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Abstract
The Afrotropics are experiencing some of the fastest urbanisation rates on the planet 
but the impact of city growth on their rich and unique biodiversity remains understud-
ied, especially compared to natural baselines. Little is also known about how intro-
duced species influence β-diversity in these contexts, and how patterns coincide with 
native ranges of species. Here we investigated how tree assemblages of the endemic-
rich Afrotropical island of São Tomé differed between urban, rural and natural zones. 
These were primarily characterised by urban greenspaces, shade plantations, and old-
growth forests, respectively. Based on 81 transects, we assessed biodiversity metrics 
of endemic, native and introduced species. Tree abundance and species richness were 
highest in the natural zone, where the composition was most different from the urban 
zone. The tree community of the rural zone was the most uneven and had the least 
variation among transects, representing the lowest β-diversity. The urban zone was 
dominated by introduced species (57.7%), while the natural zone hosted almost ex-
clusively native species (93.3%), including many endemics (26.1%). The biogeographic 
realms that species originated from were particularly diverse in the urban zone, with 
few species from the Afrotropics. In contrast to native and endemic trees, introduced 
trees were clearly associated with urban and rural expansion, as they were much more 
abundant and species-rich in these zones than in the natural zone, facilitating biotic 
homogenisation. These findings highlight how urban and rural environments are af-
fecting the native tree flora of São Tomé, and the need for conservation measures 
geared towards globally threatened and endemic tree species. Importantly, these re-
quire the protection of natural forests, despite the rising land demands for settlements 
and agriculture. Ultimately, such action to conserve endemic trees will contribute to 
global efforts to prevent further biodiversity declines.
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1  |  INTRODUC TION

By 2100, urban areas around the globe will occupy approximately 
six times the area they covered in 2000 (Gao & O'Neill, 2020). Urban 
expansion, especially into relatively intact areas, can have substan-
tial impacts on biodiversity, but our understanding of these effects 
is dominated by studies concentrating on biotic or abiotic factors, 
city age or size, and management practices within cities themselves 
(Beninde et  al., 2015). Research that extends beyond city bound-
aries also typically only reaches nearby rural hinterlands (Rega-
Brodsky et al., 2022), which often support ecological communities 
that are already highly influenced by human interference. We rarely 
compare species assemblages in urban areas against those of nat-
ural or near-natural zones (Padilla & Sutherland,  2019). Thus, our 
understanding of the extent to which urbanisation impacts biodi-
versity is compromised.

The lack of natural or near-natural baselines helps to explain 
why assessments of urban biodiversity come to surprisingly differ-
ent conclusions (McKinney, 2008). Focussing on α-diversity, some 
studies have found reduced diversity, while others report that 
urban areas can be hotspots of plant diversity (Gillespie et al., 2017; 
Kantsa et al., 2013). Often, high species richness in urban environ-
ments has been linked to increased habitat heterogeneity, i.e. the 
occurrence of many ecological niches due to a variety of mosaic 
patches, and to the deliberate or unintentional introduction of non-
native species by humans (Kowarik, 2011). Some cities in Australia 
have not only been shown to be more diverse in plants, however, 
but also to outnumber their rural surroundings in rare and threat-
ened species (Ives et al., 2016), including the urban-restricted tree 
species Grevillea caleyi (Soanes & Lentini,  2019). One explanation 
to this could be that pre-existing biodiversity hotspots may have 
persisted in urban areas (Spotswood et al., 2021).

A more complete understanding of biodiversity changes, espe-
cially in the context of disturbed sites, usually requires the analysis 
of β-diversity; however, this is often neglected (Mori et al., 2018). 
By examining both α- and β-diversity, it becomes clearer if species 
richness in individual land-use types accompanies shifts in species 
compositions across land-use types. Such turnovers can be driven 
by introduced species, and thus the study of biogeographic origins 
may reveal important insights into underlying mechanisms. The pro-
liferation of widespread introduced species at the expense of native 
species, for instance, may cause biotic homogenisation. As an im-
portant facet of the current biodiversity crisis, this ecological pro-
cess describes taxonomic, genetic, or functional assimilation in two 

or more localities (β-diversity) over time, resulting from an imbalance 
in species introductions and extinctions (Olden et al., 2016). Biotic 
homogenisation has been strongly connected with land-use change 
(Kramer, Zwiener, & Müller, 2023), and with urban expansion in par-
ticular (Lokatis & Jeschke, 2022). Exploring homogenising processes 
may hence advance our comprehension of urbanisation-induced 
biodiversity changes.

By looking at native ranges of species, we also get a clearer pic-
ture of the risk of regional biotic homogenisation. The further away 
the native biogeographic realm, the further species have travelled 
and the more widespread they may become as a result. Some may 
even originate from multiple realms, and are likely associated with 
generalist traits, thus being highly adaptable to anthropogenic dis-
turbance (Kramer, Bald, et al., 2023). Nonetheless, few studies have 
dealt with urbanisation and native ranges (Hunte et al., 2019), partic-
ularly from the perspective of β-diversity.

It is important to study the impact of urban growth in the tropics, 
where this land-use change is happening very rapidly. The Afrotropics 
are particularly relevant in this regard as they have some of the world's 
fastest urbanisation rates (OECD/SWAC,  2020). Afrotropical cities 
are often surrounded by agroforestry systems (Zomer et  al.,  2016), 
in which trees are key structural elements that support other taxa, 
including forest-dependent species (Deheuvels et  al.,  2014). These 
rural surroundings may therefore host high levels of biodiversity, 
which makes them unlike many counterparts in temperate zones that 
are typically mono-structured agricultural systems with limited tree 
cover. Accordingly, we cannot expect that urban biodiversity patterns 
in tropical cities replicate those of temperate zones, where tree diver-
sity may be higher in cities than in rural surroundings.

To assess the impacts of urbanisation on biodiversity, oceanic 
islands are ideal study systems because they are characterised by 
a high proportion of range-restricted species that are often sensi-
tive to anthropogenic changes (Whittaker et al., 2023). However, 
they are rarely considered in urban biodiversity research (Lowry 
et al., 2020). High extinction and introduction rates on islands have 
also led to biotic homogenisation (Castro et al., 2010), which may 
further exacerbate patterns linked to urbanisation. While the im-
portance of tree and canopy cover in urban areas for delivering 
ecosystems services is relatively well studied, even in the tropics, 
we still know little about how tree species assemblages are being 
altered by urbanisation. Here we investigated how tree communi-
ties differed between urban, rural and natural zones on the oce-
anic island of São Tomé, Central Africa, by answering the following 
questions:
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Afrotropical forest, anthropogenic gradient, NMDS, oceanic island, urban ecology, 
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Agroecology, Biodiversity ecology, Biogeography, Community ecology, Global change ecology, 
Urban ecology
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1.	 How do land-use types, i.e. urban, rural and natural zones, 
influence tree community composition?

2.	 To what extent do introduced species drive these differences?
3.	 How are native biogeographic ranges of tree species distributed 
across zones?

We hypothesised that rural zones, due to the presence of agro-
forests, would be considerably richer in tree diversity than urban 
zones, but that natural zones would be most diverse (Deheuvels 
et al., 2014). In addition, we expected a strong impact of widespread 
introduced species on tree community patterns in human-modified 
environments (de Lima et  al., 2014), and an overall dominance of 
Afrotropical species across zones.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

São Tomé is an oceanic island of 857 km2 that, together with the 
smaller Príncipe, comprises the Democratic Republic of São Tomé 
and Príncipe. It is part of the Guinean Forests of West Africa 
Biodiversity Hotspot, hosting an endemic-rich but threatened bio-
diversity (de Lima et al., 2022). Isolated in the Gulf of Guinea, the 
country is a distinct bioregion, whose vascular flora is composed 
of approximately 14.5% endemic species (Stévart et  al.,  2022), 
and is the best studied in the Afrotropics (Droissart et al., 2018). 
The climate is oceanic equatorial (mean annual temperatures 
16.2–25.9°C; mean annual precipitation 600–7000 mm) with one 
main dry season between June and August, and a shorter one be-
tween December and January. Due to the mountainous centre 
and prevailing winds from the southwest, the island has a distinct 
rain shadow (Ceríaco et  al., 2022). There is also a strong gradi-
ent of human impacts linked to ruggedness (Norder et al., 2020). 
Lowland forests have been largely converted to agriculture, while 
most remaining forest is found in the mountainous centre (Dauby 
et  al.,  2022). Urban areas, where around three quarters of the 
population reside, are mostly located near the coast in the drier 
northeast (Figure 1). As in other African countries, the population, 
economy, and politics are disproportionately centred around the 
capital (Güneralp et al., 2018). The urban population has increased 
five-fold since 1950; a rate that far exceeds that of Central Africa 
as a whole (UN-DESA, 2018).

2.2  |  Sampling design

2.2.1  |  Land classification

To assess the effect of urbanisation, we classified São Tomé 
into urban, rural and natural zones, based on land-use (Soares 
et al., 2020) and urban area maps (Ministério das Infra-Estruturas, 
Recursos Naturais e Ambiente,  2018). The urban zone, covering 

24 km2 (2.8%) of the island, included greenspaces such as public 
parks, home gardens, and secondary forest fragments, besides 
infrastructure and sealed surfaces. The rural zone of 345 km2 
(40.3%) comprised landscapes of low human population density 
with forested or non-forested plantations and areas of regenerat-
ing vegetation. This zone predominantly corresponded to shade 
plantations, an agroforestry system composed of tall, typically 
planted trees that shade understorey cash crops such as cof-
fee (Coffea spp.) or cocoa (Theobroma cacao). The natural zone 
of 488 km2 (56.9%), most of which (252 km2) is protected as Obô 
Natural Park, spanned old-growth native and secondary forests 
with limited human presence. Illegal practices including selective 
logging, hunting, and charcoal production have however been 
taking place within and beyond the natural zone over decades, 
largely because of poor law enforcement (de Lima et  al., 2022). 
Nonetheless, the natural zone contains the best-preserved forests 
of the island, which have qualified as Global 200 Ecoregion (Olson 
& Dinerstein, 2002).

