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Centres of endemism have been much studied by biogeographers, ecologists, 

and evolutionary theorists, and are considered conservation priorities. It is 

therefore important to understand the ecological traits of restricted range 

taxa, and the landscape-scale drivers of high endemism. Here, we investigate 

correlates of floristic endemism within two of west Africa’s forest biodiversity 

hotspots at local scale. We  assembled distribution data for 1,042 vascular 

plant taxa from 114 sample locations within forest reserves of south west 

Ghana, and for 1,735 vascular plant taxa from 454 sample locations within 

the Nimba Mountains (Liberia and Guinea). A quantitative index of global 

endemism called the Genetic Heat Index was modelled linearly. We tested the 

significance of modern climate, altitude and disturbance as factors predicting 

endemism rates in these two forest reserves. Annual rainfall was significantly 

and positively related to endemism rates in both south west Ghana and the 

Nimba Mountains. Altitude was a significant predictor of endemism rates in 

the Nimba Mountains, with a quadratic relationship highlighting particularly 

high endemism over 1,000 m. Local topography rather than altitude was a 

significant predictor or endemism in SW Ghana, where altitude varies less. 

Areas of high rainfall and high altitude are geographically restricted across 

the western African forests, acting as edaphic islands driving spatial isolation. 

Disturbed vegetation samples had lower endemism rates than undisturbed 

samples in both Nimba and SW Ghana, and overall pioneer species had wider 

areas of occupancy than shade-bearing species. Endemism rates increased 

slightly with each year following clearance. Disturbance thus creates and 

maintains vegetation types which support a lower proportion of globally rare 

species in the two biodiversity hotspots surveyed. From the point of view 

of the conservation of globally rare plants, it is important to keep additional 

disturbance in the south west Ghana hotspot, particularly Ankasa, to a 

minimum, as is the current practice, and in the Nimba mountains to establish 

community forests which may be left relatively undisturbed amid farming and 

mining activities.
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Introduction

Areas home to globally rare species are usually considered 
conservation priorities (Myers et al., 2000; Brooks et al., 2006; 
IUCN, 2016; Darbyshire et al., 2017). It is important therefore to 
understand more about the processes by which taxa characteristic 
of such endemism hotspots have come to be spatially aggregated 
and are maintained in aggregation (Simon et al., 2009). Research 
mapping centres of high endemism are more common than those 
offering explanations for this phenomenon (Harrison and Noss, 
2017). This is particularly the case at local scale, where patterns of 
endemism within ‘hotspot’ areas are less likely to be  known 
or interpreted.

Centres of endemism have been recognized as areas of 
historical climatic stability (Carnaval et al., 2009; Sandel et al., 
2011; Harrison and Noss, 2017), and/or areas where previous or 
current insularity of geography or edaphic climate have created 
and maintained endemic lineages (Bossuyt et al., 2004; Kier et al., 
2009; Särkinen et al., 2012). Mountainous topography increases 
endemism rates by contributing to climatic stability by providing 
refugia (Jansson, 2003; Dobrowski, 2011), and more directly by 
providing habitat heterogeneity (Bátori et al., 2017). The influence 
of climatic variables on endemism rates is expressed mainly 
through the creation of edaphic climate islands, which act like 
oceanic islands to isolate taxa (Ohlemüller et al., 2008; Buira et al., 
2020). Similarly, local landscape position, for example rocky 
outcrops or serpentine soil (Anacker and Harrison, 2012) or 
swamps (Denguéadhé Kolongo et al., 2006), can create isolation 
and promote higher endemism. Variation in vegetation, relief and 
elevation even at the scale of metres (microrefugia) can have a 
significant effect on plant persistence and thus endemism rates 
over time (Dobrowski, 2011; De Frenne et  al., 2013). Novel 
disturbance regimes have been identified by many authors as a 
factor acting to reduce biodiversity value, particularly habitat 
suitability for restricted range taxa in forest ecosystems (Barlow 
et al., 2007; Gibson et al., 2011; Raveloaritiana et al., 2021), leading 
to the homogenisation of biota across biogeographical regions 
(Dornelas et al., 2014; Bernardo-Madrid et al., 2019).

