition is shown in
Fig 1B (stress=0.057). This turnover map configured sub-Saharan
Africainto different compositional communities in which regions
with similar species compositions were depicted by similar colour
gradients. Compositional structures differed considerably

Figure 1. Biogeographical patterns of African vascular plants species diversity partitioned as A) species richness and B) species compositional
turnover. Species richness was estimated as the number of plant species within a 20 km grid cell. Turnover in species composition, derived from the
Jaccard dissimilarity measure, is represented by the normalised scores from the first three n(MDS axes and visualised through the Red (R), Green
(G), and Blue (B) colour channels. Sites dominated by a single colour indicate regions characterised by geographically distinct plant communities.
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between northern and southern parts of the sub-continent. Plant
assemblages appear similar throughout the central and western
African ranges, coinciding with the African rainforest (Kiiper ef al.
2004). In southern Africa (~25°S), the central interior and south-
east regions exhibit relatively similar compositions with subtle
transitions, whereas the southwest is more clearly differentiated,
suggesting sharper transitions between these neighbouring plant
communities.

Explanations of species richness

The final GAM, with spatial autocorrelation accounted for,
explained 89.7% of the richness variation with fire frequency, human

Table 1. Summary statistics of the final generalised additive model,
explaining the variation in species richness and the individual effects
of predictors associated with climate, disturbance, and environmental
heterogeneity, respectively, partitioned as percentage of deviance
explained by the GAM models.

Predictor edf Deviance explained (%)
s(FF) S.17% 7.23
s(HFP) 6.934*** 7.26
s(MAP) 13.783*** 8.52
s(MAT) 10.679*** 7.54
s(SCC) 9.829%** 7.15
s(TR) 10.865*** 7.36

Bold value represents the highest contribution. See Supporting Information Table S1
for acronyms of the predictors. The estimated degrees of freedom (edf) indicate the
nonlinearity of the smoothed response, with greater values (>1) reflecting more
nonlinear relationships.

""P<.001.
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footprint, mean annual precipitation, mean annual temperature, soil
clay content, and topographic roughness, all significant predictors
(P<.001, potentially due to the high number of sites; Table 1). Con-
sequently, the shape of the response and the contribution of each
predictor are more informative ways to describe a predictor’s poten-
tial role in explaining richness variation.

Nonlinear local responses of species richness were identified
with varied trends as the values of the six studied environmental
gradients increased. Specifically, we found that increasing fire fre-
quency was associated with a positive relationship with richness,
peaking at sites that burned 14 times between 2003 and 2016 (Fig.
2A). This result suggests fire frequency likely contributes to the
floristic variability in sub-Saharan Africa and is associated with
species-rich floras adapted to burning, such as the CFR in the
southern African Cape (He ef al. 2016). At sites with low and high
levels of human footprint on the environment, species richness
was at its lowest, while it was higher at moderately disturbed sites
(Fig. 2B). This trend is consistent with the intermediate distur-
bance hypothesis, which states that species richness is maximised
at intermediate levels (Grime 1973).

There was a steeper positive response of species richness with
mean annual precipitation up to 1100 mm (Fig. 2C), indicating
the importance of water availability for recruitment opportuni-
ties in open patches of the drylands, leading to increased diver-
sity. Beyond this threshold, we observed a fluctuating trend
along higher levels of the gradient, reaching its highest in wetter
sites receiving about 3000 mm of precipitation. Richness is max-
imised at this threshold due likely to the establishment and
maintenance of broader refugia for the plant assemblages.
Species richness gradually responded with increasing mean