2.2.2  |  Sampling strategy

We established 81 transects across the three zones. For the natural 
zone, 31 transects were purposefully selected to capture the diver-
sity of well-preserved forest across altitudinal and rainfall gradients. 
For urban and rural zones, we used a stratified random sampling ap-
proach. First, we created a 500 × 500 m grid across the island and 
selected 30 grid cells in the urban zone and 20 in the rural zone. 
Fewer rural grid cells were selected as this zone is more uniform (de 
Lima et al., 2014). A transect was then established in each grid cell. If 
this was not possible, we targeted a new randomly selected grid cell. 
Across all zones, each transect consisted of four 5 × 50 m sections 
(0.1 ha) separated by less than 50 m, ensuring at least 200 m between 
transects. Sections were not in a straight line so that a homogenous 
patch of habitat could be sampled by avoiding obstacles such as 
roads or rivers/valleys (Benitez Bosco et al., 2018).

2.3  |  Data collection

2.3.1  |  Tree sampling

Fieldwork was carried out from October 2019 to August 2021. All 
trees with a diameter at breast height ≥ 5 cm were identified within 
each transect section (Benitez Bosco et  al.,  2018). Plants that 
were monocots, namely from the Arecaceae (e.g. Elaeis guineensis, 
Cocos nucifera), Caricaceae (Carica papaya), Musaceae (Musa spp.), 
Pandanaceae (Pandanus thomensis), and Poaceae (Bambusa vulgaris), 
were not considered to be trees and thus excluded. These were 
likely to respond differently to land-use change compared to dicots 
(Renninger & Phillips, 2016). We photographed and collected every 
species at least once to facilitate identification down to the lowest 
taxonomic level (Tropicos, 2023).
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2.3.2  |  Species origins

We distinguished introduced and native taxa, classifying the latter 
as endemic if the native distribution was restricted to the oceanic 
islands of the Gulf of Guinea (Table A1). We ascribed each taxon to 
a biogeographic realm (Udvardy, 1975), but if data were unavailable, 
no realm was ascribed. All information was based on POWO (2023) 
and Figueiredo et  al.  (2011), or on author expertise if information 
was incomplete or doubtful.

2.3.3  |  Environmental parameters

We selected spatially explicit environmental variables that best 
reflected physico-climatic gradients, based on availability and 
relevance, to explain differences in tree assemblages (Dauby 
et  al.,  2022; Soares et  al.,  2020). The resolution of altitude, 
precipitation, remoteness, slope, and topography was ~90 m 
(Soares et al., 2020), while for cloud cover it was 1 km (Wilson & 
Jetz, 2016). All variables were continuous, except for topography, 
which was categorical, distinguishing flat areas, valleys, middle 

slopes, upper slopes, and ridges. For each of the continuous vari-
ables, we used the mean of the values extracted at start and end 
points of transect sections to characterise each transect. For to-
pography, we used the most frequent category among these start 
and end points, and for those eight transects where categories 
were equally frequent, we used the category that occurred first 
along the transect.

2.4  |  Data analyses

Analyses were performed in R 4.2.2 (R Core Team, 2022), for which 
we created a community data matrix, consisting of abundance per 
species (columns) and transect (rows). To test for differences in α-
diversity between zones, we calculated abundance and species 
richness on transect level from this data, as well as evenness, which 
accounts for the abundance of each species relative to the abun-
dances of other species, and Fisher's alpha to describe the relation-
ships between abundance and species richness. For species richness 
and Fisher's alpha index, we used one-way ANOVAs followed by 
Tukey HSD post-hoc tests since data was normally distributed and 

F I G U R E  1 Location of São Tomé Island in Africa (top left) and in the Gulf of Guinea (bottom left), and of the 81 transects sampled 
across urban, rural and natural zones of São Tomé (right). Zonation of the latter was based on Soares et al. (2020) and Ministério das Infra-
Estruturas, Recursos Naturais e Ambiente (2018).
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homoscedastic. For abundance and Pielou's evenness index, we em-
ployed Kruskal-Wallis rank sum tests followed by pairwise Wilcoxon 
rank sum tests.

Using “BiodiversityR” (Kindt & Coe, 2005), we created rank-
abundance curves and Rényi diversity profiles, that both combine 
the measures of species richness and evenness, and compare them 
across zones (Oldeland et al., 2010). Rank-abundance curves sort 
species by their abundance. A completely horizontal curve would 
determine perfect evenness among species, which is also true 
for Rényi diversity profiles. As a type of diversity ordering tech-
nique, a Rényi diversity profile orders the most common diversity 
indices ranging between richness and evenness, but it lacks in-
formation on the proportions of species. It does however enable 
straightforward comparisons between measures such as Shannon 
and Simpson diversity indices. This allows for a more compre-
hensive picture than a single diversity index. The highest curve 
indicates the highest diversity among zones, but if curves inter-
sect, this inference cannot be made (Kindt & Coe, 2005; Oldeland 
et al., 2010). To account for different sample sizes, we calculated 
average abundance and species richness per transect for each 
zone. In addition, we created sample-based species accumulation 
curves to evaluate the variation in expected mean species richness 
between zones. We further used Chao, first-  and second-order 
Jackknife, and Bootstrap to extrapolate curves to estimate total 
species richness per zone.

To examine whether species origins affected patterns across 
zones, we tested for differences in abundance and species richness 
for native and introduced species, and for endemic- and non-endemic 
species. This was done via one-way ANOVAs followed by Tukey HSD 
post-hoc tests when assumptions were met, or otherwise by Kruskal-
Wallis rank sum tests followed by pairwise Wilcoxon rank sum tests.

We calculated indicator values to identify associations between 
species and zones, which are maximised when a species occurs on 
all transects (high fidelity) of one zone (high specificity) (Dufrene & 
Legendre, 1997). To this end, we used the multi-level pattern anal-
ysis of the function “multipatt” from “indicspecies” (de Cáceres & 
Legendre, 2009), and the argument “func = “IndVal.g”” for unequal 
group sizes. This function accounts for different niche breadths of 
species by exploring both individual zones and combinations.

To analyse variability of tree communities between zones (β-
diversity), we first standardised community data applying the highly 
robust “hellinger” method from the function “decostand” in “vegan” 
(Oksanen et al., 2022). We then used non-metric multidimensional 
scaling (NMDS) to visualise the differences in the structure of tree 
assemblages between zones. We deemed stress values below 0.2 to 
be acceptable (Clarke, 1993).

To help interpret the NMDS, we tested differences in lo-
cation through permutational multivariate analysis of variance 
(PERMANOVA; permutations = 999) by using “adonis2” in “vegan” 
and “pairwise.adonis2” in “pairwiseAdonis” (Martinez Arbizu, 2017), 
and in dispersion through permutational multivariate analysis of dis-
persion (PERMDISP; permutations = 999) by using “betadisper” and 
“permutest.betadisper” in “vegan”. Location refers to the centroid 

of all transects within a zone and dispersion refers to the variation 
among transects within a zone. This was complemented by an anal-
ysis of similarities (ANOSIM; permutations = 999) via “anosim” in 
“vegan”, in which ranked dissimilarities between transects are used 
to test whether differences are greater within or between zones.

We also generated two NMDS plots based on species scores to 
visualise biogeographic origins and realms (native ranges), respec-
tively, as drivers of tree assemblage structures. To understand how 
tree composition was linked to environmental characteristics, we 
superimposed all significant environmental variables as arrows on 
the NMDS, standardising continuous environmental variables using 
“standardise” from the function “decostand” in “vegan”.

In addition, we aimed to quantify the extent to which zone (urban, 
rural, natural) and spatial structures as described through principal 
coordinates of neighbour matrices (PCNM) influence tree assem-
blages, alongside the abovementioned environmental variables (al-
titude, precipitation, remoteness, slope, topography, cloud cover). 
For this purpose, we employed variation and hierarchical partitioning 
via “rdacca.hp”, which are two complementary methods that do not 
limit the number of predictors and thus can avoid some of the er-
rors associated with selection procedures in regression models (Lai 
et al., 2022). The former determined the unique and average shared 
contributions and the latter the overall importance of each predictor 
(or group of predictors), namely PCNM (Borcard & Legendre, 2002), 
environment, and zone, towards explained variation (R-squared) in 
tree assemblages.

3  |  RESULTS

We removed 21 individuals (0.32%) only determined to family or 
higher, and 287 individuals (4.37%) that were identified to genus, but 
for which we could not exclude the possibility that they may belong 
to already identified species. The final dataset contained 6563 indi-
viduals, 6436 belonging to 171 species, and 127 to undetermined 
species within 6 genera. For simplicity, all are referred to as species 
in the remainder of this work. There were between 4 and 32 species 
and between 17 and 240 individuals per transect. The mean num-
ber of species and individuals per transect was 15.0 (±5.7) and 81.0 
(±51.6), respectively. The population density for the urban zone was 
348.0 individuals/ha, for the rural zone 795.0 individuals/ha, and for 
the natural zone 1267.4 individuals/ha.

Abundance (Figure  2a) and species richness (Figure  2b) were 
highest in the natural zone (α-diversity). Abundance was higher in 
rural than in urban zones, but there was no difference in species 
richness between the two. For Pielou's evenness (Figure  2c) and 
Fisher's alpha indices (Figure  2d), transects in the rural zone had 
the lowest values compared to urban and natural zones, which were 
similar among each other. The hyperdominance of cocoa made the 
rural zone the steepest and thus most uneven rank-abundance curve 
(Figure 3a). The natural zone had the most diverse profile, and the 
rural zone was the least diverse (Figure  3b). Species richness ac-
cumulated more rapidly and was highest in the natural zone (119 
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species) compared to the rural and urban zones, even though it was 
incompletely assessed in all zones (Figure 3c).

The abundance and richness of native and endemic species were 
significantly higher in the natural zone than in the rural and urban zones 
(Figure A1). Contrastingly, the abundance and richness of introduced 
species was significantly higher in both the urban and rural zones than 
in the natural zone. In the urban zone, introduced species accounted 
for 70.6% of the abundance and 57.7% of the richness, contrasting to 
68.3% and 36.8% in the rural zone, and 2.9% and 6.7% in the natural 
zone, respectively. Endemics in the natural zone accounted for 34.5% 
of the abundance and 26.1% of the richness, contrasting to 1.4% and 
7.4% in the rural zone, and 0.6% and 1.4% in the urban zone.

