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Applied Sciences, Engineering and Technology) e We sought to address this issue by providing a novel understanding of the envi-
ronmental factors that influence the occurrence of African sandalwood and its
potential distribution. Using publicly available occurrence records from 1950 to
2021 and field data, we examined the species' habitat requirements in eastern,
southern, and horn of Africa regions. We applied the Generalized Additive Models
to link the plant's occurrence data to 12 environmental variables reflecting cli-
matic, physiographic, and edaphic characteristics, while controlling for the biases
that arise from publicly gathered occurrence records.

e Our findings revealed that the plant's habitat requirements vary among the three
regions investigated. While climatic factors are essential in all three regions, phys-
iographic aspects are mainly important for the eastern and southern populations,
while edaphic variables were pertinent exclusively in southern region. Areas suit-

able and optimal for the plant were estimated to comprise 674,700 km? (17.3% of
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1 | INTRODUCTION

African sandalwood (Osyris lanceolata) is a multi-stemmed, evergreen
hardy shrub or small tree from Santalaceae family (Maundu &
Tengnas, 2005). It has high socioeconomic, ecological, and cultural
importance across its distribution range (Té&Sitel et al., 2021). The
plant's leaves, roots, barks, fruits, and woods are used by people in
Asia, Africa, and Europe for different purposes, including for medicine,
cosmetics, and ornaments (Teixeira Da Silva et al., 2016). The plant's
high economic value, diverse uses, and demands from the global
market, combined with its slow growth in the wild, have contributed
to population decline (CITES, 2013; Mwangi et al., 2023). The Interna-
tional Union for Conservation of Nature (IUCN) classifies it as threat-
ened in some countries in eastern Africa, including Kenya, Tanzania,
Uganda, South Sudan, Rwanda, and Burundi, but not elsewhere
(Wilson, 2018). It is also classified as endangered in these eastern Afri-
can states, under Appendix 11 of the Convention on International
Trade in Endangered Species (CITES) of Wild Fauna and Flora (CITES, ).
Several field reports from eastern Africa indicate that the plant's pop-
ulation continues to decline (FSSD-MWE, 2022; Khayota et al., 2021),
and it is predicted that it will vanish in the wild in this region by 2040
(Thomson, 2020). Other studies have also documented a dwindling
condition in non-endangered places in southern Africa (Semenya &
Maroyi, 2019).

African sandalwood thrives in a variety of orographic environments
and is greatly impacted by human activities. Despite this, little is known
about its ecological and anthropogenic range, as well as the heterogene-
ity of its habitat (Mugula et al., 2021; Mwangi et al., 2023). Numerous
studies have been undertaken to explain the biological and localized
ecological characteristics of the plant to inform conservation planning
(Diaz-Barradas et al., 2023; Mwang'ingo et al., 2003). Several studies
have also examined the species in relation to its protection and manage-
ment (Mwang'ingo et al, 2003; Ochanda, 2009), genetic diversity
(Mugula et al., 2023; Mwang'ingo et al., 2008), socioeconomic benefits
(Mwangi et al., 2021), and illicit trade at domestic and international level
(Bunei, 2017). However, there is still a paucity of knowledge on the cli-
matic, physiographic, and edaphic elements that might influence the
plant's occurrence across its native distributional range. There is a
dearth of knowledge about the species' potential distribution, thus ren-
dering it hard to determine the optimal locations for in-situ and ex-situ

conservation (Mugula et al., 2021; Mwangi et al., 2023).

total land area) in eastern Africa, 267,750 km? (25.6%) in the horn of Africa, and
716,300 km? (13.9%) in southern Africa.

e More than two-thirds of these areas are located on unprotected lands, highlighting
the importance of community involvement for a sustainable management of the
species. Our results on the potential geographical distribution of African sandal-

wood are crucial to guide more targeted conservation and recovery efforts.

abiotic, anthropogenic, conservation, habitat modelling, management, Osyris lanceolata

Previous research has shown that regression-based species
habitat modelling are a cost-effective, timely, robust, and relatively
accurate method for mapping and estimating the distribution of an
endangered species over large spatial areas, as well as identifying abi-
otic and climate effects on their distribution (Morales et al., 2023). It
can also assess how anthropogenic stressors, including deforestation
and overexploitation, affect a species (Jefferson et al., 2023). Species
habitat modelling methodology offers a useful way for evaluating the
African sandalwood's current geographical range and improving
knowledge of the complex factors controlling the plant's distribution.
This approach can help guide a more targeted conservation strategy
to ensure the plant's survival in the wild. Nonetheless, no research has
been conducted on the species using this methodology.