Figure 2. The generalised additive model response curves of the African vascular plant species richness to A, fire frequency; B, human footprint; C,
mean annual precipitation; D, mean annual temperature; E, soil clay content; and F, topographic roughness. The y-axis represents the partial effect
of each predictor, and values in parentheses represent the degrees of freedom per spline function. Tick marks above the x-axis indicate the data
distribution of the observations for each predictor. The shaded error bands are the standard-error confidence intervals.
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annual temperature, reaching its highest at approximately 18°C
(Fig. 2D), suggesting plant diversity peaks at this moderate tem-
perature. Beyond this temperature, there was a gradual negative
trend in richness, which saw a slight positive effect at the higher
end of the gradient between 25°C and 30°C. A low soil clay con-
tent exerted a steep positive effect on species richness up to
12¢/100g (%), with a relative stabilisation above this point,
which then became increasingly negative at a higher soil clay
content (Fig. 2E). Along the topographic roughness gradient
(Fig. 2F), richness exhibited a varied response, maximising at
about 1800 m, after which it gradually and negatively affected at
sites with a rougher topography >2000 m.

The deviance explained by each predictor is roughly even,
ranging from 7.15% (soil clay content) to 8.52% (mean annual
precipitation) (Table 1). The three categories of predictors also
contributed relatively equally to the variation of species rich-
ness, with climate, explaining 9.39% of the deviance, being the

Table 2. Percentage of deviance explained by the GAMs and the
MS-GDMs, partitioned according to predictors associated with
climate, disturbance, and environmental heterogeneity, respectively.

Category
Model Climate  Disturbance  Environmental
heterogeneity

GAM 9.39° 7.35 7.49¢
MS-GDM (zeta  4.48¢ 2.53¢ 13.7¢

order-2)
MS-GDM (zeta  1.92s 1.420 10.16'

order-5)

Bold value represents the highest contribution. *Predictors in the model: mean annual
precipitation, mean annual temperature. "Predictors in the model: fire frequency,
human footprint. “Predictors in the model: soil clay content, topographic roughness.
dPredictors in the model: mean annual precipitation, mean annual temperature.
“Predictors in the model: fire frequency, human footprint. ‘Predictors in the model:
bulk density soil pH, soil clay content, soil organic carbon, soil sand content, and
topographic roughness. #Predictors in the model: mean annual precipitation, mean
annual temperature. "Predictors in the model: fire frequency, human footprint.
‘Predictors in the model: bulk density soil pH, soil clay content, soil organic carbon,
soil sand content, and topographic roughness.

top predictor cluster rather than disturbance and environmental
heterogeneity (Table 2).

Explanations of compositional turnover

The relationship between zeta diversity (average number of shared
species) and zeta orders is captured by the zeta diversity decline
curve (Fig. 3A). Zeta diversity declined according to an exponen-
tial form [Akaike’s information criterion (AIC) = 1.207] (Fig. 3B)
rather than power law (6.236), suggesting the lack of consistent
non-stochastic processes that explain compositional community
structures over the continent. There was a rapid decline in zeta
diversity with increasing orders from 1 to S, beyond the order of
which the rate of zeta decline slowed to close to zero, suggesting
hardly any species can be common in five or more randomly
selected sites.

The MS-GDM, fitted for 10,000 site combinations, explained
63.3% of order-2 zeta diversity variation and 38.49% of order-5
zeta diversity variation, respectively. For both zeta orders, of the
11 environmental predictors including geographical distance we
found that between-site differences in soil pH and geographical
distance had the strongest effect on compositional turnover (Fig.
4). The between-site difference in mean annual temperature
ranked third according to the magnitudes of corresponding
I-spline response curves and also exerted an influential effect (Fig.
4B), though weaker for zeta order S (representing turnover by
more widespread species). In considering the contribution of
these three predictors to turnover across the low, medium, and
high ranges (Tables 3 and 4), we found that changes in pH at lower
and higher ends of the gradient significantly affected the compo-
sitional turnover at zeta order-2. By contrast, at order-S, the turn-
over was more sensitive to the entire pH gradient corresponding
to acidic-neutral-alkaline soils. Compositional turnover was also
strongly affected but the geographical distance at low to high
ranges for zeta order-2, and low and high distances at order-S.
Moderate mean annual temperature ranges had a significant
impact on the turnover for both orders. All other predictors for
both orders of zeta had little to no influence on compositional
turnover. Using 1000 site combinations revealed similar trends
(Supporting Information Fig. S2).