We identified 71 indicator species. The top urban zone indicator 
species were introduced from Indomalaya (mango, Mangifera indica) 
and native Afrotropical (boundary tree, Newbouldia laevis), while those 
of the rural zone were introduced from the Neotropics (cocoa and 
coral tree, Erythrina poeppigiana; Table A2). The top indicator species 
for rural and urban zones combined were from Oceania (breadfruit, 
Artocarpus altilis) and Indomalaya (jackfruit, Artocarpus heterophyl-
lus). In contrast, the main natural zone indicator species were native 
Afrotropical species (Homalium henriquesii and Casearia barteri).

Regarding β-diversity, tree assemblages were distinct between 
all zones, but most notably between natural and urban zones (pair-
wise PERMANOVA: F = 21.369, p = .001; Figure 4a). Floristic similar-
ity was always lower between zones than within zones (ANOSIM: 
R = .719, p = .001). Within zones, tree assemblages were equally sim-
ilar among urban and rural transects (pairwise PERMDISP: F = 6.019, 
p = .235; Figure A2), and significantly more distinct among natural 
transects (p < .050).

Biogeographic origins differed across zones, with many native 
and particularly endemic species only being present in the natural 
zone (Figure 4b). Of all species, 72.3% were exclusively Afrotropical 
and found across zones, even though many were more abundant 
in the natural zone. In contrast, the urban zone included the com-
plete range of origins, i.e. many species were introduced from the 
Neotropics, Indomalaya, Australasia, Oceania, or multiple realms 
(Figure 4c).

All six environmental variables yielded significant correlations 
with the NMDS axes (Figure 4d). The first axis was strongly and pos-
itively associated with cloud cover, remoteness, slope, ridges, and 
upper slopes, and negatively with flat areas, while the second axis 
had weak positive associations with precipitation and weak negative 

F I G U R E  2 Violin box plots of (a) abundance, (b) species richness, (c) Pielou's evenness index, and (d) Fisher's alpha index per transect, 
showing the significance of relationships between zones. p-Values (df = 2) of one-way ANOVA, (b) F = 27.590 and (d) F = 6.192, or Kruskal–
Wallis rank sum tests, (a) χ2 = 58.067 and (c) χ2 = 22.185, at the bottom of each graph. Significant differences from Tukey HSD or pairwise 
Wilcoxon rank sum tests indicated by different superscript letters. Maximum width of violins scaled to 1.

(a) (b)

(c) (d)
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ones with altitude. Additionally, the natural zone was associated 
to ridges, upper slopes, higher altitude and precipitation, while the 
urban zone was linked to flat areas and lower altitude, and the rural 
zone to middle slopes and lower precipitation.

While 60.7% of the variation in tree assemblages remained un-
explained, 17.7% was attributable to spatial factors (PCNM), 10.9% 
to environment, and 10.8% to zone (Figure  A3). Within environ-
ment, precipitation and altitude were the most important variables 
(Table A3). According to variation partitioning, PCNM had the high-
est unique fraction (8.4%) and contributed to the highest shared 
fractions of the variation (Table A4).

4  |  DISCUSSION

On the tropical oceanic island of São Tomé, urban and rural tree spe-
cies richness were similar, but tree assemblages in both zones were 
less diverse than that of the natural zone. This was particularly no-
ticeable when considering the abundance and richness of native and 
endemic species. Introduced species, in contrast, abounded in urban 
and rural zones, implying that tree assemblages in human-dominated 
landscapes have been subject to biotic homogenisation.

4.1  |  How do land-use types influence tree 
community composition?

The highest tree abundance and species richness were found 
in the natural zone. This finding differs from some of the find-
ings from biodiversity studies that consider other taxonomic 
groups on São Tomé, namely birds (Soares et al., 2020) and land 
snails (Tavares, 2021). These tended to have higher abundances 
and more species in land-use types with higher anthropogenic 
influence. This is not surprising since the response of biodiver-
sity to anthropogenic interference is taxa-dependent (Barlow 
et al., 2007). The diversity patterns of tree species also contrast 
with the high plant diversity described for many temperate urban 
areas (Gillespie et al., 2017; Kantsa et al., 2013). One factor might 
be city age since the tropics tend to have younger cities (Aronson 
et al., 2014), in which plant communities may have had less time 
to adapt to urbanisation processes. The combined effect of higher 
natural tree diversity (Mittelbach et al., 2007) and less impover-
ished baselines in tropical compared to temperate areas (Wania 
et  al.,  2006) could further explain this discrepancy, highlighting 
the importance of studying biodiversity beyond urban and rural 
boundaries.

F I G U R E  3 Curves grouped according to zones. (a) Rank-abundance curves on logarithmic scale, displaying the names of the two most 
abundant tree species for each zone. (b) Rényi diversity profiles, where the value of alpha stretches from zero to infinity (ranging between 
richness and evenness). 0: ln(richness); 1: Shannon; 2: ln(1/Simpson); Inf: Ln(1/BergerParker), which is the dominance of the most abundant 
tree species. For (a) and (b) abundance and diversity were averaged per transect for each zone, respectively. (c) Sample-based species 
accumulation curves with 95% confidence intervals. The vertical bars indicate the interval between the minimum (Bootstrap) and maximum 
species richness estimator (second order Jackknife) per zone, while the diamond shapes show the respective mean.

(a) (b) (c)
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The lowest evenness and Fisher's alpha were found in the rural 
zone, which is dominated by shade plantations, an agroforestry sys-
tem that is heavily managed to produce a few crops shaded by a 
small subset of fast-growing species (Dauby et al., 2022). The rural 
tree assemblage of São Tomé might be particularly impoverished 
and uniform due to the history of intensive land-use change, which 
contrasts to many countries in continental Africa, where cocoa 
production, for instance, depended on smallholdings instead of 
industrial-scale plantations (Frynas et al., 2003).

Even though 16 species were shared across all zones, the as-
semblage structure was distinct between zones, especially between 
urban and natural zones (Figure 4a). It could be argued that these 
differences in tree compositions are a product of biophysical and 
climatic rather than anthropogenic factors. We observed that zone, 
space, and environmental variables were not independent and that 
tree assemblages strongly correlated with precipitation and alti-
tudinal gradients. Microhabitat conditions, which may not be cap-
tured by the scale that environmental variables were assessed at, 

F I G U R E  4 Non-metric 
multidimensional scaling (NMDS) plots 
based on Bray-Curtis dissimilarities of 
tree species abundances along transects 
(stress value = 0.126). (a) Structural 
differences between transects. (b) 
Structural differences between species, 
differentiated by origin and abundance 
relative to sample size of zones. The 
names of the two most abundant species 
of each zone and of those in outstanding 
positions are displayed: Dracaena arborea 
was a significant indicator for urban and 
natural transects combined (Table A2); 
Eucalyptus torelliana and Grevillea robusta 
were only recorded in one transect 
in a tree nursery of the capital. (c) 
Structural differences between species, 
differentiated by realm (native range). The 
names of species with non-Afrotropical 
native ranges that are associated with 
the natural zone are displayed, as well 
as endemic species that are associated 
with non-natural zones. (d) Structural 
differences between transects, with fitted 
vectors of six environmental variables 
(R2 = .489 to .698, p = .001). In (a) and 
(d) minimum convex hulls for each zone 
are shown. In (b) and (c), these hulls 
are indicated by lines, and some minor 
random variation (“jitter”) has been added 
to avoid overlap between points (species).

(a)

(b)

(c)

(d)
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may further explain differences in species compositions. In addi-
tion, intra- or interspecific interactions could be influential.

Originally, São Tomé was almost entirely forested, but humans 
heavily altered these ecosystems. While native vegetation persisted 
in rugged areas at higher elevations (Norder et al., 2020), rural and 
urban zones were established in more accessible, drier areas at lower 
altitudes. Some of our natural transects were located at lower ele-
vation but did not form any clusters in the NMDS (Figure 4a). This 
indicates that tree assemblages in the lowlands may have previously 
not been that different from those in higher elevations. Hence, the 
absence of many native species from rural and urban zones may be 
due to human actions rather than being driven by biophysical and 
climatic factors. Trees in these zones tend to be managed, being 
planted or removed to satisfy well-defined human needs (de Lima 
et  al.,  2014). Nonetheless, some uncertainty remains with regard 
to whether some native species might have more specialist habitat 
requirements and would, therefore, have been absent without any 
human interference. This contrasts with the presence of introduced 
species in rural and urban zones, which is clearly attributable to an-
thropogenic factors. Besides, recent rapid urban expansion into rural 
areas (Muñoz-Torrent et  al., 2022) may help explain some floristic 
overlap between these two zones.

4.2  |  To what extent do introduced species 
drive these differences?

Native tree species, and notably the endemics, were clearly associ-
ated with the natural zone, contrasting to the anthropogenic affini-
ties of introduced taxa. Biotic homogenisation was noticeable in our 
study area, since the occurrence of introduced species appeared to 
coincide with a drastic reduction in the number of native species. 
Homogenising processes were seemingly connected with land-use 
change (Sánchez-Ortiz et al., 2020), particularly urbanisation, as the 
urban zone was dominated by introduced trees in abundance and 
species richness. This is also where the greatest accumulation of bio-
geographic native ranges was found, bearing the risk of facilitating 
biotic homogenisation at larger scales (Kramer, Bald, et al., 2023).

In São Tomé, 57.7% of the tree species in the urban zone were 
introduced. Historically, this island being at the intersection of the 
Portuguese colonial routes may help explain this dominance. In 
many tropical regions, species introductions are associated with 
colonialism (Abendroth et al., 2012) and human occupation (Castro 
et al., 2010). As long-lived organisms, trees are often living proof of 
these legacies, such as the many introduced trees around colonial 
buildings in São Tomé. Other tropical cities do show similar propor-
tions of introduced species (de Souza e Silva et al., 2020), but there is 
considerable variation, e.g. 75% in Rwanda (Seburanga et al., 2014) 
and 36.4% in Malawi (Chimaimba et al., 2020).

In the rural zone, over two-thirds of tree individuals were intro-
duced, which was mostly due to the hyperabundant cocoa trees, but 
there were also many native species, even though their abundance 

tended to be lower than in the natural zone. As such, the rural zone 
could potentially allow for the regeneration of native and endemic 
species. But it could also facilitate the expansion of introduced spe-
cies, some of which might become invasive (de Lima et  al., 2014), 
such as trumpet tree (Cecropia peltata) or avocado (Persea ameri-
cana) (de Lima et al., 2013), which were present in the natural zone. 
However, the overall scarcity of introduced species in the natural 
zone is common to other island forests, for instance in Trinidad 
(Arnold et al., 2021) and Madagascar (Osen et al., 2021). In fact, na-
tive diversity at relatively intact sites may be able to buffer against 
biological invasions (Delavaux et al., 2023).

