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ern African woody trees and shrubs, and structural equation modeling, we show
that human population density correlates closely with not only the richness of
woody plants in a region but also their evolutionary relatedness. Further, we
demonstrate that more phylogenetically diverse species assemblages support a
greater diversity of ecosystem goods and services. Our results suggest that peo-
ple in Africa may gain material benefits from inhabiting regions that support
high phylogenetic diversity of woody plants. However, the correlation between
human population and woody plant diversity creates a tension between people
and biodiversity, which could threaten the contributions to people provided by
intact and phylogenetically diverse ecosystems.
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1 | INTRODUCTION

Human population has increased dramatically over the
last 200 years; the distribution of people, however, is
highly uneven. In 2008, the urban population outnum-
bered the rural population for the first time (United
Nations, 2011), and in much of the developed world the
human population is stable or decreasing. In contrast,
although urbanizing rapidly, the human population in
sub-Saharan Africa is still increasing, and remains pre-
dominantly rural (UNICEF, 2012). Much of the human
population in sub-Saharan Africa depends directly or indi-
rectly on the goods and services provided by biodiversity
(Egoh et al., 2012). However, many of these services are
being degraded through habitat loss and transformation,
exacerbated by rapid urbanization, agricultural expan-
sion, “land grabbing” by foreign nations, and climate
change (Egoh et al., 2012; Malherbe et al., 2019). Poor and
rural communities tend to be most impacted by losses
of ecosystem services as they frequently lack alternatives
(United Nation Economic Commission for Africa, 2010;
Egoh et al., 2012).

An increasing body of evidence suggests that more
diverse ecosystems contribute more to the provisioning of
ecosystem services (Hooper et al., 2012). The link between
species richness and ecosystem function has been the focus
of much attention (Hooper et al., 2005; Liang et al., 2016;
Dulffy et al., 2017), and there is evidence suggesting that
more diverse ecosystems also support a greater diversity of
ecosystem functions (Hector & Bagchi, 2007; Isbell et al.,
2011; Gamfeldt et al., 2013; Perkins et al., 2015). However,
the correlation between the provisioning of ecosystem ser-
vices and species richness at the landscape scale is often
mixed (Egoh et al., 2009; O’Farrell et al., 2010; der Plas
etal., 2018), and there may be trade-offs between ecosystem
functions or services (Gamfeldt et al., 2013).

More direct measure of species differences that capture
variation in functional traits are suggested to be better pre-
dictors of ecosystem processes (Diaz et al., 2007; de Bello
etal., 2010). However, we are often limited in the trait data
available for species and there is likely no single small set
of traits that can explain variation across multiple ecosys-
tem functions (van der Plas et al., 2020). Phylogenetic
diversity—the summed branch lengths on a phylogenetic
tree—provides a more inclusive metric for quantifying
species differences (Faith, 1992). Because we expect species
to diverge over time, the set of species with higher phy-
logenetic diversity is predicted to capture greater feature
diversity.

Forest et al. (2007) demonstrated that greater phylo-
genetic diversity might translates into a greater diversity
of ecosystem services using data on medicinal plants in
the Fynbos biome, South Africa. More recent work has

indicated that the relationship between phylogenetic
diversity and the diversity of ecosystem services and
goods represented extends across angiosperms (Molina-
Venegas et al., 2021). However, whether people gain direct
material benefits from such relationships depends on
the co-occurrence of people and floras supporting high
phylogenetic diversity.

Here, we evaluate the relationship between woody plant
phylogenetic diversity, provisioning of ecosystem goods
and services, and human population density in southern
Africa. Using a comprehensive phylogeny for the woody
trees and shrubs of southern Africa (Figure 1), we (1)
quantify the spatial coincidence between rural human
population density and woody plant phylogenetic diver-
sity, and (2) test whether locations that support a high
phylogenetic diversity of woody plants also support a
greater diversity of ecosystems services and goods.