Figure 3. Zeta diversity decline of African vascular plants fitted using 23,189 species with 10,000 random site combinations for orders 1-15. A,
the solid line reflects the quantified relationship between the zeta diversity and the different orders of zeta, bounded by the zeta values of the
standard deviation. B, the form of the decline, corresponding to the exponential fit.
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Figure 4. I-splines generated by MS-GDM computed for 10,000 site combinations, reflecting the relative importance of 10 environmental
predictors and geographical distance in driving compositional turnover for zeta orders-2 (A) and -5 (B). Note, all predictors are rescaled to
between 0 (minimum) and 1 (maximum) for illustration. The minimum value for Distance was set to zero to indicate the minimum average
distance between site pairs in the random combinations. The y-axis indicates partial ecological dissimilarity, with the slope of a predictor at a
particular horizontal value representing the local sensitivity of compositional turnover to the change in this predictor at this particular value; the
right-end height represents the magnitude of contribution of a predictor. The key in A also corresponds to B, reflecting the 10 predictors and

geographical distance.

Table 3. MS-GDM summary statistics for zeta order-2 reporting on
the I-splines estimates and individual effects of predictors associated
with climate, disturbance, and environmental heterogeneity,
respectively; these effects were partitioned as the percentage
deviance explained by the multi-site generalised dissimilarity models
for zeta orders-2 reflecting compositional turnover predominately
driven by the gain and loss of narrow-range species.

Table 4. MS-GDM summary statistics for zeta order-5 reporting on
the I-splines estimates and individual effects of predictors associated
with climate, disturbance, and environmental heterogeneity,
respectively are captured by the deviance explained; these effects
were partitioned as the percentage deviance explained by the
multi-site generalised dissimilarity models for zeta order-5 reflecting
compositional turnover of increasingly widespread species.

Predictor  Estimates Deviance Predictor  Estimates Deviance
1 0, 1 0
Low id High explained (%) Low Mid High explained (%)
BD 0.0000 0.0201 0.0000 0.08 BD 0.0000 0.0032 0.0000 0.05
FF 0.0056 0.011 0.0108" 0.02 FF 0.0106* 0.0021 0.0077* 0.86
HFP 0.0288***  0.0000 0.0000 0.01 HFP 0.0127***  0.0000 0.0000 0.63
MAP 0.0000 0.2060***  0.0000 0.90 MAP 0.0191*  0.0349"** 0.0000 0.23
MAT 0.0005 0.3743*  0.0000 3.61 MAT 0.0000 0.0728**  0.0000 1.67
pH 0.3989***  0.0000 0.2503*  6.36 pH 0.0884"**  0.0498*** 0.0425"** 7.58§
SCC 0.0000 0.0000 0.0000 0.003 SCC 0.0000 0.0000 0.0089 0.00
SOC 0.0055 0.1083**  0.0000 0.02 SOC 0.0000 0.006 0.0000 0.05
SSC 0.0000 0.011 0.2045*  0.82 SSC 0.0000 0.0069 0.0384*** 1.78
TR 0.0000 0.0031 0.0000 0.00 TR 0.0000 0.0000 0.0000 0.00
Distance 0.2930*  0.0782*** 0.1111** 9.00 Distance 0.1217**  0.0000 0.0238*  0.90

Bold value represents the highest contribution.
"P<.001; *P<.1.