4.3  |  How are native biogeographic ranges of tree 
species distributed across zones?

The natural zone was home to most Afrotropical species, which 
largely coincided with native species. Nevertheless, Afrotropical 
species were also well represented in rural and urban zones, in 
some cases by introduced species (Figure  4). In contrast, most 
non-Afrotropical species were associated with the urban zone, re-
inforcing the fact that this zone is characterised by biotic homog-
enisation through the introduction of widespread species (Lokatis 
& Jeschke,  2022). Many of these are useful species, such as the 
Indomalayan mango tree, which has been introduced across the 
tropics for its fruits and was the best indicator for the urban zone in 
São Tomé. The strong historical ties with Brazil facilitated the intro-
duction of many Neotropical species, such as cocoa and coral trees, 
both of which are indicators of the rural zone. Coral trees are typical 
shade trees, which grow rapidly and improve the microclimate for 
cocoa and coffee, the two most important export crops. The top 
indicator species of both urban and rural zones were breadfruit and 
jackfruit, which highlights their relevance for both urban and rural 
dwellers. They were introduced from Oceania and Indomalaya, re-
spectively, for their very large fruits, with breadfruit serving as a 
staple food on the island.

Endemic abundance and species richness in the natural zone 
exceeded that of the rural and urban zones. These results contrast 
with those of temperate cities in Australia (Ives et al., 2016), Greece 
(Kantsa et  al., 2013), and South Africa (Holmes et  al., 2012). The 
scarcity of endemics in São Tomé urban and rural zones might be 
linked to island species struggling to adapt to anthropogenic envi-
ronments, especially when they have to compete against numerous 
introduced species (Sánchez-Ortiz et al., 2020), that may be planted 
or self-propagating. This is not helped by most endemics likely being 
less valuable to humans, as they tend to have smaller or inedible 
fruits (Heleno et  al., 2022) and take longer to produce timber (de 
Lima et al., 2013). In addition, people are less familiar with endem-
ics, which are mostly located in the more remote natural zone of 
this originally uninhabited island, compared to introduced species 
that arrived with early settlers or to some native species that the 
first Santomeans may have known from their home countries (de 
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Medeiros et al., 2012). An exception to this is the rural and urban 
occurrence of Chytranthus mannii (Benitez Bosco et al., 2018), an en-
demic species planted for its edible fruits.

5  |  IMPLIC ATIONS AND CONCLUSIONS

In São Tomé, the conservation value of urban and rural tree assem-
blages is very low. They hold few species, most of which are intro-
duced, widespread and not threatened. The natural zone clearly 
has the highest value for conservation, hosting rich, abundant and 
diverse tree assemblages that have most of the native, endemic 
and threatened species. Hence, preserving the natural zone is the 
most important approach for conserving the island's biodiversity, 
counteracting biotic homogenisation. However, this could be com-
plemented by species-specific conservation strategies targeting the 
few endemic and threatened species that have important popula-
tions outside the natural zones, and by exploring approaches to in-
crease the ecological value of rural and urban zones. We therefore 
propose that conservation strategies on the island should broaden 
out from the Obô Natural Park for better integration of rural and 
urban zones into national biodiversity action plans. For instance, 
natural regeneration can be assisted in the buffer around the Obô 
Natural Park as well as in other secondary forests, and currently un-
forested agricultural plots in the rural zone can be turned into agro-
forests, using native, endemic and threatened tree species. This is 
already happening as part of “The Restoration Initiative” project in 
São Tomé and Príncipe, the country's first initiative on Forest and 
Landscape Restoration. Furthermore, endemics such as Carapa gogo 
or Chytranthus mannii may be suitable to diversify tree assemblages 
of existing shade plantations, enhancing biodiversity and boosting 
productivity. In addition, urban planting schemes could be initiated 
that ideally feature climate-resilient trees of native origin. Creating 
more awareness about the benefits of protecting endemic species 
could help make them a symbol of island identity and pride.

Tree diversity was higher in the natural zone, contradicting with 
the widespread notion that urban zones can harbour high levels of 
plant diversity. This may partly be due to most studies on urbanisa-
tion comparing cities with already highly modified rural hinterlands, 
such as monoculture fields in industrialised countries, rather than 
natural ecosystems. Thus, we call for using areas of low human in-
terference as references to assess urban biodiversity, but also for a 
wider array of metrics that can capture subtle changes in biodiver-
sity. Our results further suggest that the geographic bias of research 
towards temperate regions may be distorting the current percep-
tions of how urbanisation influences biodiversity.

AUTHOR CONTRIBUTIONS
Lena Strauß: Conceptualization (lead); formal analysis (lead); investiga-
tion (lead); visualization (lead); writing – original draft (lead); writing – 
review and editing (equal). Ricardo F. de Lima: Conceptualization (lead); 
funding acquisition (lead); investigation (supporting); supervision (lead); 
writing – review and editing (lead). Timothy R. Baker: Conceptualization 

(lead); supervision (lead); writing – review and editing (lead). Laura 
Benitez Bosco: Conceptualization (equal); investigation (equal); writing 
– review and editing (equal). Gilles Dauby: Conceptualization (equal); 
investigation (equal); writing – review and editing (equal). Olivier 
Lachenaud: Investigation (equal); writing – review and editing (equal). 
Angela Lima: Investigation (equal); writing – review and editing (sup-
porting). Dilson Madre Deus: Investigation (equal); writing – review 
and editing (supporting). Maria do Céu Madureira: Conceptualization 
(equal); investigation (equal); writing – review and editing (support-
ing). Estevão Soares: Investigation (equal); writing – review and editing 
(supporting). Pascoal Sousa: Investigation (equal); writing – review and 
editing (supporting). Tariq Stévart: Conceptualization (equal); investi-
gation (equal); writing – review and editing (equal). Martin Dallimer: 
Conceptualization (lead); funding acquisition (lead); supervision (lead); 
writing – review and editing (lead).

AFFILIATIONS
1Sustainability Research Institute, School of Earth and Environment, 
University of Leeds, Leeds, UK
2cE3c – Centre for Ecology, Evolution and Environmental Changes, 
University of Lisbon, Lisbon, Portugal
3CHANGE – Global Change and Sustainability Institute, University of Lisbon, 
Lisbon, Portugal
4Departamento de Biologia Animal, Faculty of Sciences, University of Lisbon, 
Lisbon, Portugal
5Gulf of Guinea Biodiversity Center, São Tomé, São Tomé and Príncipe
6School of Geography, University of Leeds, Leeds, UK
7Fauna & Flora, Cambridge, UK
8Fundação Príncipe, Santo António, São Tomé and Príncipe
9CIBIO – Centro de Investigação em Biodiversidade e Recursos Genéticos, 
InBIO Laboratório Associado, Campus de Vairão, Universidade do Porto, 
Vairão, Portugal
10BIOPOLIS – Program in Genomics, Biodiversity and Land Planning, CIBIO, 
Campus de Vairão, Vairão, Portugal
11AMAP – botAnique et Modélisation de l'Architecture des Plantes et des 
végétations, Université Montpellier, CIRAD, CNRS, INRAE, IRD, Montpellier, 
France
12Meise Botanic Garden, Meise, Belgium
13Herbarium et Bibliothèque de Botanique africaine, Université Libre de 
Bruxelles, Brussels, Belgium
14Direcção das Florestas e da Biodiversidade, São Tomé, São Tomé and 
Príncipe
15Ministério da Educação, Cultura e Ciências, São Tomé, São Tomé and 
Príncipe
16Departamento de Ciências da Vida, Centre for Functional Ecology, 
Universidade de Coimbra, Coimbra, Portugal
17Associação Monte Pico, Monte Café, São Tomé and Príncipe
18Parque Natural do Obô de São Tomé, Bom Sucesso, São Tomé and Príncipe
19Africa and Madagascar Department, Missouri Botanical Garden, St. Louis, 
Missouri, USA
20Centre for Environmental Policy, Imperial College London, London, UK

ACKNOWLEDG EMENTS
In memoriam of Pascoal Sousa, who left us suddenly and far too 
early. As a Forestry Technician of the Direcção das Florestas e da 
Biodiversidade of São Tomé and Príncipe, he was one of the great-
est parataxonomists of the country and played a pivotal role in 
this study. The authors thank Lewis Eduardo, António Alberto, 
Júdice Lopes, and Gabriel Oquiongo for their help during fieldwork; 
Diosdado Nguema for additional support in plant identification; 



    |  11 of 22STRAUSS et al.

and João d'Alva for authorising the research in São Tomé. LS was 
supported by the Leeds-York-Hull Natural Environment Research 
Council (NERC) Doctoral Training Partnership (DTP) Panorama, 
United Kingdom [grant number NE/S007458/1]. The Portuguese 
Government, through the “Fundação para a Ciência e a Tecnologia”, 
provided structural funding to cE3c [UID/BIA/00329/2023] and to 
CHANGE [LA/P/0121/2020]. LBB, GD, OL, AL, DMD, MdCM and 
ES were supported by the Critical Ecosystem Partnership Fund 
(CEPF), a joint initiative of l'Agence Française de Développement, 
Conservation International, the European Union, the Global 
Environment Facility, the Government of Japan, and the World Bank, 
through the project CEPF-104130.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available in the 
supplementary material of this article (Data S1–S4).

ORCID
Lena Strauß   https://orcid.org/0000-0002-6216-062X 
Ricardo F. de Lima   https://orcid.org/0000-0002-0184-3945 
Timothy R. Baker   https://orcid.org/0000-0002-3251-1679 
Laura Benitez Bosco   https://orcid.org/0000-0002-8863-8353 
Gilles Dauby   https://orcid.org/0000-0002-9498-413X 
Maria do Céu Madureira   https://orcid.
org/0000-0002-3017-0866 
Tariq Stévart   https://orcid.org/0000-0002-6212-0361 
Martin Dallimer   https://orcid.org/0000-0001-8120-3309

R E FE R E N C E S
Abendroth, S., Kowarik, I., Müller, N., & von der Lippe, M. (2012). The 

green colonial heritage: Woody plants in parks of Bandung, 
Indonesia. Landscape and Urban Planning, 106(1), 12–22.