Upper Guinea is a phytogeographical name for the forest zone 
of west Africa, running from Sierra Leone in the west to the 
Dahomey Gap (Ghana) in the east, from the coast up to 350 km 
inland (White, 1979; Marshall et al., 2021). The whole ecoregion 
has been recognised as a biodiversity hotspot (Myers et al., 2000; 
Olson et al., 2001). The recognition of an area at coarse resolution 
as a hotspot of endemism does not imply that globally rare taxa 
are found in all geographical areas nor plant communities within 
it. For example, lowland forests are found throughout the Western 
African Forests hotspot, but smaller areas within the forest extent 
disproportionately account for its most restricted range species. 
Within Upper Guinea, four hotspots of plant endemism have 
traditionally been recognised, where high concentrations of 
globally restricted taxa (Marshall et  al., 2016) and regionally 
restricted taxa (Wieringa and Poorter, 2004) are found: (i) the 
Nimba Mountains (where Liberia, Guinea and Ivory Coast meet), 

(ii) SE Liberia, (iii) SW Ivory Coast and (iv) SW Ghana. At least 
the Nimba Mountains and the forest reserves of SW Ghana, where 
this study is situated, have also been recognized as Key Biodiversity 
Areas Partnership (2022). Even within these smaller localities, 
distinct plant communities found within them such as farmland, 
swamp forest and high altitude savanna do not all necessarily 
harbour restricted range plant species, and information about the 
predictors and distribution of restricted range species at the finest 
scale within KBAs is particularly important for land management.

Upper Guinean centres of endemism have been interpreted as 
the result of species’ adaptation to present day environmental 
determinants, such as high altitude and topographic diversity 
(Linder, 2001; Barthlott et  al., 2007) and the modern climate, 
particularly high rainfall (Wieringa and Poorter, 2004). Most 
authors have also supported the interpretation of hotspots in 
Africa as the result of historic changes in climate, particularly as 
locations of climatic stability during the Pleistocene (2.8–0.01 Ma; 
Hamilton, 1976; Brenan, 1978; Fjeldsa and Lovett, 1997; Linder, 
2001). In Taï National Park (SW Côte d’Ivoire), one of Upper 
Guinea’s plant endemism centres, forest disturbance from human 
impact was negatively associated with endemic plant species 
richness, with areas logged in the 1970s associated with lower 
endemic species richness and higher Pioneer Index values in the 
late 1990s (Denguéadhé Kolongo et al., 2006).

Here, we test hypothesised correlates of plant endemism at 
local scale, in two of west Africa’s forest hotspots of biodiversity. 
We  present the endemism patterns found across 114 and 454 
vegetation samples of the vascular flora in the SW Ghana and the 
Nimba Mountains hotspots. We test the specific hypotheses that 
modern climatic variables (Annual Mean Temperature and 
Annual Precipitation), altitude and disturbance are significant 
predictors of plant endemism at sample scale across these two 
forest hotspots. Given previous studies we expect altitude and 
rainfall to be  positively correlated with plant endemism, and 
disturbance to have a negative correlation with endemism. By 
working across two of the four hotspot areas recognised within the 
western African forests hotspot, we aim to identify the shared and 
distinct predictors of endemism operating in these two hotspot 
KBAs within the western African forests region.

Materials and methods

Study sites and botanic data

SW Ghana is regarded as a local hotspot of plant endemism 
within Upper Guinea mostly due to the relatively higher numbers 
of restricted range species known from the Ankasa Resource 
Reserve (Wieringa and Poorter, 2004). Relatively less is known 
about the species composition of the forest reserves to the north 
of Ankasa. Across the sample sites, annual precipitation averages 
1,910 mm/year, whilst mean temperatures average 26.5°C 
(Hijmans et al., 2005). Altitude above sea level has a minimum of 
40 m, a maximum of 181 m, and a mean of 97 m. Within the 
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Nimba hotspot, the altitudinal gradient is significant, with the 
highest peak 1,668 m above sea level, minimum altitude of 415 m, 
and a mean altitude of 685 m. Annual precipitation averages 
2,097 mm/year, whilst mean annual temperature averages 23.2°C 
(Hijmans et  al., 2005). Both hotspots are subjected to 
anthropogenic disturbance; the forest reserves of south west 
Ghana accommodate logging concessions, whilst the Nimba 
mountains support iron ore exploration and extraction 
concessions, and farmland.

Twenty-seven vegetation samples were enumerated in SW 
Ghana for this publication, which were compiled with 87 botanic 
samples from the region from different surveys (Table 1; Figure 1). 
We compiled 454 samples from the Nimba Mountains, from three 
previous survey efforts (Table 2; Figure 2). The SW Ghana and 
Nimba datasets were analysed separately from each other.