For computational efficiency we presented the relative difference
in deviance explained between the full and the reduced models for
1000 site combinations. Specifically, the contributions of each pre-
dictor of order-2 zeta diversity ranked geographical distance at the
top (9%), followed by soil pH (6.36%) and mean annual tempera-
ture (3.61%) (Table 3). This suggests that compositional turnover
due to the gain and loss of largely narrow-range species is con-
strained by spatial limiting processes in plant communities. In

Bold value represents the highest contribution.
"P<.001; "P<.01; 'P<.0S.

contrast, compositional turnover reflecting increasingly widespread
species (zeta order-S) identified between-site differences in soil pH
as the top driver (7.55%), followed by between-site differences in
soil sand content (1.78%) and mean annual temperature (1.67%)
(Table 4). Regardingjoint effects, environmental heterogeneity was
identified as the underlying mechanism of compositional turnover
for both zeta orders-2 and -5, explaining 13.7% and 10.16% of the
deviance, respectively (Table 2).
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DISCUSSION

Our study has shown that the biogeographical patterns of African
plants exhibit spatial variation in species richness and species com-
positional turnover. In common with other ecological studies, we
found that species richness is driven primarily by climate, with
local responses varying according to fire frequency, human foot-
print, mean annual precipitation, mean annual temperature, soil
clay content, and topographic roughness gradients. The turnover
in species composition for both narrow-range and increasingly
widespread species was due largely to environmental heterogene-
ity, with between-site differences in soil pH, geographical distance
and mean annual temperature emerging as important gradients.
These findings underscore the need to consider both climatic and
edaphic heterogeneity in conservation planning, as they shape not
only the limits of species packing but also local species composi-
tion. Identifying regions with high species diversity and strong
compositional turnover can help prioritise areas for designing
resilient conservation networks capable of sustaining biodiversity
under accelerating climate and land-use change.

Patterns of richness and turnover

High species richness was concentrated in four major regions that
coincided with recognised centres of plant biodiversity within the
eastern Afromontane region in the east of Africa, Guinean forests
in west and central Africa, and Maputaland-Pondoland-Albany and
CFR in southern Africa. However, these patterns may alter under
future global environmental change, with rising temperatures,
increasing weather extremes, and variable precipitation trends. The
current plant species richness particularly in eastern and southern
montane regions of sub-Saharan Africa is predicted to decline by
the end of the century (Vidal Junior et al. 2025).

Spatial incongruencies in the pattern of species richness in
some regions based on existing demarcation (Barthlott ef al. 1996,
Myers et al. 2000, Linder 2001, La Ferla et al. 2002) are likely due
to data deficiency (Kiiper et al. 2006, Ahrends et al. 2011). For
instance, Linder (2001) identified central Angola as a region with
high richness, while Myers ef al. (2000) in their hotspots analysis
did not recognise the east coast of southern Africa as a
species-rich region.

The spatial depiction of the pattern of species turnover at 20-km
resolution (through the first three nMDS axes of the normalised
scores) revealed in greater detail a geographically distinct compo-
sition across the study extent (Fig. 1B). Pronounced dissimilarity
between sites can be observed, indicated by spatial discontinuities
in the species composition that broadly align with existing major
African bioregions (Supporting Information Fig. $3), across the
tropical and temperate latitudes. This configured pattern supports
the existing view of the African vegetation on a continental scale
as a spatially heterogeneous ecological entity (White 1983).

Explanations of species richness
Local climatic gradients of mean annual precipitation and mean
annual temperature explained a greater proportion of the varia-
tion in model species richness than disturbance and environ-
mental heterogeneity. The role of climate in driving patterns of
species richness is well established (Wright 1983, Currie 1991,
O’Brien 1998, Hawkins et al. 2003, Becerra 2016). Specifically,

water-energy dynamics (e.g. mean annual precipitation) are
thought to support a greater number of plant species (Pausas
and Austin 2001, Fei et al. 2018), while climate and anthropo-
genic factors, together with co-limitation factors from biotic
interactions and feedbacks, have been identified as dominant
drivers of tree species diversity (Liang et al. 2022). In view of
the differential responses of species richness to various environ-
mental gradients, our results highlight the importance of fire
frequency, human impact, mean annual precipitation, mean
annual temperature, soil clay content, and topographic rough-
ness in shaping plant diversity.