Arnold, H., Deacon, A. E., Hulme, M. F., Sansom, A., Jaggernauth, D., & 
Magurran, A. E. (2021). Contrasting trends in biodiversity of birds 
and trees during succession following cacao agroforest abandon-
ment. Journal of Applied Ecology, 58(6), 1248–1260.

Aronson, M. F. J., La Sorte, F. A., Nilon, C. H., Katti, M., Goddard, M. A., 
Lepczyk, C. A., Warren, P. S., Williams, N. S. G., Cilliers, S., Clarkson, 
B., Dobbs, C., Dolan, R., Hedblom, M., Klotz, S., Kooijmans, J. L., 
Kühn, I., MacGregor-Fors, I., McDonnell, M., Mörtberg, U., … Winter, 
M. (2014). A global analysis of the impacts of urbanization on bird 
and plant diversity reveals key anthropogenic drivers. Proceedings 
of the Royal Society B: Biological Sciences, 281, 20133330.

Barlow, J., Gardner, T. A., Araujo, I. S., Ávila-Pires, T. C., Bonaldo, A. B., 
Costa, J. E., Esposito, M. C., Ferreira, L. V., Hawes, J., Hernandez, M. 
I. M., Hoogmoed, M. S., Leite, R. N., Lo-Man-Hung, N. F., Malcolm, 
J. R., Martins, M. B., Mestre, L. A. M., Miranda-Santos, R., Nunes-
Gutjahr, A. L., Overal, W. L., … Peres, C. A. (2007). Quantifying the 
biodiversity value of tropical primary, secondary, and plantation 
forests. Proceedings of the National Academy of Sciences of the United 
States of America, 104(47), 18555–18560.

Beninde, J., Veith, M., & Hochkirch, A. (2015). Biodiversity in cities needs 
space: A meta-analysis of factors determining intra-urban biodiver-
sity variation. Ecology Letters, 18(6), 581–592.

Benitez Bosco, L., Stévart, T., Madureira, M. C., & Dias, D. (2018). Príncipe 
Island botanical sampling follow up work – GTC phase 2. Unpublished.

Borcard, D., & Legendre, P. (2002). All-scale spatial analysis of ecologi-
cal data by means of principal coordinates of neighbour matrices. 
Ecological Modelling, 153(1–2), 51–68.

Castro, S. A., Daehler, C. C., Silva, L., Torres-Santana, C. W., Reyes-
Betancort, J. A., Atkinson, R., Jaramillo, P., Guezou, A., & Jaksic, 
F. M. (2010). Floristic homogenization as a teleconnected trend in 
oceanic islands. Diversity and Distributions, 16(6), 902–910.

Ceríaco, L. M. P., Santos, B. S., de Lima, R. F., Bell, R. C., Norder, S. J., & 
Melo, M. (2022). Physical geography of the Gulf of Guinea oceanic 
islands. In L. M. P. Ceríaco, R. F. de Lima, M. Melo, & R. C. Bell (Eds.), 
Biodiversity of the Gulf of Guinea oceanic islands (pp. 13–36). Springer 
International Publishing.

Chimaimba, F. B., Kafumbata, D., Chanyenga, T., & Chiotha, S. (2020). 
Urban tree species composition and diversity in Zomba city, Malawi: 
Does land use type matter? Urban Forestry & Urban Greening, 54, 
126781.

Clarke, K. R. (1993). Non-parametric multivariate analyses of changes 
in community structure. Australian Journal of Ecology, 18(1), 
117–143.

Dauby, G., Stévart, T., Barberá, P., Benitez Bosco, L., Madureira, M. C., 
Soares, F. C., Viennois, G., & de Lima, R. F. (2022). Classification, 
distribution, and biodiversity of terrestrial ecosystems in the Gulf 
of Guinea oceanic islands. In L. M. P. Ceríaco, R. F. de Lima, M. Melo, 
& R. C. Bell (Eds.), Biodiversity of the Gulf of Guinea oceanic islands 
(pp. 37–69). Springer International Publishing.

de Cáceres, M., & Legendre, P. (2009). Associations between species and 
groups of sites: Indices and statistical inference. Ecology, 90(12), 
3566–3574.

de Lima, R. F., Deffontaines, J.-B., Madruga, L., Matilde, E., Nuno, A., & 
Vieira, S. (2022). Biodiversity conservation in the Gulf of Guinea 
oceanic islands: Recent progress, ongoing challenges, and future 
directions. In L. M. P. Ceríaco, R. F. de Lima, M. Melo, & R. C. Bell 
(Eds.), Biodiversity of the Gulf of Guinea oceanic islands (pp. 643–670). 
Springer International Publishing.

de Lima, R. F., Olmos, F., Dallimer, M., Atkinson, P. W., & Barlow, J. (2013). 
Can REDD+ help the conservation of restricted-range island spe-
cies? Insights from the endemism hotspot of São Tomé. PLoS One, 
8(9), e74148.

de Lima, R. F., Viegas, L., Solé, N., Soares, E., Dallimer, M., Atkinson, P. W., 
& Barlow, J. (2014). Can management improve the value of shade 
plantations for the endemic species of São Tomé Island? Biotropica, 
46(2), 238–247.

de Medeiros, P. M., Soldati, G. T., Alencar, N. L., Vandebroek, I., Pieroni, 
A., Hanazaki, N., & de Albuquerque, U. P. (2012). The use of me-
dicinal plants by migrant people: Adaptation, maintenance, and re-
placement. Evidence-based Complementary and Alternative Medicine, 
2012, 807452.

de Souza e Silva, J. L., Pontes De Oliveira, M. T., Oliveira, W., Borges, 
L. A., Cruz-Neto, O., & Lopes, A. V. (2020). High richness of exotic 
trees in tropical urban green spaces: Reproductive systems, fruit-
ing and associated risks to native species. Urban Forestry & Urban 
Greening, 50, 126659.

Deheuvels, O., Rousseau, G. X., Soto Quiroga, G., Decker Franco, 
M., Cerda, R., Vílchez Mendoza, S. J., & Somarriba, E. (2014). 
Biodiversity is affected by changes in management intensity of 
cocoa-based agroforests. Agroforestry Systems, 88(6), 1081–1099.

Delavaux, C. S., Crowther, T. W., Zohner, C. M., Robmann, N. M., 
Lauber, T., van den Hoogen, J., Kuebbing, S., Liang, J., De-Miguel, 
S., Nabuurs, G. J., Reich, P. B., Abegg, M., Adou Yao, Y. C., Alberti, 
G., Almeyda Zambrano, A. M., Alvarado, B. V., Alvarez-Dávila, E., 
Alvarez-Loayza, P., Alves, L. F., … Maynard, D. S. (2023). Native 
diversity buffers against severity of non-native tree invasions. 
Nature, 621(7980), 773–781.

https://orcid.org/0000-0002-6216-062X
https://orcid.org/0000-0002-6216-062X
https://orcid.org/0000-0002-0184-3945
https://orcid.org/0000-0002-0184-3945
https://orcid.org/0000-0002-3251-1679
https://orcid.org/0000-0002-3251-1679
https://orcid.org/0000-0002-8863-8353
https://orcid.org/0000-0002-8863-8353
https://orcid.org/0000-0002-9498-413X
https://orcid.org/0000-0002-9498-413X
https://orcid.org/0000-0002-3017-0866
https://orcid.org/0000-0002-3017-0866
https://orcid.org/0000-0002-3017-0866
https://orcid.org/0000-0002-6212-0361
https://orcid.org/0000-0002-6212-0361
https://orcid.org/0000-0001-8120-3309


12 of 22  |     STRAUSS et al.

Droissart, V., Dauby, G., Hardy, O. J., Deblauwe, V., Harris, D. J., Janssens, 
S., Mackinder, B. A., Blach-Overgaard, A., Sonké, B., Sosef, M. S. 
M., Stévart, T., Svenning, J. C., Wieringa, J. J., & Couvreur, T. L. P. 
(2018). Beyond trees: Biogeographical regionalization of tropical 
Africa. Journal of Biogeography, 45(5), 1153–1167.

Dufrene, M., & Legendre, P. (1997). Species assemblages and indicator 
species: The need for a flexible asymmetrical approach. Ecological 
Monographs, 67(3), 345–366.

Figueiredo, E., Paiva, J., Stévart, T., Oliveira, F., & Smith, G. F. (2011). 
Annotated catalogue of the flowering plants of São Tomé and 
Príncipe. Bothalia, 41(1), 41–82.

Frynas, J. G., Wood, G., & Soares de Oliveira, R. M. S. (2003). Business 
and politics in São Tomé e Príncipe: From cocoa monoculture to 
petro-state. African Affairs, 102, 51–80.

Gao, J., & O'Neill, B. C. (2020). Mapping global urban land for the 21st 
century with data-driven simulations and shared socioeconomic 
pathways. Nature Communications, 11, 2302.

Gillespie, T. W., de Goede, J., Aguilar, L., Jenerette, G. D., Fricker, G. A., 
Avolio, M. L., Pincetl, S., Johnston, T., Clarke, L. W., & Pataki, D. 
E. (2017). Predicting tree species richness in urban forests. Urban 
Ecosystems, 20(4), 839–849.

Güneralp, B., Lwasa, S., Masundire, H., Parnell, S., & Seto, K. C. (2018). 
Urbanization in Africa: Challenges and opportunities for conserva-
tion. Environmental Research Letters, 13, 15002.

Heleno, R. H., Mendes, F., Coelho, A. P., Ramos, J. A., Palmeirim, J. 
M., Rainho, A., & de Lima, R. F. (2022). The upsizing of the São 
Tomé seed dispersal network by introduced animals. Oikos, 2022, 
e08279.

Holmes, P. M., Rebelo, A. G., Dorse, C., & Wood, J. (2012). Can Cape 
Town's unique biodiversity be saved? Balancing conservation im-
peratives and development needs. Ecology and Society, 17(2), 28.

Hunte, N., Roopsind, A., Ansari, A. A., & Trevor Caughlin, T. (2019). 
Colonial history impacts urban tree species distribution in a tropical 
city. Urban Forestry & Urban Greening, 41, 313–322.