2 | METHODS

Over a 6-year collection effort, we sampled woody trees
and shrubs (defined as woody plants with stems or
pseudostems > 0.5 m in height) across southern Africa
(Appendix S1). We sequenced the core plant barcodes
(rbcLa and matK) from sampled material, and merged
these data with matching barcode sequence data in Gen-
Bank from species native to the region. We then used the
merged sequence matrix to reconstruct a comprehensive
phylogeny of the southern African woody flora (Supple-
mental Methods SI). Branch lengths were calibrated in
millions of years using Bayesian MCMC in BEAST v.1.4.8
and 28 fossil calibrations (Table S1). Voucher specimen
information and GenBank accession numbers are listed in
Appendix S2.

For each species, we collated data on 11 separate uses:
firewood and charcoal, carving, building and structural,
spiritual, cultural, food, ornamental, forage and fodder,
shade, chemical compounds, and medicinal, plus threat
category from the IUCN Red Data List of Threatened
Species (http://redlist.sanbi.org/). All data and source
references are listed in Appendix S3.

Species distribution data were extracted from Coates
Palgrave et al. (2002) and Van Wyk et al. (2011), and over-
laid on a 0.5° x 0.5° grid (approximately 50 km x 50 km).
For each grid cell, we then extracted data on actual evap-
otranspiration, AET (data set GNV183; http://www.grid.
unep.ch/data/), as a proxy for productivity, variance in
elevation (data set GTOPO30; http://wwwl.gsi.go.jp/
geowww/globalmap-gsi/gtopo30/gtopo30.html), as a
proxy for topographic heterogeneity, and human popula-
tion density (data set GPWv3 http://sedac.ciesin.columbia.
edu/data/collection/gpw-v3). We excluded population
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FIGURE 1

indicate higher-level taxonomic groupings

outliers, classified as cells with z-scores > 3, prior to
estimating average densities, which matched closely to
accepted criteria for urban areas in South Africa (>500
people/km?) (Statistics South Africa, 2001). To capture
information on socioeconomic factors, we also extracted

data on mean per capita GDP between 1995-2015 (Kummu
et al., 2018), proportion of land area converted to cropland
set http://sedac.ciesin.columbia.edu/es/aglands.

(data
html), and fertilizer (Nitrogen) use (data set http://sedac.
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Phylogeny of southern African tree species. Reconstruction based on DNA barcodes for land plants using maximum
likelihood and transforming branch lengths to millions of years by enforcing a relaxed molecular clock and multiple fossil calibrations. Colors

ciesin.columbia.edu/data/collection/fertilizer-and-

manure.html).
Data processing was performed in ArcMap v.10.0 and R
(v. 4.0.3) using the libraries ape, picante, sf, raster, rgdal,

maptools, maps, sp, and ggplot2.
We used structural equation modeling (SEM) in the sem
r-library to describe the direct and indirect effects of envi-
ronment and woody plant diversity on human population.

All variables except variance in elevation, latitude, and
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longitude were log-transformed prior to analysis. Eleva-
tion was cube-root transformed, and latitude and longitude
were indexed using decimal degrees. We included longi-
tude and latitude to account for additional spatial structure
in the data. To reduce model complexity, we first included
only pathways with pairwise correlation strengths > 0.5
(Figure S6), and compared the fit of this model to one
including additional pathways, and a model including
links with socioeconomic factors.

To separate out the importance of number of species ver-
sus species evolutionary disparity, we substituted PD for a
richness independent component of evolutionary dispar-
ity, phylogenetic species variability (PSV), and a separate
measure of richness discounted for species relatedness,
phylogenetic species richness (PSR) (Helmus et al., 2007).
The metric of PSV is equivalent to the mean pairwise dis-
tance between taxa in an assemblage; taxon sets with high
PSV are composed of species that are less closely related,
on average, than taxon sets with low PSV, which are com-
posed of more closely related species. PSR is simply the
number of species in a set multiplied by their evolution-
ary relatedness (PSV). To evaluate model sensitivity, we
constructed matching SEMs but included species richness
and the residual variation in PD from the regression of PD
against richness in place of PSR and PSV, respectively.

We used a resampling approach to test whether more
phylogenetically diverse woody plant communities cap-
ture a greater diversity of uses. For each cell, we randomly
resampled species without replacement, and recorded the
median number of species required to represent at least
once all uses listed for the entire species set in the cell (1000
randomizations). We then regressed the median richness
required for capturing diversity of recorded uses against
per-cell PSV plus PSR, and in a second model per-cell
species richness plus the residuals of PD regressed against
species richness.