With the exception of the Hall and Swaine (1981) A plots, 
which were 25 m × 25 m samples of the vascular flora, and B plots 
(the first 30–60 vascular plant species encountered), all samples 
were conducted using the Rapid Botanic Survey (RBS) method 
(Hawthorne and Marshall, 2016): RBS samples were bounded by 
survey effort rather than size, with the aim of recording all 
vascular plant species within a specified vegetation type and 
landscape unit, and enumerating at least 40 individual canopy 
trees. Samples typically took around 3 h to enumerate. Sampling 
was carried out in a stratified systematic manner, with samples 
located within all major vegetation types of the two study regions 
to cover geographical scope of the sites (Figures 2, 3). Latitude, 
longitude (decimal degrees), altitude (m asl), reserve name, 
landscape notes, soil notes and vegetation notes were recorded for 
samples in the field. The abundance of understorey species in each 
sample was coded as ‘1’ for present, ‘2’ for common or ‘3’ for 
dominant. Canopy trees were counted. For compatibility of 
canopy data with understory data during analysis, we subsequently 
and additionally coded canopy tree species ‘1’ for abundance if 
they accounted for less than one third of the counted stems in 
their sample, ‘2’ for one to two thirds, and ‘3’ for > two thirds of 
stems counted in the sample.

Records identified to genus or family level only were dropped 
from the datasets. Analysis was conducted at the lowest named 
taxonomic level (species or named infraspecific taxa). Any record 
carrying a synonymous name was updated to the accepted name 
before analysis, using the taxonomic framework of the African 
Plants Database (Conservatoire et Jardin botaniques de la Ville de 
Genève and South African National Biodiversity Institute Pretoria, 
2016). Specimens were collected of all plants for which 
identification was not absolutely certain. Specimens are housed at 
the Daubeny Herbarium in Oxford (FHO), with AML in Liberia, 
and with Euronimba in Liberia. Permission to collect and export 
plants in SW Ghana was obtained from the Ministry of Lands and 
Natural Resources, Samartex, and Wildlife Division for Ankasa 
RR, and in Nimba, from the concession managers (AML, BHP, 
Euronimba) and the CITES offices of Liberia and Guinea.

Response variable

Endemism patterns were represented using a quantitative 
index called the Genetic Heat Index (GHI; Hawthorne, 1996; 
Marshall et al., 2016). GHI is a continuous metric representing the 
weighted global ranges (endemism) of the species present in a 
plant community; it increases with the concentration of globally 
rare species in a sample, so that vegetation samples with higher 
GHIs are ‘hotter’ and home to a higher proportion of globally rare 
plants. The metric is similar to range size rarity, except that species’ 
ranges are measured globally at one-degree square resolution 
rather than within the study area at any resolution, species ranges 
are categorised into four groups, rather than being treated 
continuously, and the metric includes no measure of species 
richness, as is sometimes the case with range size rarity metrics. 
These modifications account for patchy distribution data 
associated with tropical African plants.

GHI was calculated as the proportion of species belonging to 
each ‘Star’ rating within a sample. Black (BK) Star species are the 
world’s rarest species, found in 2.7 degree squares on average 

TABLE 1  Datasets compiled for SW Ghana.

Dataset Reference/Ownership No. samples: 
Ankasa

Boi Tano Tano Nimri Jema Assemkron Nini Suhien Total

2015RBS Marshall et al. (this 

publication)

2 16 9 0 0 27

TSP Marshall and Hawthorne 

(unpublished)

3 0 0 0 0 3

HANDS Hall and Swaine (1981) 2 2 1 0 5

RBS1991 Hawthorne and Abu Juam 

(1995), Hawthorne (1996)

7 4 4 3 0 18

ANK1998 Hawthorne (1998) 45 0 0 0 10 55

GSBA Hawthorne (2002) 0 5 0 1 0 6

59 25 15 5 10 114

The location of the five reserves, and the samples, is shown in Figure 1. The dataset contains 13,357 records of 1,042 taxa identified to species level (or infraspecific level where applicable), 
from 114 samples.
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globally. Green (GN) Star species are the commonest, found in 
>50 degree squares, and Gold (GD) and Blue (BU) Star species are 
intermediate. Star ratings for species follow (Marshall et al., 2016). 
Each Star rating carries a weight (Black = 27, Gold = 9, Blue = 3, 
Green = 0). The weights are inverse to the species’ range sizes, with 
Black Star species three times rarer and with a three times larger 
weight than Gold Star species; Gold Star species are three times 
rarer than Blue Star species, which are three times rarer than 
Green Star species. The weight for Green Star species is set to 0 
rather than 1 so that the index begins at 0.

The GHI for each sample was calculated from the species 
present, using the following formula, where NBK, NGD, NBU and 
NGN are the number of Black, Gold, Blue and Green Star species 

in a sample, and WBK, WGD and WBU are the respective weights 
(Equation 1).