Ives, C. D., Lentini, P. E., Threlfall, C. G., Ikin, K., Shanahan, D. F., Garrard, 
G. E., Bekessy, S. A., Fuller, R. A., Mumaw, L., Rayner, L., Rowe, R., 
Valentine, L. E., & Kendal, D. (2016). Cities are hotspots for threat-
ened species. Global Ecology and Biogeography, 25(1), 117–126.

Kantsa, A., Tscheulin, T., Junker, R. R., Petanidou, T., & Kokkini, S. (2013). 
Urban biodiversity hotspots wait to get discovered: The example 
of the city of Ioannina, NW Greece. Landscape and Urban Planning, 
120, 129–137.

Kindt, R., & Coe, R. (2005). Tree diversity analysis – A manual and software 
for common statistical methods for ecological and biodiversity studies. 
World Agroforestry Centre (ICRAF).

Kowarik, I. (2011). Novel urban ecosystems, biodiversity, and conserva-
tion. Environmental Pollution, 159(8–9), 1974–1983.

Kramer, J. M. F., Bald, J. L., de Pessato, J. L., Kupas, F. M., Kozera, C., & 
Zwiener, V. P. (2023). A matter of scale: Local biotic differentiation 
and potential regional homogenization of understory plant commu-
nities in a highly fragmented tropical landscape. Acta Oecologica, 
120, 103935.

Kramer, J. M. F., Zwiener, V. P., & Müller, S. C. (2023). Biotic homogeni-
zation and differentiation of plant communities in tropical and sub-
tropical forests. Conservation Biology, 37(1), e14025.

Lai, J., Zou, Y., Zhang, J., & Peres-Neto, P. R. (2022). Generalizing hierar-
chical and variation partitioning in multiple regression and canoni-
cal analyses using the rdacca.hp R package. Methods in Ecology and 
Evolution, 13(4), 782–788.

Lokatis, S., & Jeschke, J. M. (2022). Urban biotic homogenization: 
Approaches and knowledge gaps. Ecological Applications, 32(8), 
e2703.

Lowry, B. J., Lowry, J. H., Jarvis, K. J., Keppel, G., Thaman, R. R., & 
Boehmer, H. J. (2020). Spatial patterns of presence, abundance, and 
richness of invasive woody plants in relation to urbanization in a 
tropical island setting. Urban Forestry & Urban Greening, 48, 126516.

Martinez Arbizu, P. (2017). pairwiseAdonis: Pairwise multilevel comparison 
using Adonis (R package version 0.4). [Software].

McKinney, M. L. (2008). Effects of urbanization on species richness: A 
review of plants and animals. Urban Ecosystems, 11(2), 161–176.

Ministério das Infra-Estruturas, Recursos Naturais e Ambiente. (2018). 
Plano nacional de ordenamento do território de São Tomé e Príncipe – 
Planta síntese de caracterização, Ilha de São Tomé [Online]. República 
Democratica de São Tomé e Príncipe, Ministério das Infra-
Estruturas, Recursos Naturais e Ambiente, Célula de Execução do 
Projeto PNOT. http://​pnot.​gov.​st/​upload/​plano/​​carac​teriz​acao/​
PNOT-​1.​1-​Planta_​Sinte​se_​v2.​pdf

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, 
J. M., Bush, M. B., Harrison, S. P., Hurlbert, A. H., Knowlton, N., 
Lessios, H. A., McCain, C. M., McCune, A. R., McDade, L. A., 
McPeek, M. A., Near, T. J., Price, T. D., Ricklefs, R. E., Roy, K., Sax, 
D. F., … Turelli, M. (2007). Evolution and the latitudinal diversity 
gradient: Speciation, extinction and biogeography. Ecology Letters, 
10(4), 315–331.

Mori, A. S., Isbell, F., & Seidl, R. (2018). β-Diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology & Evolution, 33(7), 
549–564.

Muñoz-Torrent, X., Trindade, N. T., & Mikulane, S. (2022). Territory, 
economy, and demographic growth in São Tomé and Príncipe: 
Anthropogenic changes in environment. In L. M. P. Ceríaco, R. F. de 
Lima, M. Melo, & R. C. Bell (Eds.), Biodiversity of the Gulf of Guinea 
oceanic islands (pp. 71–86). Springer International Publishing.

Norder, S. J., de Lima, R. F., de Nascimento, L., Lim, J. Y., Fernández-
Palacios, J. M., Romeiras, M. M., Elias, R. B., Cabezas, F. J., Catarino, 
L., Ceríaco, L. M. P., Castilla-Beltrán, A., Gabriel, R., de Sequeira, M. 
M., Rijsdijk, K. F., Nogué, S., Kissling, W. D., van Loon, E. E., Hall, M., 
Matos, M., & Borges, P. A. V. (2020). Global change in microcosms: 
Environmental and societal predictors of land cover change on the 
Atlantic Ocean Islands. Anthropocene, 30, 100242.

OECD/SWAC. (2020). Africa's urbanisation dynamics 2020: Africapolis, 
mapping a new urban geography [Online]. West African Studies. 
OECD Publishing. https://​doi.​org/​10.​1787/​b6bcc​b81-​en

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., 
Minchin, P. R., O'Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs, 
E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D., 
Carvalho, G., Chirico, M., de Cáceres, M., Durand, S., … Weedon, J. 
(2022). vegan: Community Ecology Package (R package version 2.6-4). 
[Software].

Oldeland, J., Dreber, N., & Wesuls, D. (2010). Diversity measures in com-
parative rangeland studies: Application and advantages of species 
abundance distributions and diversity profiles. Dinteria, 31, 50–66.

Olden, J. D., Comte, L., & Giam, X. (2016). Biotic homogenisation. In 
Encyclopedia of life sciences (pp. 1–8). John Wiley & Sons, Ltd.

Olson, D. M., & Dinerstein, E. (2002). The Global 200: Priority ecoregions 
for global conservation. Annals of the Missouri Botanical Garden, 
89(2), 199–224.

Osen, K., Soazafy, M. R., Martin, D. A., Wurz, A., März, A., Ranarijaona, 
H. L. T., & Hölscher, D. (2021). Land-use history determines stand 
structure and tree diversity in vanilla agroforests of northeastern 
Madagascar. Applied Vegetation Science, 24(1), e12563.

Padilla, B. J., & Sutherland, C. (2019). A framework for transparent quan-
tification of urban landscape gradients. Landscape Ecology, 34(6), 
1219–1229.

Plants of the World Online (POWO). (2023). Facilitated by the Royal 
Botanic Gardens, Kew. http://​www.​plant​softh​eworl​donli​ne.​org/​

R Core Team. (2022). R: A language and environment for statistical com-
puting (version 4.2.2) [Software]. R Foundation for Statistical 
Computing.

Rega-Brodsky, C. C., Aronson, M. F. J., Piana, M. R., Carpenter, E. S., Hahs, 
A. K., Herrera-Montes, A., Knapp, S., Kotze, D. J., Lepczyk, C. A., 
Moretti, M., Salisbury, A. B., Williams, N. S. G., Jung, K., Katti, M., 
MacGregor-Fors, I., MacIvor, J. S., La Sorte, F. A., Sheel, V., Threfall, 

http://pnot.gov.st/upload/plano/caracterizacao/PNOT-1.1-Planta_Sintese_v2.pdf
http://pnot.gov.st/upload/plano/caracterizacao/PNOT-1.1-Planta_Sintese_v2.pdf
https://doi.org/10.1787/b6bccb81-en
http://www.plantsoftheworldonline.org/


    |  13 of 22STRAUSS et al.

C. G., & Nilon, C. H. (2022). Urban biodiversity: State of the science 
and future directions. Urban Ecosystems, 25, 1083–1096.

Renninger, H. J., & Phillips, N. G. (2016). Palm physiology and distribu-
tion in response to global environmental change. In G. Goldstein & 
L. S. Santiago (Eds.), Tropical tree physiology (pp. 67–101). Springer 
International Publishing.

Sánchez-Ortiz, K., Taylor, K. J. M., de Palma, A., Essl, F., Dawson, W., 
Kreft, H., Pergl, J., Pyšek, P., van Kleunen, M., Weigelt, P., & Purvis, 
A. (2020). Effects of land-use change and related pressures on 
alien and native subsets of island communities. PLoS One, 15(12), 
e0227169.

Seburanga, J. L., Kaplin, B. A., Zhang, Q. X., & Gatesire, T. (2014). Amenity 
trees and green space structure in urban settlements of Kigali, 
Rwanda. Urban Forestry & Urban Greening, 13(1), 84–93.

Soanes, K., & Lentini, P. E. (2019). When cities are the last chance for 
saving species. Frontiers in Ecology and the Environment, 17(4), 
225–231.

Soares, F. C., Panisi, M., Sampaio, H., Soares, E., Santana, A., Buchanan, 
G. M., Leal, A. I., Palmeirim, J. M., & de Lima, R. F. (2020). Land-use 
intensification promotes non-native species in a tropical island bird 
assemblage. Animal Conservation, 23(5), 573–584.

Spotswood, E. N., Beller, E. E., Grossinger, R., Grenier, J. L., Heller, N. E., 
& Aronson, M. F. J. (2021). The biological deserts fallacy: Cities in 
their landscapes contribute more than we think to regional biodi-
versity. Bioscience, 71(2), 148–160.

Stévart, T., Dauby, G., Ikabanga, D. U., Lachenaud, O., Barberá, P., de 
Oliveira, F., Benitez Bosco, L., & Madureira, M. C. (2022). Diversity 
of the vascular plants of the Gulf of Guinea oceanic islands. In L. 
M. P. Ceríaco, R. F. de Lima, M. Melo, & R. C. Bell (Eds.), Biodiversity 
of the Gulf of Guinea oceanic islands (pp. 249–271). Springer 
International Publishing.

Tavares, L. B. (2021). Humanização da paisagem e moluscos terrestres: 
Efeitos opostos sobre comunidades de espécies endémicas e não 
endémicas na ilha de São Tomé. [Online]. Universidade de Lisboa. 
http://​hdl.​handle.​net/​10451/​​47723​

Tropicos. (2023). Botanical information system at the Missouri Botanical 
Garden. https://​tropi​cos.​org

Udvardy, M. D. F. (1975). A classification of the biogeographical provinces 
of the world. International Union for Conservation of Nature and 
Natural Resources (IUCN).