3 | RESULTS

Our reconstructed phylogeny of woody trees and shrubs
(made available as a supplemental file) included over 1300
species from 115 families and 541 genera. Hotspots of woody
shrub and tree species diversity are distributed along the
coastal regions of eastern South Africa through to south
Mozambique and Zimbabwe (Figure 2a and b).

Human population density (Figure 2c) correlates with
both the number (Pearson’s r = 0.75, p = 0.027 on
6.36 adjusted degrees of freedom to correct for spatial
nonindependence) and phylogenetic diversity (Pearson’s
r = 0.76, p = 0.022 on 6.50 adjusted degrees of freedom)
of woody plants. We report results here using half-degree
cells because this represented the native coordinate sys-

tem of the climate and human population density layers;
however, correlations using equal-area grid cells were
qualitatively similar.

We found evidence for a direct relationship between
AET and both human population density and woody plant
phylogenetic diversity (Figure 3a). However, the relation-
ship between AET and human population density was
mediated by an indirect relationship via phylogenetic
diversity, and the strength of the direct pathway link-
ing phylogenetic diversity and human density (8 = 0.43)
was greater than that for the direct pathway between
AET and human density (8 = 0.34) (Figure 3a). Topo-
graphic heterogeneity and latitude were not significant
predictors in the SEM favored by model comparison statis-
tics (ABIC = 281.39, for the comparison between models
depicted in Figures 3a and S1),

The pathway linking woody plant diversity and rural
human population density was robust to the inclusion of
additional socioeconomic predictors, including per capita
GDP, area of habitat converted to cropland and fertilizer
use (ABIC = 362.46, for the comparison between models
depicted in Figures 3a and S2). The simpler model support-
ing the stronger link between woody plant phylogenetic
diversity and human population density was also vastly
favored over alternative models including more com-
plex path structure (ABIC = 1052.33 for the comparison
between models depicted in Figures 3a and S3).

The pathways linking human density to PSR (rich-
ness discounted for species relatedness) and PSV (rich-
ness independent component of evolutionary disparity)
were both strongly supported (Figure 3b). The inde-
pendent contribution of phylogenetic diversity is fur-
ther demonstrated when we include in our SEM both
species richness and the residual variation in phylogenetic
diversity from the regression of phylogenetic diversity
against richness (Figure S4). However, we note that the
SEM including phylogenetic diversity is favored overall
(ABIC = 145.97, for the contrast between SEMs with phy-
logenetic diversity and PSR plus PSV), as it captures both
richness and evolutionary disparity in a single unifying
metric.

Plant uses show some evidence for phylogenetic con-
servatism (Figure 4), such that closely related species
tend to provide similar uses, with the exception of spir-
itual uses. However, uses are not restricted to particular
clades, and each of our 11 use categories is well represented
across plant orders. Our resampling approach quantified
the median number of species required to represent at
least once each of the different uses identified for the
species within a given grid cell when drawing species
at random from the species set. Overall, more species
had to be sampled to represent the same number of uses
in more species-rich cells; however, after correcting for
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Geographical distribution of tree diversity and human population density. Tree phylogenetic diversity (myr) (a), total tree

species richness (b), natural logarithm of the mean human population density (persons/km?) excluding urban areas (c), and richness of
threatened trees (d). Data were divided into 32 quantiles and plotted on a 0.5° X 0.5° grid

TABLE 1
Model P adjusted DF p Value
1 0.77 1204 <0.001
2 0.78 1204 <0.001

*Significant at p < 0.001.

variation in species richness, new uses were encountered
at an increased rate in more phylogenetically dispersed
species sets (Table 1).