Equation 1. GHI calculation

	

( ) ( )
( ) ( )

( )

BK BK GD GD
GHI 100

BU BU GN GN
BK GD BU GN

 × + ×
= ×  + × + × 
÷ + + +

N W N W
N W N W

N N N N 	
(1)

Explanatory variables

Disturbance scores were calculated for each sample using 
the Pioneer Index, PI (Hawthorne, 1996). Guilds follow 

A B

FIGURE 1

(A) Map of the Western African Forests ecoregion with Nimba mountains and SW Ghana study sites. (B) Sample locations of 114 samples in SW 
Ghana, coloured by GHI. Reserves are named. See Figure 2 for Nimba map.

TABLE 2  Datasets compiled for Nimba Mountains.

Dataset Date range Reference/Ownership Country No. samples

AML 2010–2011 AML; Hawthorne & Marshall Liberia 236

BHP 2007–2008 BHP Billiton; Hawthorne & Marshall Guinea 139

Euronimba 2012 Euronimba; Hawthorne & Marshall Liberia 79

454

The location of these samples is shown in Figure 2. The dataset contains 40,259 records of 1,735 taxa (species or named infraspecific ranks) from 454 samples.
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Hawthorne (1996) unless otherwise updated. PI is calculated 
using the following formula, where NP is the number of Pioneer 
species, NNPLD is the number of non-pioneer light demanders, and 
NSB is the number of Shade-bearers (Equation 2):

Equation 2. Pioneer Index calculation

	

( ) ( )( )
( )

P NPLD

P NPLD SB

Pioneer Index PI 2 100= × + ×
÷ + +

N N
N N N 	

(2)

Pioneer species (P) are defined as species which regenerate in 
gaps, and tend to dominate early successional forest; crowns of all 
sizes of tree tend to be more exposed than average for the size 
class. Seedlings of non-pioneer light demanders (NPLD) are more 
commonly found in shade than gaps, although saplings are soon 
very light demanding; the crowns of medium and large trees tend 
to be more exposed than average for the size class. All sizes of 
species of the shade-bearer guild (SB) can be  common in 
undisturbed forest, especially the understorey, and all sizes of tree 
have crowns which tend to be more shaded than average for the 
size class. Species of the swamp guild are largely restricted to 
riversides or periodically inundated or permanent swamps. A 
swamp index was defined as the proportion of swamp species 
found within the flora of a sample. For the Nimba dataset, we also 
recorded the age of the vegetation by asking when the land was 
last cleared.

Bioclimatic variables (Bio1 and Bio12) were extracted from 
the WorldClim version 1.4 resource for the sample locations at 30 
arc-second resolution (c. 1 km2) using the packages ‘raster’ 
(Hijmans, 2016) and ‘sp’ (Pebesma and Bivand, 2005; Bivand et al., 
2013) in R version 3.3.1. Variables were not transformed prior to 
analysis. Although 19 Bioclim variables are available, to reduce 
substantial collinearity amongst the variables we chose to work 

FIGURE 2

Sample locations of 454 samples of the Nimba Mountains, coloured by GHI. Contour lines are spaced at 50 m.

FIGURE 3

NMDS ordination of 114 samples of SW Ghana. Samples are 
coloured by reserve and sized by landscape position. Disturbed 
samples shown as squares. Significant environmental vectors are 
fitted (LAT = Latitude, Bio12 = annual mean rainfall).
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only with Annual Mean Temperature (Bio1), and Annual 
Precipitation (Bio12).

Latitude, longitude (decimal degrees), altitude (m asl), reserve 
name, landscape notes, soil notes, and vegetation notes were 
recorded for samples in the field. In Nimba only, we asked local 
residents to estimate the date that the vegetation sample was last 
cleared so that the age of the vegetation in years could be recorded. 
This information was gathered informally through conversation 
with our local guides: local residents invited to work with us for 
the day, often farmers or hunters from the area.

Analysis

To visualise environmental correlates with GHI in an 
exploratory way, samples from SW Ghana only were ordinated 
using NMDS with a Bray–Curtis dissimilarity matrix on 
abundance data with the package ‘vegan’ (Oksanen et al., 2016) in 
R version 3.3.1 (Figure 3). Data were not transformed and no 
outliers were removed. Header variables were fitted to the 
ordination space using the ‘vegan’ function ‘envfit’ and visualized. 
Mapping was conducted in QGIS version 3.16.9 (Figures 1, 2).