In this study, we aimed to provide a novel assessment of the com-
plex environmental factors that influence the geographical distribution
of African sandalwood and identify suitable areas for conservation. We
used species occurrence records obtained from a variety of sources,
including public records, government reports, and field surveys. More
specifically, we sought to address two objectives: (1) to employ the spe-
cies habitat modelling approach to ascertain the impacts of climatic,
physiographic, and edaphic factors on the plant's occurrences, while
accounting for sampling bias associated with public records; (2) estimate
the species' potential habitats and evaluate them in terms of land pro-
tection status to infer the extent of community participation. We car-
ried out separate habitat modelling for the three regions of the plant's
distribution range in Africa (Figure 1). This is to account for the differ-
ences in climatic conditions among the three regions, particularly sea-
sonal rainfall patterns (Figure 2). Drawing from the habitat modelling
results, we recommend actions to enhance the species' in situ and ex
situ conservation management. Our study will assist in guiding ongoing
conservation efforts for this critically endangered species in eastern
Africa, as well as build a better knowledge of the species and its long-

term conservation strategies throughout Africa.

2 | METHODS
21 | Studyarea

Our study area spans between longitudes 10° E and 50° E and latitudes
35° S and 20° N (Figure 1). This area corresponds to the range of the
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FIGURE 1 The locations of reported
African sandalwood (Osyris lanceolata)
across three regions, each with distinct
climatic characteristics, including region
1 (comprising most eastern African

30°0'N

Region 1
countries), region 2 (mainly the horn of = Region 2 o
Africa), and region 3 (southern African B Region 3

countries).

0°0’

30°0'S

15°0W

African sandalwood, according to the species' occurrence data recorded
in the GBIF (Global Biodiversity Information Facility) database
(downloaded on June 23, 2023). The plant distribution range exhibits
significant variation in precipitation patterns, which can be broadly
categorized into three patterns that align with distinct geographical dif-
ferences (Figures 1 and 2). Region 1 typically experiences two major
rainy seasons: long rains from March to June and short rains from
October to December (Figure 2a). It includes the eastern African nations
of Kenya, Rwanda, Burundi, Tanzania, and Uganda, as well as the west-
ward and eastward adjacent countries of Democratic Republic of
Congo and Somalia, covering a total land area of 3,901,800 km?
(Figure 1). Region 2 also has two rainy seasons, but the timing and
intensity differs from that of region 1. Here, rainy seasons generally last
from April to May and July to September (Figure 2b). This region
includes the horn of African countries of Eritrea, Ethiopia, and Djibouti,
covering 1,045,850 km? of land area (Figure 1). The Intertropical Con-
vergence Zone (ITCZ), which migrates periodically, influences precipita-
tion patterns in regions 1 and 2 (Omay et al., 2023). Region 3 only has
one rainy season lasting from November to March (Figure 2c).
This region encompasses southern African states of Angola, Zambia,
Malawi, Mozambique, Namibia, Botswana, Zimbabwe, Mozambique,
South Africa, Lesotho, and Eswatini, spanning a total land area of
5,169,825 km? (Figure 1). The precipitation in region 3 is influenced by
various factors, including the El Nifio Southern Oscillation (ENSO), the
Southern Annular Mode, the South Indian Ocean Dipole, and the
Botswana High (Thoithi et al., 2021).

Regions evaluated

O African sandalwood’s
occurrence records
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Ethiopia

45°0'E

15°0'E

Regions 1 and 2, located in eastern and horn of Africa, as well as
Democratic Republic of Congo, support a diverse range of habitats,
including the arid plains of northern Kenya and the rainforests and
alpine moorlands of Africa's two tallest mountains (Mount Kenya in
Kenya and Mount Kilimanjaro in Tanzania). These regions are charac-
terized by complex topography, with elevations ranging from below
sea level to the highest points of Mount Kilimanjaro (5,895 m a.s.l) in
Tanzania and Mount Kenya (5,199 m) in Kenya. Region 3, which lies
in southern part of Africa, exhibits more variability in climate, includ-
ing tropical, subtropical, and temperate zones. This region includes
ecosystems such as savannas, woodlands, semi-deserts (such as the
Kalahari Desert), Mediterranean-like shrublands (such as the Fynbos
biome), and temperate forests. Considering the unique climatic and
environmental attributes of the three regions essential to support
plant survival, we shall henceforth define region 1, 2, and 3 as broadly
representing eastern Africa, the horn of Africa, and southern Africa
habitats, respectively (Figure 1).