We found a positive relationship between fire frequency and
plant species richness. This suggests that the highly flammable
vegetation of sub-Saharan Africa, which coincides with its largest
bioregion (Ncube ef al. 2025), the tropical and subtropical
grasslands, savannas, and shrublands (Supporting Information
Fig. S3), is shaped and mediated by frequent fire events. This
aligns with established ecological understanding that fire pro-
motes plant diversity in fire-prone environments by maintaining
open canopies, reducing above-ground biomass, and increasing
microhabitat variability (Bond and van Wilgen 1996, Bond and
Midgley 2012, Bond and Keane 2017, Ncube 2019). These pro-
cesses facilitate niche partitioning among ground-layer species,
including herbs and grasses that coevolved with frequent burn-
ing over evolutionary timescales (Bond and Zaloumis 2016).
Forinstance, in a miombo ecosystem in Zambia, Wieczorkowski
et al. (2024) found that fire-maintained regimes, defined by both
frequency and seasonality, support higher species richness com-
pared to fire exclusion treatments. Their long-term experimental
study demonstrated that regular burning, particularly during the
late dry season, promotes the coexistence of grass species char-
acterised by distinct functional types, such as C4 grasses, sedges,
and geoxyles.

Our anticipation that richness variation is maximised at inter-
mediate disturbance was fulfilled by the effect of the human foot-
print. Comparable results have been found previously (Mayor

etal. 2012, Yuan et al. 2016). This trend further indicates that
disturbed sites subjected to either minimal or intense cumulative
human pressure may limit plant diversity, which in turn jeop-
ardises the diversity of other taxa including birds and invertebrates
that depend on plant communities for habitat and resources. This
aligns with the findings from previous studies which have partic-
ularly shown declining trends in bird (Tripathi efal. 2019,
Mariano-Neto and Santos 2023) and invertebrate (Jew et al.
2015) diversity due to habitat fragmentation and loss.

Along the mean annual precipitation gradient, our result sug-
gests that sites with higher precipitation tend to support a greater
number of species, likely those of woody life forms. In that,
increased water availability tends to facilitate the growth and sur-
vival of trees and shrubs species by reducing water stress and
enhancing photosynthetic activity. As a result, wetter conditions
lead to a greater woody biomass and overall ecosystem productiv-
ity. This trend is consistent with earlier research, reinforcing the
importance of water-energy dynamics in promoting plant diver-
sity (O’Brien 1993, Linder 2001, Davies et al. 2023, Cramer and
Verboom 2024 ). For example, O’Brien (1993) showed that spe-
cies richness of southern Africa’s woody species increases signifi-
cantly with precipitation.
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The unimodal effect observed in the richness-temperature rela-
tionship suggests that temperature exerts a non-linear influence on
plant diversity, with peak richness occurring at intermediate tem-
peratures. This trend supports the notion that moderate tempera-
tures may provide optimal conditions for the coexistence of diverse
plant species, likely due to a balance between enhanced metabolic
activity and efficient water use, which in tandem foster higher
growth rates, resource availability, and niche differentiation. Tem-
peratures exceeding 18°C reflect thermal tolerances in plants
(Garcia-Palacios et al. 2018). Specifically, increased heat stress and
evapotranspiration rates may act as physiological limiting factors
for water-dependent species. Interestingly, when temperatures
depart from 25°C, we found that a higher temperature gradient can
also promote species richness. This probably represents
drought-adapted species that thrive under higher temperature
regimes. This pattern underscores the importance of energy avail-
ability in regulating plant diversity, and is in line with previous
studies (O’Brien 1998, Gaston 2000, Zhang ef al. 2021).

The relationship between soil texture and richness variation is
typically nuanced and interlinked with other environmental gradi-
ents such as climate-driven soil moisture variability and
species-specific root traits, which influence root growth and subse-
quently distributions (Keiluweit e al. 2018). The observed trend
between species richness and soil clay content reported here sug-
gests that multiple plant species can coexist in soils with lower clay
content, which are typically sandier and better drained. These con-
ditions generally support herbaceous and stress-tolerant species that
are well-adapted to resource-limited environments such as those of
arid and semi-arid climates (Lal 1987, Wang et al. 2025). In such
settings niche partitioning is more likely to occur, as species difter-
entiate by optimising water use and available nutrients, promoting
species richness. In contrast, a higher clay content characteristically
resource-rich ~>40g/100g (%), likely imposes a limitation on the
richness variation due to competitive exclusion (Fig. 2E) (Medinski
etal. 2010).