General linear models (Figures 4, 5) were fitted using base 
R. The minimum adequate model was sought from the variables 
annual mean temperature (Bio 1), annual precipitation (Bio12), 
Altitude (ALT), landscape position (Hilltop or Non-hilltop; 
included only for the Ghana dataset only where the altitude range 
is smaller), and Pioneer Index (PI), including a quadratic term for 
altitude in the Nimba dataset after initial inspection of the data, 
and interaction terms between variables. All variables were fitted 
initially and the least significant term was removed each time. The 
response variable GHI was log transformed before model fitting. 
Explanatory variables were not transformed.

The statistical population of GHI scores has a normal 
distribution, except that some values cannot be achieved on 
account of the weights being multiples of three, and the index 
being bounded at 0 and 2,700. The GHI of ecological samples 
does not always follow a normal distribution, depending on the 
location and vegetation types sampled; such scores tend to 
follow a log normal distribution (Gaston, 1996). In the SW 
Ghana dataset, GHI scores were log transformed to produce 
GHI scores and model residuals with a normal distribution 
(Shapiro–Wilk test p = 0.36 for log(GHI), p = 0.79 for residuals). 
In the Nimba dataset, the transformation rendering the dataset 
most normal (natural logarithm) produced GHI scores which 
remained right-skewed and non-normal (Shapiro–Wilk test, 
p < 0.0005). The dataset can be made normal by removing the 
23 samples with GHI over 300, but this would remove much of 
the interesting signal from the dataset. The general linear model 
presented has residuals which were not normally distributed 
(the residuals are larger at higher GHIs than lower GHIs). The 
model’s general conclusions were therefore confirmed by fitting 
local regressions to the dataset, and by analysis of the normal 
subset of the dataset (not presented).

To explore the relationship between disturbance and GHI 
more directly, a general linear model of GHI by number of years 
since disturbance (Figure 6) was fitted for 46 samples of the Nimba 
dataset only, where the data were available, using base R version 
3.3.1. As another way to confirm the relationship between 
disturbance and GHI, we also calculated the mean GHI for all 
species in the Pioneer guild, non-pioneer light demander guild, 
and Shade-bearer guild.

Results

South west Ghana

In south west Ghana, bioquality (GHI) are higher in the 
south than in the north, although not all southern samples are 
‘hot’ (Figure 1). That is, samples from further south have higher 
concentrations of globally rare species than samples from 
further north. The position of samples in ordination space is 
related to the main environmental gradients, with samples from 
northern reserves adopting higher axis 2 positions than samples 
from further south (Figure  3). The environmental vector 

A

B

FIGURE 4

General linear model for GHI in SW Ghana. GHI = exp. 
(0.109 + 0.0523 × PI + 0.00291 × Bio12 + −0.0000310 × Bio12 × PI 
(−0.0934 for Non-hilltops)). Adj. R2 = 56%, n = 114, all terms are 
significant (p < 0.05). (A) Samples are coloured by Reserve. The 
dotted line shows model fit with high Pioneer Index (PI; PI = 80), 
the solid line at low PI (PI = 25), LAND is set to Non-hill. (B) Model 
fit for high rainfall (Bio12 = 2,018 mm, dotted lines) and low rainfall 
(Bio12 = 1,708 mm, solid lines); hill top samples are shown in red, 
non-hilltop samples in black.
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latitude (LAT) is significantly positively correlated with NMDS 
axis 2 (p < 0.001, correlation coefficient = 0.73). Axis 2 represents 
the latitudinal climatic gradient, while Axis 1 represents local 
water availability, i.e., the presence of swamps or hilltops: 
Swamp species have higher median axis 1 scores than do 
non-pioneer species. Low lying samples from all reserves have 
higher axis 1 scores than samples from higher local landscape 

positions. Two parallel gradients of species turnover within 
south west Ghana can thus be detected: one for hill top and flat 
land from Tano Nimri south to Ankasa, and one for low lying 
samples from Tano Nimri to Ankasa. GHI increases with lower 
axis 2 scores (towards the south), and with lower axis 1 scores 
(towards higher, less disturbed landscape positions). GHI is 
correlated with both axes, suggesting that both latitudinal and 
local variation is important to account for in order to make 
realistic GHI predictions at the sample scale.