22 | Data
221 | Species occurrence data
The species occurrence records were mainly downloaded from the

GBIF, an open access network for species occurrence records globally
(GBIF, 2023), using the rgbif package in R (Chamberlain et al., 2022).
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FIGURE 2 Long-term seasonal
rainfall patterns, i.e., the timing of dry and
rainy months, in three regions of the
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Other sources of occurrence data were from published articles
(Bekele et al., 2019; Mugula et al., 2023; Mwang'ingo et al., 2003),
government reports (Mukonyi et al., 2012), herbarium specimens from
the National Museums of Kenya for countries in eastern Africa and
few countries in southern Africa (Zambia, Zimbabwe, Malawi,
South Africa), and ecological field surveys for Kenya carried out in
2021 by the author (J.G.M) (Table S1).

To improve the quality and accuracy of the datasets and the con-
textual information for the models, only downloaded occurrence
records with geographic coordinates were used and duplicated
records were deleted. These records were then projected onto the
map using Google Earth and pre-checked whether the projected loca-
tions corresponded to the collection site description using the leaflet
package in R. All the downloaded nongeoreferenced records with
locality description were individually georeferenced.

The species occurrence records were spatially thinned with a
5-km distance using the spThin package for R (Aiello-Lammens et al.,
2015) to reduce the effects of spatial bias (Aradjo et al., 2019). This fil-
tering method helps in keeping the highest possible number of locali-
ties by ensuring that only one unique presence record is retained
within the 5 km grid cell. After filtering, the species were required to

have more than 30 occurrence records, which is generally considered
sufficient to build accurate distribution models (van Proosdij
et al., 2016). The final species occurrence global dataset for use in
model included 409 occurrence records, comprising 172 records for
southern Africa, 44 records for the horn of Africa, and 193 records for

eastern Africa.

222 | Spatial datasets

A total of 12 environmental and human-related sampling variables
were used to build the species habitat models. The environmental
spatial data were chosen based on a thorough examination of the
literature on the ecology and biology of African sandalwood across
the world, as well as expert knowledge (Mwangi et al., 2023). These
data can be broadly classified into three categories: (i) climatic,
(i) physiographic, and (iii) edaphic. Human-related variables were
used to account for potential sampling biases arising from the use
of publicly collected species occurrence records. Besides these envi-
ronmental and human-related sampling variables, we used data on

the extent of protected areas to estimate the extent of suitable
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TABLE 1 List of spatial datasets/variables used in this study.

Variable Units

Climatic variables

Mean annual temperature °C 1 km
Long-term wet season rainfall km/month 0.05°
Long-term dry season rainfall km/month 0.05°
Physiographic variables
Elevation ma.s.l 90 m
Slope Degrees
Edaphic variables
Clay content (<0.002 mm) % 250 m
Silt content (0.002-0.05 mm) % 250 m
Soil organic carbon g/kg 250 m
Soil pH 250 m
Human-related sampling variables
Population density (2020) Persons/km? 1 km
Distance to the cities km

Other

Protected area network

habitat that are on protected land. All these variables are listed in
Table 1.

We incorporated climatic data such as long-term precipitation and
temperature. These datasets were chosen because few existing local
studies revealed that the African sandalwood's vegetative and repro-
ductive phenological phases follow distinct patterns between the dry
(and warm) and wet (and cooler) years (Mwang'ingo et al., 2008;
Rodriguez-Gallego & Navarro, 2015). This implies that long-term pre-
cipitation and temperature are required during the plant's long growth
life cycles. Long-term mean monthly precipitation records were
obtained from the CHIRPs (Climate Hazards Group Infrared Precipita-
tion with Station data) database, which has a 5 km spatial resolution
(Funk et al., 2015). The data was used to derive the mean monthly pre-
cipitation for both the wettest and driest seasons. Long-term mean
annual temperature data were acquired from the CHELSA database
with a spatial resolution of 1 km (Karger et al., 2017).

We incorporated physiographic information including elevation and
slope. The African sandalwood requires a specialized microclimate niche
that includes rocky outcrops, hilly terrain, and extremely steep regions
that enable it to grow and propagate. These habitats are found in dry
upland and riverine forests, forest edges, riverbanks, lowland bush, and
arid and semi-arid lands (ASALs), which are extremely vulnerable
because they are not protected and are located on communal or private
lands (FSSD-MWE, 2022; Khayota et al., 2021; Orwa et al., 2009).
Elevation data were based on the digital elevation model SRTM (Shuttle
Radar Topography Mission) with a 90 m and were obtained from the
United States Geological Surveys' Earth Explorer (USGS). Based on the
data, we derived the slope variable for further analysis.