UN-DESA. (2018). World urbanization prospects: The 2018 revision, online 
edition. https://​popul​ation.​un.​org/​wup/​Count​ry-​Profi​les/​

Wania, A., Kühn, I., & Klotz, S. (2006). Plant richness patterns in agricul-
tural and urban landscapes in Central Germany – Spatial gradients 
of species richness. Landscape and Urban Planning, 75(1–2), 97–110.

Whittaker, R. J., Fernández-Palacios, J. M., & Matthews, T. J. (2023). 
Island biogeography: Geo-environmental dynamics, ecology, evolution, 
human impact, and conservation. Oxford University Press.

Wilson, A. M., & Jetz, W. (2016). Remotely sensed high-resolution global 
cloud dynamics for predicting ecosystem and biodiversity distribu-
tions. PLoS Biology, 14(3), e1002415.

Zomer, R. J., Neufeldt, H., Xu, J., Ahrends, A., Bossio, D., Trabucco, A., 
van Noordwijk, M., & Wang, M. (2016). Global tree cover and bio-
mass carbon on agricultural land: The contribution of agroforestry 
to global and national carbon budgets. Scientific Reports, 6, 29987.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Strauß, L., de Lima, R. F., Baker, T. R., 
Benitez Bosco, L., Dauby, G., Lachenaud, O., Lima, A., Madre 
Deus, D., Madureira, M. d. C., Soares, E., Sousa, P., Stévart, 
T., & Dallimer, M. (2024). Widespread introduced species 
dominate the urban tree assemblage on the endemic-rich 
tropical island of São Tomé. Ecology and Evolution, 14, 
e70153. https://doi.org/10.1002/ece3.70153

http://hdl.handle.net/10451/47723
https://tropicos.org
https://population.un.org/wup/Country-Profiles/
https://doi.org/10.1002/ece3.70153


14 of 22  |     STRAUSS et al.

APPENDIX 1

TA B L E  A 1 Biogeographic origin and realm (native range) of the 177 tree taxa registered in 81 transects in São Tomé.

Family Taxon Origin Realm Notes

Anacardiaceae Lannea welwitschii Native Afrotropics All information was extracted from 
POWO (2023), except for the following 
markings:
* Not listed and assumed as “Introduced” 
based on native range.
+ Listed as “Native” or “Native 
(Endemic)” but might be introduced 
based on current distribution and on 
being widely cultivated in the island.
~ Listed as “Introduced” but might be 
native based on current distribution.
^ Listed as “Native” or not listed but 
might be a distinct and endemic species.
F Based on Figueiredo et al. (2011).
T Based on ongoing work by the authors.
The realm is unknown for taxa that could 
not be determined to the species level.
Species are listed as endemic if their 
distribution is restricted to the oceanic 
islands of the Gulf of Guinea.
The taxonomy was based on 
Tropicos (2023).
Scientific family or species names not 
accepted by POWO (2023) are indicated 
by #.

Mangifera indica Introduced IndomalayaT

Pseudospondias 
microcarpa

Native Afrotropics

Sorindeia grandifolia Native Afrotropics

Spondias dulcis Introduced Australasia

Spondias mombin Introduced Neotropics

Anisophylleaceae Anisophyllea cabole Native Afrotropics

Annonaceae Annona muricata Introduced Neotropics

Annona squamosa Introduced Neotropics

Cananga odorata Introduced Multiple realms 
(Indomalaya, Australasia)

Greenwayodendron aff. 
suaveolens

Native^ Afrotropics

Monodora myristica Native Afrotropics

Xylopia aethiopica Native Afrotropics

Xylopia quintasii Native Afrotropics

Xylopia sp. nov. Sao Tome# Native (Endemic)T Afrotropics

Apocynaceae Cascabela thevetia Introduced Neotropics

Funtumia africana Native Afrotropics

Funtumia elastica Native+ Afrotropics

Rauvolfia caffra Native Afrotropics

Rauvolfia dichotoma Native (Endemic) Afrotropics

Rauvolfia vomitoria Native Afrotropics

Tabernaemontana 
stenosiphon

Native (Endemic) Afrotropics

Araliaceae Astropanax mannii Native Afrotropics

Polyscias quintasii Native (Endemic) Afrotropics

Asparagaceae Dracaena arborea Native Afrotropics

Asteraceae Vernonia amygdalina# Native+ Multiple realms 
(Afrotropics, Neotropics)

Bignoniaceae Crescentia cujete Introduced* Neotropics

Newbouldia laevis Native+ Afrotropics

Burseraceae Dacryodes edulis# IntroducedT Afrotropics

Santiria balsamifera Native (Endemic) Afrotropics

Cannabaceae Celtis gomphophylla Native Afrotropics

Celtis prantlii# Native Afrotropics

Clusiaceae Symphonia globulifera Native Multiple realms 
(Afrotropics, Neotropics)

Combretaceae Terminalia catappa Introduced Multiple realms 
(Afrotropics, Indomalaya, 
Australasia, Oceania)

Cornaceae Alangium aff. chinense NativeT Unknown

Ebenaceae Diospyros ferrea Native Multiple realms 
(Afrotropics, Indomalaya, 
Australasia)
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Family Taxon Origin Realm Notes

Ehretiaceae# Ehretia cymosa Native Afrotropics

Euphorbiaceae Anthostema aubryanum Native Afrotropics

Croton stellulifer Native (Endemic) Afrotropics

Discoclaoxylon occidentale Native (Endemic) Afrotropics

Discoglypremna caloneura Native Afrotropics

Euphorbia grandifolia NativeT Afrotropics

Grossera elongata Native (Endemic) Afrotropics

Hevea brasiliensis Introduced Neotropics

Klaineanthus gabonii# Native Afrotropics

Macaranga monandra Native Afrotropics

Manihot glaziovii# Introduced Neotropics

Pseudagrostistachys 
africana

Native Afrotropics

Shirakiopsis elliptica Native Afrotropics

Tetrorchidium 
didymostemon

Native Afrotropics

Fabaceae Acacia auriculiformis Introduced* Australasia

Albizia chinensis Introduced* Multiple realms 
(Indomalaya, Australasia)

Albizia falcataria# Introduced Australasia

Albizia lebbeck Introduced Indomalaya

Cassia siamea# Introduced Indomalaya

Cynometra mannii Native Afrotropics

Dialium guineense Native+ Afrotropics

Erythrina fusca Introduced Multiple realms 
(Afrotropics, Neotropics, 
Indomalaya, Australasia, 
Oceania)

Erythrina poeppigiana Introduced Neotropics

Erythrina variegata Introduced Multiple realms 
(Afrotropics, Indomalaya, 
Australasia, Oceania)

Lonchocarpus sericeus Native Multiple realms 
(Afrotropics, Neotropics)

Millettia barteri Native Afrotropics

Millettia griffoniana Native Afrotropics

Pentaclethra macrophylla Native Afrotropics

Tamarindus indica Introduced Afrotropics

Gentianaceae Anthocleista scandens Native Afrotropics

Hypericaceae Harungana 
madagascariensis

Native Afrotropics

Ixonanthaceae Phyllocosmus aff. 
sessiliflorus

Native (Endemic)T Afrotropics

Lamiaceae Gmelina arborea Introduced* Indomalaya

Vitex sp. NativeT Unknown

Lauraceae Cinnamomum burmannii# Introduced Multiple realms 
(Indomalaya, Australasia)

Cinnamomum verum Introduced Indomalaya

Persea americana Introduced Neotropics

TA B L E  A 1 (Continued)

(Continues)
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Family Taxon Origin Realm Notes

Lecythidaceae Scytopetalum klaineanum Native Afrotropics

Malvaceae Ceiba pentandra Introduced~ Neotropics

Cola acuminata IntroducedT Afrotropics

Glyphaea brevis Native Afrotropics

Pachira glabra Introduced Neotropics

Sterculia dawei Native Afrotropics

Theobroma cacao Introduced Neotropics

Melastomataceae Memecylon myrianthum NativeT Afrotropics

Meliaceae Carapa gogo Native (Endemic) Afrotropics

Cedrela odorata Introduced Neotropics

Trichilia grandifolia Native (Endemic) Afrotropics

Moraceae Artocarpus altilis Introduced Oceania

Artocarpus camansi Introduced* Australasia

Artocarpus heterophyllus Introduced Indomalaya

Castilla elastica Introduced Neotropics

Ficus chlamydocarpa Native Afrotropics

Ficus exasperata Native Multiple realms 
(Afrotropics, Indomalaya)

Ficus mucuso Native Afrotropics

Ficus sur Native Afrotropics

Ficus thonningii Native Afrotropics

Mesogyne insignis Native^ Afrotropics

Milicia excelsa Native Afrotropics

Treculia africana Native+ Afrotropics

Trilepisium 
madagascariense

Native Afrotropics

Moringaceae Moringa oleifera Introduced* Indomalaya

Myristicaceae Pycnanthus angolensis Native Afrotropics

Staudtia pterocarpa Native (Endemic) Afrotropics

Myrtaceae Eucalyptus torelliana# Introduced* Australasia

Eugenia brasiliensis Introduced Neotropics

Eugenia uniflora Introduced Neotropics

Psidium guajava Introduced Neotropics

Syzygium guineense NativeT^ Afrotropics

Ochnaceae Campylospermum 
reticulatum

Native Afrotropics

Campylospermum vogelii Native Afrotropics

Idertia axillaris Native Afrotropics

Rhabdophyllum 
arnoldianum

Native Afrotropics

Rhabdophyllum 
calophyllum

Native Afrotropics

Olacaceae Heisteria parvifolia Native Afrotropics

Strombosia grandifolia Native Afrotropics

Strombosia sp. nov. Sao 
Tome#

Native (Endemic)T Afrotropics

Oleaceae Olea capensis Native Afrotropics

Oxalidaceae Averrhoa bilimbi Introduced* Australasia

TA B L E  A 1 (Continued)
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Family Taxon Origin Realm Notes