We formalised these relationships by modelling the relationship 
between GHI and modern climatic variables, disturbance, and local 
landscape position. The minimum adequate general linear model 
fitted to the dataset retains the significant variables mean annual 
rainfall (Bio12, p < 0.0001), landscape position (a categorical 
variable, Hilltop or Non-hilltop, p = 0.0351), Pioneer Index (PI, 
p = 0.388), and the interaction between Pioneer Index and rainfall 
(PI:Bio12, p = 0.0182). The adjusted R2 for the model is 56%, n = 114. 
An equation is presented for Hilltops and Non-hilltops:

	
Hilltop

0.109 0.0523 PI 0.00291GHI exp Bio12 0.0000310 Bio12 PI
+ × + =  × + − × × 

	

Non hilltop

0.109 0.0523 PI 0.00291
GHI exp Bio12 0.0000310 Bio12

PI – 0.0934
−

+ × + 
 = × + − ×
 × 

The highest GHI scores (>300) are associated with relatively 
undisturbed samples with highest rainfall in the south 
(Figure 4). The interaction between annual precipitation (Bio12) 
and the Pioneer Index (PI) means that the slope of PI is different 
depending on rainfall, and vice versa. When PI is low (samples 
are undisturbed), GHIs are around 125 points higher for 
samples with high rainfall (GHI c. 275) than for samples with 
low rainfall (GHI c. 150), and the slope of rainfall on GHI is 
strongly negative (Figure  4A, solid line). When PI is high 
(samples are disturbed), the slope of rainfall on GHI is almost 
flat, meaning that disturbed samples always have the same (low) 
GHI, regardless of their rainfall (Figure 4A, dashed line). GHI 
decreases linearly with increasing disturbance (PI), but much 
more steeply for samples with high rainfall compared with 
samples with low rainfall (Figure 4B). For the less disturbed 
samples, GHIs are much higher with high rainfall than low 
rainfall. In the more disturbed samples, both high and low 
rainfall samples converge on generally low GHIs. Being on a hill 
top adds c. 25 points to the GHI.

Nimba mountains

The major feature of the Nimba dataset is the Nimba 
Mountains themselves, and compared with the SW Ghana dataset 
the altitudinal range is dramatic (415–1,668 masl, cf. 40–181 

FIGURE 6

General linear model of GHI by number of years since 
disturbance, for 46 samples of the Nimba dataset. 
GHI = 74 + 1.34 × AGE, p = 0.005, R2 = 15%.

A

B

FIGURE 5

General linear model for GHI in Nimba: GHI = exp. 
(1.76 + −0.000269 × ALT + −0.0105 × PI 
+0.000000514 × ALT2 + −0.00181 × Bio12); Adj. R2 is 63%, n = 454, 
all terms are significant (p < 0.05). (A) Dotted line shows model fit 
at high altitude (1,660 m), solid line shows model fit at low altitude 
(420 m), annual precipitation (Bio12) is set to its mean value 
(2097 mm/year). (B) Dotted line shows high Pioneer Index 
(PI = 177), solid line shows low Pioneer Index (PI = 22).
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masl). The highest GHI scores (>300) are found at high altitude in 
Guinea, where some samples exceed 600 (Figure 2). Disturbance 
decreases GHI, and altitude increases it (Figure 5). The minimum 
adequate general linear model retains the significant terms altitude 
(ALT2, p = 0.00188), Pioneer Index (PI, p < 0.0001), and annual 
precipitation (Bio12, p < 0.001). Adj. R2 is 63% and n = 454. The 
equation is:

	

2
1.76 0.000269 ALT 0.0105

GHI exp PI 0.000000514 ALT
0.00181 Bio12

+ − × + − 
 = × + × 
 + − × 

Disturbance decreases GHI scores linearly: holding Altitude 
constant, increasing the PI by 10 points decreases GHI by 10 
points. GHI increases non-linearly with altitude: GHI increases 
more for every 100 m ascent at higher altitudes than at lower 
altitudes, particularly over c. 1,000 m. High GHIs (over 300) are 
only found in areas >1,000 masl, and in samples where the Pioneer 
Index is less than 100. Areas above 1,000 m can also have low 
GHIs, particularly if they are disturbed. Altitude increases GHI, 
but only in relatively undisturbed vegetation.

Pioneer and non-pioneer light demanders (NPLD) species 
have lower GHI than shade bearers (on average, shade-bearing 
species are globally rarer than pioneers and NPLDs). In Nimba, 
the GHI of the pioneer guild overall is 81, for the NPLD guild 
overall is 107, and for shade-bearers is 174. The model of 
GHI ~ AGEYEARS tells us that 1 year of age adds 1.34 to the GHI 
of a sample, between 1 and 44 years of age (the range of our data); 
n = 46, p = 0.005, R2 = 15% (Figure 6).