4 | DISCUSSION

Human population density in sub-Saharan Africa corre-
lates with not only the richness of woody plants, but
also their evolutionary relatedness. An important body
of work has indicated that more phylogenetically diverse
species sets capture a greater diversity of ecosystem ser-
vices and goods of benefit to people (Forest et al., 2007;
Molina-Venegas et al., 2021). Here, we demonstrate that the
relationship between phylogenetic diversity and ecosys-
tem services maps to the distribution of species across

Regression of median number of species required to capture the uses represented within each grid cell

Coefficient Estimate (SE) t value
Log(PSR)* 4.97(0.97) 59.43
PSV* —29.71 (2.73) —10.90
Log(Richness)* 4.75(0.07) 65.16
PD,iduats” —0.002 (< 0.001) —11.59

the landscape. Our study emphasizes the importance
of maintaining both species rich and phylogenetically
diverse habitats to support Nature’s contributions to peo-
ple (Chaplin-Kramer et al., 2019).

We excluded urban areas from our analysis because
other factors, such as economic development, industrial-
ization, and global trade have likely influenced the geogra-
phy of urban populations. However, cities in Africa predate
European colonialization (Mboup, 2019), and the correla-
tions with phylogenetic diversity are largely unchanged
(are in fact marginally stronger) when centers of high
population density were included (Figure S5). The link
between woody plant phylogenetic diversity and human
population was also robust to the inclusion of additional
socioeconomic predictors including per capita GDP and
proportion of habitat converted to cropland.
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FIGURE 3 Structural equation models. Illustration of the

direct and indirect effects of actual evapotranspiration (AET),
phylogenetic diversity (PD) and longitude on human population
density (a - top panel), and an equivalent model decomposing
phylogenetic diversity into a richness independent measure of
evolutionary disparity (PSV) and a measure of richness discounted
for species relatedness (PSR) (b - bottom panel). Model a is favored
by model fit statistics (BIC = 1129.78 and 1275.75 for model a and b
respectively), although model b explains more of the total variation
in human population density (> = 0.56 versus 0.59 for human
density, model a and b, respectively). Arrows indicate inferred
direction of causation and numbers relative path strengths
(standardized coefficients). The inclusion of additional pathways,
such as the direct and indirect effects of elevation and latitude (Fig.
S4), was not supported by model comparison statistics

In biodiversity ecosystem function research, greater
species richness is thought to enhance ecosystem func-
tioning through species complementarity and the selection
effect (Loreau & Hector, 2001). The former assumes that
different species occupy separate ecological niches or that
there are facilitative interactions among species. The latter
assumes that one or a few species contribute dispropor-
tionally to ecosystem functioning and, that by including
a larger sample of species, more species-rich communi-
ties are more likely to include a species with large effect.
Both effects are contingent on species differences, and phy-
logenetic diversity might better capture these differences
than simple measures of species richness (Purvis & Hec-
tor, 2000). We suggest similar mechanisms may underlie
the relationship between woody plant diversity and the
diversity of uses they provide.

Some woody plants support a wide range of uses,
filling both material and spiritual needs, while many oth-
ers provide just a single service, most often medicinal.
The selection effect might therefore be one part of the
explanation for the diversity-ecosystem multifunctionality
relationship we detect: species rich woody plant commu-
nities are more likely to include species offering multiple
service. However, there is also evidence that at least some

services show phylogenetic signal, such that more closely
related species are more likely to provide similar ser-
vices (Yessoufou et al., 2015). Thus, the complementarity
effect may be another important part of the explanation.
The diversity of ecosystem services is a product of not
only species number, but also how different species are
from one another, that is, their phylogenetic dispersion.
The complementarity effect may be particularly prevalent
when there is a trade-off between provisioning of differ-
ent services (Slade et al., 2019), when rare species provide
unique services, and/or the provisioning of a service is
independent from abundance (Dee et al., 2019).

Whether local scale species diversity necessarily trans-
lates into greater local provisioning of ecosystem services
is not straightforward. For example, interspecific compe-
tition between species might reduce the abundance and
therefore the ecosystem service provisioning of competing
species (Slade et al., 2019). In this case, increased multi-
functionality might come at a cost of reduced provisioning
of individual services (Fanin et al., 2018). In South Africa,
there is some evidence to suggest that spatial concordance
in the provisioning of different ecosystem services, such
as those related to fire regulation (e.g., surface water flow,
soil accumulation and carbon storage) may be low (Egoh
et al.,, 2008). However, tradeoffs can be avoided, espe-
cially in provisioning services, when aggregating across
heterogeneous landscapes that support different species
communities (Mori et al., 2018), analogous to the spatial
insurance hypothesis (Loreau et al., 2003; Isbell et al.,
2017).