We included edaphic information such as soil pH in water, soil

organic carbon (SOC), and the content of sand, clay, and silt in soil.

Spatial resolution

People Pla

Data sources

CHELSA (Karger et al., 2017)
CHIRPS v2.0 (Funk et al., 2015)
CHIRPS v2.0 (Funk et al., 2015)

SRTM (https://earthexplorer.usgs.gov/)
SRTM (https://earthexplorer.usgs.gov/)

SoilGrds (Hengl et al. 2021)
SoilGrds (Hengl et al. 2021)
SoilGrds (Hengl et al. 2021)
SoilGrds (Hengl et al. 2021)

Gridded Population of World (GPWv4) (CIESIN, 2022)
Global Gazetteer Version 2.3

WDPA (World Database on Protected Areas)

African sandalwood is reported to grow in isolated groups with certain
edaphic conditions. It may be found in a variety of soil types, including
sandy clay loam, clay, sandy loam, clay, rocky loam, and sandy loam in
various ecological zones (Gathara et al., 2022; Khayota et al., 2021;
Mwang'ingo et al., 2003). Raster maps of these five soil constituents
were derived from the SoilGrids database at a resolution of 250 m
(Hengl et al., 2021).

To account for potential sampling bias associated with publicly
collected species records, we included proxies for human activities,
including human population density in 2020 and distance to large cit-
ies. The list of major cities across the study regions was obtained from
the Gazetteer Version 2.3 (https://www.fallingrain.com/world/), while
data on human population density were acquired from the Gridded
Population of the World (GPW) v4 (CIESIN, 2022). Additionally, we
obtained data on protected area network across the three regions
from the WDPA (World Database on Protected Areas), a database
with the most comprehensive list on terrestrial and marine protected
areas globally (UNEP-WCMC, 2019).

2.3 | Analysis

We carried out independent analyses for the three regions of African
sandalwood: the eastern, southern, and horn of Africa. This was con-
sidered given marked variations in long-term precipitation across the
three regions that could affect the ecosystem structure and land pro-
ductivity. In Figure 3, we summarized the three main analysis phases
conducted in this study, including (1) data preparation, which includes
data cleaning and processing; (2) species habitat modelling, which com-

prises building the species habitat model based on relevant datasets,
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Step 1. Data preparation

Environmental variables
Precipitation (CHIRPS)

Temperature (CHELSA)

Elevation and slope (SRTM)
Soil pH, SOC, sand, clay, silt (SoilGrids)

Human-related sampling variables

Human population density (GPW) —

Distance to nearest city (Global Gazeteer)

Data cleaning, preparation,
and spatial rarefy

Data transformation, multicollineary checks,

and variable selection

Step 2. Species habitat modelling

Output: Plant’s
occurrence-environmental
relationship

—~| ~

Step 3. Habitat prediction

Species occurrence data

GBIF

Published papers

National Museums of Kenya (NMK)
Field surveys

Data cleaning, preparation,
and spatial rarefy

Occurrence data gl Background data

Test
data

Calibration
data

GAM fitting
to the data

Model validation
against test data

Output: Plant’s
habitat suitability (HS) map

Land protection status

WDPA

ol

I Overlay HS map with PA

PA
~P> P/

FIGURE 3 Analysis framework undertaken in this study, which broadly included three phases of analysis: (1) data preparation, which includes
data cleaning and processing; (2) species habitat modelling, which comprises constructing the species habitat model based on relevant data,
analyzing the relationship between species and environment, and evaluating the accuracy of the models; and (3) habitat prediction, which
comprises generating the species habitat suitability maps based on the habitat model and identifying suitable areas on protected versus

nonprotected land.

analyzing the relationship between species and environment, and
evaluating the accuracy of the models; and (3) habitat prediction,
which comprises generating the species habitat suitability maps based
on the habitat model and identifying suitable areas on protected ver-

sus nonprotected land.

2.3.1 | Data preparation

We employed fishnet grids with a spatial resolution of 5 km as our

analytical unit. All 15 environmental and sampling-related predictors

were resampled to meet this resolution. To contrast the current spe-
cies presence data points, background points or pseudo-absence data
were randomly chosen over the study area, similar to the method
employed by Barbet-Massin and Jetz (2014). This method provides for
an equal balance of presence and absence. The pseudo-absences were
constructed since our data did not include real absences obtained in
the field during the ecological surveys. Furthermore, real absences can
include unproven assumptions, thus potentially yield less accurate
models than those that used pseudo-absences (Zaniewski et al., 2002).