Discussion

Endemism patterns and predictors of 
endemism

Our aim was to present the endemism patterns found across 
114 and 454 vegetation samples of the vascular flora in the SW 
Ghana and the Nimba Mountains hotspots, using GHI as our 
index of endemism. GHI represents the concentration of globally 
rare plants in the vegetation sample, so that areas home to a higher 
proportion of range restricted plants have a higher GHI. High 
plant endemism in south west Ghana is confined to relatively 
undisturbed samples, decays linearly to the north, and peaks on 
hilltops (Figure 1). Boi Tano has GHI scores intermediate between 
Tano Nimri and Ankasa, and is home to at least one very globally 
rare species not found in Ankasa (Momordica sylvatica). The 
highest plant endemism of the Nimba Mountains is found in 
relatively undisturbed samples over 1,000 m (Figure 2).

We tested the hypotheses that modern climatic variables 
(rainfall and temperature), altitude, disturbance and local 
landscape position (SW Ghana only) were significant predictors 
of plant endemism at sample scale, seeking generalization across 

the two. In both SW Ghana and Nimba, disturbance, annual 
precipitation and altitude (or local landscape position in Ghana) 
were significant predictors of endemism, with disturbance having 
a negative relationship, and altitude and precipitation a positive 
relationship. Mean annual temperature was not a significant 
predictor of endemism in either study site.

The Pioneer Index is a significant term retained in both the SW 
Ghana and the Nimba models, indicating a degree of 
generalisability regarding the impact of disturbance on the 
distribution of globally rare species within Upper Guinean 
hotspots. The strong influence of disturbance on GHI scores in the 
southern-most reserves of SW Ghana is sobering, because the great 
majority of samples in this dataset are relatively undisturbed 
compared with land outside the forest reserves (PI < 70). The 
theoretical maximum for PI is 200, where every species is a pioneer 
or a non-pioneer light demander. The vast majority of the samples 
in this dataset are from closed or slightly open forest inside forest 
reserves, and even within these vegetation types the signature of 
disturbance on GHI can be  observed, as was the case in Tai 
National Park (Denguéadhé Kolongo et al., 2006). Disturbance in 
these forest reserves is largely due to logging (except in unlogged 
Ankasa), flowing water in the wet season, natural tree falls and 
animal activity, and moderate human activity such as footpaths. 
Undisturbed forests further north already have much lower GHIs, 
and here disturbance has little impact on the GHI.

The influence of disturbance on GHI scores is mirrored in the 
Nimba dataset, where the hotspot of the Nimba Mountains is 
confined to relatively undisturbed samples over 1,000 m. In 
Nimba, GHI decreases more steeply at high altitude, where GHIs 
are otherwise high, than at lower altitudes, where GHI is generally 
lower. Disturbance in the Nimba dataset is the result of farming 
and iron ore mining operations as well as natural disturbances, 
and the range of PIs is wider than in the SW Ghana dataset (c. 
0–150). GHI increases by 1.2 points with each year since 
vegetation was last cleared (and the Pioneer Index decreases), 
meaning that with every year the concentration of globally range-
restricted species found in the vegetation increases, indicating 
good recovery potential of the vegetation if left undisturbed.

Altitude is an important and significant predictor of plant 
endemism in the Nimba Mountains, unsurprising given the 
very substantial elevation range. In SW Ghana, where the 
altitudinal range is small, we  found that altitude was not a 
significant predictor of endemism. However, the local landscape 
position of vegetation samples in SW Ghana (hilltop vs. 
non-hilltops, i.e., local topography) did have a significant 
predictive relationship with GHI, with hilltops having higher 
plant endemism than non-hilltops. Maximum altitude was 
significantly positively correlated with species endemism at 
broad scales across Africa, but explained only 4% of the 
variation observed (Linder, 2001). Wieringa and Poorter (2004) 
found no correlation between species endemism and altitude in 
Upper Guinea. Topographic complexity, rather than altitude, 
has been linked to high biodiversity (Plana, 2004; Barthlott 
et al., 2007), although topodiversity is relatively low in Upper 
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Guinea at least around SW Ghana, but higher for the Nimba 
Mountains (Mutke et al., 2001).

In both Nimba and SW Ghana, our results confirm the 
importance of annual rainfall for predicting the occurrence of 
globally rare species, with higher rainfall associated with higher 
plant endemism in both datasets. Rainfall plays a significant role 
in shaping timber species distributions across west Africa 
(Maharjan et al., 2011), and declining rainfall as a result of climate 
change is likely to exacerbate threats to restricted range species 
which are already restricted through habitat losses to disturbance. 
Annual mean temperature was not a significant predictor of plant 
endemism in either dataset. Environmental variables (rainfall, soil 
water holding capacity, altitude, soil fertility, soil pH and cation 
exchange capacity) were all significantly correlated with endemic 
richness in Upper Guinea, and rainfall in particular explained a 
large amount of the variation in rare species richness, with the 
most drought intolerant species having the smallest distributions 
(Wieringa and Poorter, 2004).