Phyllanthaceae Amanoa cf. bracteosa NativeT AfrotropicsT

Antidesma vogelianum Native Afrotropics

Bridelia micrantha Native Afrotropics

Cleistanthus libericus Native Afrotropics

Maesobotrya glabrata Native (Endemic) Afrotropics

Margaritaria discoidea Native Afrotropics

Protomegabaria stapfiana Native Afrotropics

Thecacoris manniana# Native (Endemic)F Afrotropics

Uapaca vanhouttei NativeT Afrotropics

Primulaceae Rapanea melanophloeos# Native Afrotropics

Proteaceae Grevillea robusta Introduced Australasia

Putranjivaceae Drypetes glabra Native (Endemic) Afrotropics

Drypetes henriquesii Native (Endemic) Afrotropics

Drypetes principum Native Afrotropics

Rhamnaceae Lasiodiscus rozeirae Native (Endemic) Afrotropics

Maesopsis eminii Native Afrotropics

Ziziphus abyssinica Native+ Afrotropics

Rhizophoraceae Cassipourea gummiflua Native Afrotropics

Rubiaceae Aidia quintasii Native (Endemic) Afrotropics

Aulacocalyx pallens Native Afrotropics

Belonophora coffeoides Native Afrotropics

Bertiera racemosa Native Afrotropics

Cinchona pubescens# Introduced Neotropics

Coffea canephora IntroducedF Afrotropics

Craterispermum 
cerinanthum

Native Afrotropics

Hymenodictyon biafranum Native Afrotropics

Morinda lucida Native Afrotropics

Oxyanthus speciosus Native Afrotropics

Pauridiantha floribunda Native Afrotropics

Pauridiantha insularis Native (Endemic) Afrotropics

Pavetta monticola Native (Endemic) Afrotropics

Pouchetia aff. parviflora Native (Endemic)T Afrotropics

Psychotria grumilea# Native (Endemic) Afrotropics

Psychotria venosa Native Afrotropics

Psydrax sanguinolenta sp. 
nov.#

NativeT AfrotropicsT

Psydrax subcordata# Native Afrotropics

Rothmannia urcelliformis Native Afrotropics

Tarenna nitiduloides Native (Endemic) Afrotropics

Rutaceae Citrus × aurantium Introduced Hybrid

Zanthoxylum gilletii Native Afrotropics

Zanthoxylum thomense Native Afrotropics

Salicaceae Casearia barteri Native Afrotropics

Homalium henriquesii Native Afrotropics

Ophiobotrys zenkeri Native Afrotropics

TA B L E  A 1 (Continued)

(Continues)
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Family Taxon Origin Realm Notes

Sapindaceae Allophylus africanus Native Afrotropics

Allophylus grandifolius Native Afrotropics

Blighia sapida Native+ Afrotropics

Chytranthus mannii Native (Endemic)+ Afrotropics

Sapotaceae Gambeya africana Native Afrotropics

Gambeya albida Native+ Afrotropics

Manilkara obovata Native Afrotropics

Synsepalum revolutum Native Afrotropics

Synsepalum sp. nov. 1 Sao 
Tome#

Native (Endemic)T Afrotropics

Synsepalum sp. nov. 2 Sao 
Tome#

Native (Endemic)T Afrotropics

Simaroubaceae Hannoa klaineana# Native Afrotropics

Solanaceae Cestrum laevigatum Introduced Neotropics

Stilbaceae Nuxia congesta Native Afrotropics

Thymelaeaceae Dicranolepis thomensis Native (Endemic) Afrotropics

Peddiea thomensis Native (Endemic) Afrotropics

Urticaceae Cecropia peltata Introduced Neotropics

Violaceae Rinorea chevalieri Native (Endemic) Afrotropics

Vitaceae Leea tinctoria Native (Endemic) Afrotropics

TA B L E  A 1 (Continued)
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F I G U R E  A 1 Violin box plots of tree abundance and species richness of native (a and b), introduced (c and d), endemic (e and f), and 
non-endemic taxa (g and h) per transect, showing the significance of relationships between zones. p-Values (df = 2) of one-way ANOVA, (h) 
F = 4.147, or Kruskal-Wallis rank sum tests, (a) χ2 = 57.111, (b) χ2 = 54.572, (c) χ2 = 56.473, (d) χ2 = 57.904, (e) χ2 = 62.395, (f) χ2 = 59.957, and (g) 
χ2 = 46.902, at the bottom of each graph. Significant differences from Tukey HSD or pairwise Wilcoxon rank sum tests indicated by different 
superscript letters. Maximum width of violins scaled to 1.
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TA B L E  A 2 Significant indicator values (significance levels: *p ≤ .05, **p ≤ .01) of tree taxa for the urban, rural and natural zones, as well as 
for combinations of them.

Family Taxon Indicator value Significance level

Urban

Anacardiaceae Mangifera indica 0.810 **

Bignoniaceae Newbouldia laevis 0.750 **

Annonaceae Annona muricata 0.616 **

Combretaceae Terminalia catappa 0.577 **

Anacardiaceae Spondias mombin 0.528 *

Sapotaceae Gambeya albida 0.516 **

Lamiaceae Gmelina arborea 0.447 **

Rural

Malvaceae Theobroma cacao 0.920 **

Fabaceae Erythrina poeppigiana 0.775 **

Euphorbiaceae Tetrorchidium didymostemon 0.708 **

Urticaceae Cecropia peltata 0.635 **

Anacardiaceae Pseudospondias microcarpa 0.543 **

Cannabaceae Celtis gomphophylla 0.533 **

Euphorbiaceae Macaranga monandra 0.440 *

Fabaceae Albizia lebbeck 0.420 **

Natural

Salicaceae Homalium henriquesii 0.803 **

Salicaceae Casearia barteri 0.778 **

Rubiaceae Pauridiantha floribunda 0.724 **

Phyllanthaceae Antidesma vogelianum 0.680 **

Lecythidaceae Scytopetalum klaineanum 0.672 **

Phyllanthaceae Thecacoris manniana 0.672 **

Rubiaceae Oxyanthus speciosus 0.657 **

Sapotaceae Gambeya africana 0.648 **

Burseraceae Santiria balsamifera 0.622 **

Annonaceae Xylopia sp. nov. Sao Tome 0.599 **

Rubiaceae Craterispermum cerinanthum 0.596 **

Myrtaceae Syzygium guineense 0.596 **

Phyllanthaceae Uapaca vanhouttei 0.596 **

Phyllanthaceae Cleistanthus libericus 0.587 **

Putranjivaceae Drypetes henriquesii 0.568 **

Annonaceae Greenwayodendron aff. suaveolens 0.568 **

Euphorbiaceae Grossera elongata 0.568 **

Olacaceae Heisteria parvifolia 0.539 **

Phyllanthaceae Protomegabaria stapfiana 0.539 **

Clusiaceae Symphonia globulifera 0.539 **

Rubiaceae Psychotria venosa 0.532 **

Ochnaceae Rhabdophyllum arnoldianum 0.525 **

Rhizophoraceae Cassipourea gummiflua 0.520 **

Rubiaceae Aulacocalyx pallens 0.508 **

Euphorbiaceae Croton stellulifer 0.508 **

Sapotaceae Synsepalum revolutum 0.508 *

Euphorbiaceae Klaineanthus gabonii 0.506 **
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Family Taxon Indicator value Significance level

Phyllanthaceae Amanoa cf. bracteosa 0.475 **

Rubiaceae Psydrax sanguinolenta sp. nov. 0.475 **

Apocynaceae Rauvolfia dichotoma 0.475 **

Myristicaceae Staudtia pterocarpa 0.475 *

Rubiaceae Aidia quintasii 0.440 **

Sapindaceae Blighia sapida 0.440 **

Phyllanthaceae Maesobotrya glabrata 0.440 **

Apocynaceae Tabernaemontana stenosiphon 0.440 *

Simaroubaceae Hannoa klaineana 0.424 *

Sapotaceae Synsepalum sp. nov. 1 Sao Tome 0.421 *

Putranjivaceae Drypetes glabra 0.402 *

Rubiaceae Pavetta monticola 0.402 *

Olacaceae Strombosia sp. nov. Sao Tome 0.402 *

Thymelaeaceae Dicranolepis thomensis 0.359 *

Euphorbiaceae Discoclaoxylon occidentale 0.359 *

Euphorbiaceae Discoglypremna caloneura 0.359 *

Euphorbiaceae Pseudagrostistachys africana 0.359 *

Urban and rural

Moraceae Artocarpus altilis 0.854 **

Moraceae Artocarpus heterophyllus 0.775 **

Meliaceae Cedrela odorata 0.705 **

Rubiaceae Morinda lucida 0.663 **

Moraceae Milicia excelsa 0.663 **

Moraceae Ficus exasperata 0.648 **

Burseraceae Dacryodes edulis 0.583 **

Myrtaceae Psidium guajava 0.469 *

Moraceae Castilla elastica 0.444 *

Urban and natural

Asparagaceae Dracaena arborea 0.496 *

Rural and natural

Myristicaceae Pycnanthus angolensis 0.737 **

Apocynaceae Funtumia africana 0.534 **

TA B L E  A 2 (Continued)

F I G U R E  A 2 Analysis of similarities in 
tree assemblages based on dissimilarity 
ranks (y-axis) between zones (“Between”) 
and within zones (“Urban”, “Rural”, 
“Natural”), with associated R- and p-value. 
The R-value can range between 1 (high 
dissimilarities between zones) and close to 
0 (equal dissimilarities between and within 
zones).
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F I G U R E  A 3 Hierarchical partitioning, combining unique and 
common fractions, of PCNM (principal coordinates of neighbour 
matrices), environment (altitude, precipitation, remoteness, slope, 
topography, cloud cover), and zone (urban, rural, natural) towards 
explained variation (R-squared) of tree assemblages.

TA B L E  A 3 Hierarchical partitioning, combining unique 
and common fractions, of environmental variables: Altitude, 
precipitation, remoteness, slope, topography, cloud cover.

Individual effect (%)

Altitude 20.52

Precipitation 24.19

Remoteness 17.07

Slope 9.61

Topography 14.41

Cloud cover 14.10

Total (%) 100.00

TA B L E  A 4 Variation partitioning between environment 
(altitude, precipitation, remoteness, slope, topography, cloud 
cover), zone (urban, rural, natural), and PCNM (principal coordinates 
of neighbour matrices) explaining variation (R-squared) of tree 
assemblages.

Fraction of 
explained 
variation (%)

Unique to Environment 3.66

Zone 1.88

PCNM 8.41

Common to Environment and zone 1.96

Environment and PCNM 2.71

Zone and PCNM 6.15

Environment, zone, and PCNM 14.56

Total explained variation (%) 39.32
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