The relationship between the topographic roughness and the
richness variation suggests montane regions characterised by rug-
ged terrain ~1800 m in altitude may promote higher plant diver-
sity by increasing the availability of niche space. In that, a rugged
terrain at moderate elevation reinforces heterogeneous environ-
ments coinciding with climatic and edaphic variations. Similar
trends have been reported in various mountainous and topograph-
ically diverse ecosystems (Hortal et al. 2009, Irl et al. 2015).

Explanations of compositional turnover

Compositional turnover, measured through both lower (zeta
order-2) and higher (zeta order-5) orders, was largely explained
by environmental heterogeneity. This result is in line with the
growing body of research linking species turnover with environ-
mental variations (Nekola and White 1999, Dias et al. 2021).
Further, the observed pattern in compositional turnover can be
attributed in part to Africa’s vast geographical extent, which is
characteristically diverse in a biogeographical sense. These
broad-scale environmental variations give rise to geographically
distinct compositions that encompass the unique African plant
assemblages.

Specifically, we found that the turnover of narrow-range spe-
cies composition was strongly affected by the increasing
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geographical distance. A possible explanation of this trend can
be attributed to the distance decay of similarity phenomenon,
which postulates that the similarity of plant communities
decreases with geographical distance (Soininen et al. 2007, La
Sorte et al. 2008, Hui and McGeoch 2014). Turnover for
increasingly widespread species was sensitive to the variation
in soil pH. This is because highly acidic or alkaline soils can
restrict plant growth and subsequently distributions, through
nutrient deficiencies (Kidd and Proctor 2001) and a reduced
water supply to the roots (Lopes et al. 2021). Soil pH-driven
compositional turnover has been reported (Marage and Gégout
2009, Eibes et al. 2021). In addition, we showed that turnover
of both narrow-range and increasingly widespread species was
also affected by variation in mean annual temperatures in
regions with moderate climates, possibly due to physiological
tolerances, corresponding to species’ climatic niche affinity
(Harrison et al. 2020, Smithers ef al. 2020).

CONCLUSION

At the scale of mainland sub-Saharan Africa, the spatial configu-
rations of the biogeographical patterns provided a continental
overview of plant diversity, characterising species richness at each
site and compositional dissimilarity among sites. Our richness
pattern supported the existing delimitation of key biodiversity
hotspots while also identifying previously unrecognised areas of
high species richness. The observed spatial incongruencies with
existing richness patterns suggest discrepancies among underlying
datasets and underscore the need to integrate multiple data
sources to improve reliability and capture more nuanced variation
in plant diversity. By applying zeta diversity to quantify species
compositional turnover, we were able to disentangle possible
mechanisms underlying well-configured turnover patterns driven
by narrow-range versus increasingly widespread species.

Opverall, the biogeographical variations in species richness and
compositional turnover were best explained by the climate and
environmental heterogeneity, respectively. Local responses of
species richness were largely nonlinear, exhibiting varied posi-
tive and unimodal relationships with fire frequency, human foot-
print, mean annual precipitation, mean annual temperature, soil
clay content, and topographic roughness. In contrast, turnover
in species composition was most sensitive to the geographical
distance and soil pH gradients for zeta orders-2 and -$, respec-
tively. When combined with existing spatial data, these findings
offer valuable insights for biodiversity conservation across Africa
by informing regional assessments of species-rich areas, zones
of high compositional turnover, and the mechanisms underlying
these patterns —an increasingly important task in the face of
global environmental change.
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TRH, TROM, TRT, TU, TUB, TULS, U, UADY, UAM, UAS, UB,
UBT,UC, UCR, UCS, UCSB, UCSC, UEC, UESC, UFG, UFMA,
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