The high rainfall regime in the far south of Ghana is 
geographically isolated from other high rainfall areas, and is 
restricted even within southwest Ghana. This means that species 
adapted to these modern day, very high rainfall, conditions in the 
south west of Ghana must disperse a long way, over unsuitable 
intervening habitat, if they are to be globally widespread today. 
This modern day climatic isolation with respect to rainfall is likely 
to be  responsible for maintaining the relatively higher 
preponderance of range-restricted species in south west Ghana. 
The Nimba high altitude flora (Guinea savanna) is very different 
floristically to the lower altitude forests, with Afromontane 
savannas not at all common in the region. These are two examples 
of edaphic islands acting as drivers of spatial isolation and 
reservoirs of narrow endemics (Buira et al., 2020).

Implications for conservation

From the point of view of the conservation of globally rare 
plants in SW Ghana, it is important to keep additional disturbance 
in the south, particularly Ankasa, to a minimum, as is the current 
practice. Boi Tano, which is actively logged, has GHI scores high 
enough to be brought down by disturbance, and the importance 
of leaving enough time for forest to regenerate between felling 
cycles, and for maintaining the integrity of the unloggable 
Globally Significant Biodiversity Areas, is highlighted by our 
results. In Boi Tano we found 8 Black Star species (very globally 
restricted species, <3 degree squares), including Momordica 
sylvatica, as yet not found outside of Boi Tano. We found 7 Black 
star species in Tano Nimri, including Ficus pachyneura on the 
Tano Nimri/Boi Tano border. This speaks to the high conservation 
value of Boi Tano forest reserve, and even Tano Nimri, but with 
the exception of F. pachyneura and M. sylvatica, all these species 
are also found in Ankasa. In the Nimba moutains it also advisable 
to keep unnecessary disturbance to a minimum. Establishing 
community forests which may be left relatively undisturbed amid 

farming and mining activities would be  valuable, as would 
restoration of the highest altitude Guinea savanna vegetation on 
the Nimba mountain peaks.

Worldwide, biotic homogenization results in geographically 
widely distributed species increasing to the detriment of native 
species, even if species richness remains relatively unaltered or 
even increases (Dornelas et  al., 2014; Thom and Seidl, 2016; 
Marconi and Armengot, 2020). Our results show that the species 
favoured by increased disturbance regimes in west African forest 
hotspots are not the restricted range species we  care most 
about conserving.

Future directions

We have not in this manuscript tested the significance of past 
climates, nor the stability of past climates, in driving endemism, 
though this would be informative. Endemism hotspots have been 
linked to stable climatic refugia (Barratt et al., 2017; Harrison and 
Noss, 2017), and both Nimba and SW Ghana have been suggested 
as climatic refuges over paleo timescales (Hamilton, 1976; Brenan, 
1978; Fjeldsa and Lovett, 1997; Linder, 2001). SW Ghana was 
likely to have remained forested during the Pleistocene, on the 
evidence of palynological studies of a deep-sea marine core off the 
Dahomey Gap (Maley, 1996). The Nimba Mountains would have 
provided a range of conditions suitable for differently adapted 
species during periods of climate change, due to their altitude 
(Maley, 1996; Van Rompaey, 1996). Paleo-climate modelling, and 
by extension paleo-vegetation modelling, is subject to great 
uncertainty at geographic resolutions finer than 0.5 degree square 
resolution (Hardy et al., 2013; Varela et al., 2015), so it has not 
been possible to test explicitly the importance of, e.g., Pleistocene 
annual rainfall on modern endemism rates at the sample level. 
However, it is relevant to note that we can explain 63 and 56% of 
the variation in GHI scores within the Nimba and SW Ghana 
hotspots without invoking past climate changes.

In both datasets, accounting for disturbance has a marked 
effect on plant endemism rates, at least within areas which would 
otherwise be  rich in restricted range species. In SW Ghana, 
topographic position was also a significant predictor of endemism. 
Both disturbance and local topography can change at very local 
geographic scales and over short timescales. The implication for 
models of endemism of broader scope, and higher resolution, is 
that they disguise considerable variation at the local scale.

The generality of the patterns presented here may 
be determined by analysing sample datasets from other African 
hotspots, where we  might expect the relationships to hold, in 
trend if not in absolute terms.
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