Our analysis of human population density, AET, and
woody plant phylogenetic diversity is correlational. While
it is tempting to speculate on the causal linkages between
them, the history of people in sub-Saharan Africa is com-
plex, capturing a legacy of colonization and independence.
Nonetheless, it remains possible that the correlations we
reveal reflect, in some part, a pattern of rural settlement
in Africa. AET is the sum of evaporation and transpira-
tion, and the correlation between AET and woody plant
diversity is unsurprising; AET is a good proxy for plant
productivity and a strong predictor of global plant species
richness. A correlation between AET and human density
might arise because people tend to settle in regions that
have potential to support high agricultural productivity.
Similarly, a largely agrarian population may have been
drawn to ecosystem with more phylogenetically diverse
woody floras to benefit from the multiple services they pro-
vided. However, it is also likely that, over the history of
settlement in Africa, humans have shaped the local envi-
ronment to their needs. People have long influenced the
floristic diversity of their local environments (Armstrong
et al., 2021), and the path for either direction of causality is
equally well supported.
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FIGURE 4 Phylogenetic distribution of plant uses. Classes of plant uses (green bars) matched to the respective plant taxon. Overall,
most uses show significant phylogenetic structure (estimated using the D statistic for binary traits as implemented in the r-library caper,
where D = 0 matches to a Brownian threshold model of evolution, and D =1 indicates no phylogenetic structure; matches to random expect
an unconstrained depart significantly from random; D = 1). However, phylogenetic conservatism departs from strict Brownian motion (D > 0,
range 0.69-0.85, all p < 0.01), and the phylogenetic structure of spiritual uses does not differ significantly differ from random (D = 0.95,
probability observations differ from random expectations: p = 0.18). These results are perhaps not surprising, as most uses relate to some
structural or physiological properties of the plant, which we might expect to exhibit phylogenetic conservatism, whereas the selection of
plants for spiritual uses is more esoteric
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4.1 | A tension between people and
nature conservation

Irrespective of the underlying drivers, the correlation
between human population density and woody plant
diversity presents a tension between people and nature
conservation (Balmford et al., 2001; Luck et al., 2004),
especially as demand for energy and land for agriculture
intensifies. Using information on extinction risk status
from the Red List for South African plants (http://redlist.
sanbi.org/), we find that not only does the total number of
woody plant species correlate positively with human pop-
ulation, but so too does the number of threatened species
(r = 0.54, p < 0.001; Figure 2d). Of the species currently
considered most at risk, many are nested within young and
rapidly diversifying clades (Davies et al., 2011), and so their
extinction, while tragic, translates to little loss of phyloge-
netic diversity. However, as extinction pressures intensify,
we risk losing not just the leaves, but whole branches from
the Tree of Life.

The report of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES,
2019) recognized the value of phylogenetic diversity in
maintaining option values in an uncertain future. Here we
have shown that phylogenetic diversity may also represent
a useful proxy for the wealth of ecosystem goods and
services that nature provides (see also Molina-Venegas
et al., 2021). Phylogenetic diversity has only rarely been
directly integrated into conservation planning, yet the gain
in phylogenetic diversity with the expansion of protected
areas is easily calculated, and it can be incorporated into
mainstream conservation planning tools that examine
trade-offs across multiple cost-benefit axes (see Carvalho
et al., 2017; Rosauer et al., 2018). Empirical case studies
demonstrate how systematic conservation planning can
target small, but well-placed conservation areas, which
provide large phylogenetic diversity gains (Pollock et al.,
2015; Rosauer et al., 2018). Importantly, however, our
analyses suggest that systematic reserve selection should
not only look to maximize the total phylogenetic diversity
across protected areas, which may be important for
maintaining future options (Faith, 1992), but also the local
phylogenetic diversity within sites. Further, we suggest
the most immediate gains from conserving phylogenetic
diversity may be realized in mixed use landscapes, where
people can directly benefit from nature’s contributions.
We propose that it is in these landscapes that policy efforts
directed toward the conservation of phylogenetic diversity
may benefit the most.
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