Prior to habitat modelling, all predictor variables with

strongly skewed distributions were transformed logarithmically or
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square-rooted. These include variable rainfall during the dry season
for regions 1 and 3 (eastern and southern Africa), slope for the three
regions, and population density and distance to nearest city for the
three regions. Variable transformation is useful in habitat modelling as
it helps to capture nonlinear relationships, stabilize variance, and
improve model fit. Pearson's correlation coefficient (r) was then
employed to analyze the pair correlation among all these transformed
predictors. If two variables were significantly correlated (|r| > 0.7), we
retained one of them, choosing those that have frequently been rec-
ognized in the literature as being of ecological and biological relevance
(Fourcade et al., 2018).

2.3.2 | Species habitat modelling
The species occurrence and background data were first partitioned by
randomly selecting a subset of 75% of the data for model calibration
and 25% for evaluation (Thuiller et al., 2009). We used the generalized
additive models (GAMs) to fit the species and environmental data.
Given the relatively small number of occurrence records available for
the species, GAM was deemed the most appropriate methodology in
comparison to the more popular machine learning methods. The GAM
approach offers an effective compromise between flexibility and per-
formance while maintaining a high level of interpretability.

Given that each region had a distinct mixture of uncorrelated pre-
dictors, we built three independent GAMs for each. The model for
eastern Africa, horn of Africa, and southern Africa can be written in

the following order:

Logit(p) = oc+f1(TEMP) +f2(DRY) +f3(WET) +f4(SLOPE) -+ f5 (CLAY)
+f6(SILT)+f7(POP) +fg(CITY)

(1)

Logit(g) = + f1(TEMP) + 2 (DRY) + f3(WET) + f4 (SLOPE) + f5 (CLAY)
+f6(CITY)

(2)

Logit(q) =B+ f1(TEMP) +f2(DRY) + f3(WET) + f4(ELEV) + f5(SLOPE)
+f6(CLAY) +f7(POP) +fg(CITY)

©)

where p, g, and g denote the probability of species occurrence for
each of the three regions. TEMP denotes the climatic variable mean
annual temperature, and DRY and WET denote the precipitation dur-
ing the dry and wet season, respectively. ELEV and SLOPE denote the
physiographic variable elevation and slope, respectively. CLAY and
SILT denote the edaphic variable clay and silt content in soil. POP
denotes the sampling-related predictor human population density,
whereas CITY denotes the distance to nearest city.

We used the mgcv package in R to fit the GAM to the data
(Wood, 2011). Smoothing spline function was used in the GAM model
fitting. The impact of a variable in influencing the distribution of
African sandalwood was assessed by calculating the percentage loss

in model performance when the corresponding variable was removed,

P’:’J—7

as indicated by the value of the model's Akaike information criterion
(AIC) (Searcy & Shaffer, 2016).

The accuracy of the models was assessed using independent test
datasets. We used both threshold-independent and threshold-
dependent metrics implemented in the dismo and Presence Absence

People P

packages in R. The threshold-independent measure comprises the
AUC (area under the curve receiver operating characteristic), while
the threshold-dependent measure includes TSS (true skill statistic),
sensitivity, and specificity. The AUC value ranges from O to 1, with
AUC >0.8 indicating good performance (Janitza et al.,, 2013). TSS
ranges between —1 and 1, with value >0.75 indicating good perfor-
mance. Sensitivity measures the proportion of correctly predicted
presences, while specificity quantifies the proportion of correctly pre-
dicted absences. For the threshold-dependent measures, we
employed a 0.5 cutoff value, a commonly utilized threshold in the

literature.

2.3.3 | Habitat prediction

The species habitat suitability maps were generated by projecting
each GAM to the three study regions, accounting for the climatic,
physiographic, and edaphic components while omitting human-related
sampling variables from the calculation. These maps range from O to
1, with higher values indicating a more suitable environment for the
species to occur. These maps were then categorized into four suitabil-
ity classes signifying increasing levels of habitat suitability or likeli-
hood for the species to occur, including (i) not suitable, (ii) less
suitable, (iii) suitable, and (iv) optimal. This categorization was
achieved based on natural breaks (jenks) classification technique
(Chun et al., 2016).

After the species habitat suitability maps have been generated,
we overlaid them with the spatial layer of protected area network.
This include different forms of protection according to the Interna-
tional Union for Conservation of Nature (IUCN) classification, ranging
from strict protected area (Category la) to areas where resources can
be utilized sustainably (Category VI). The extent of suitable and opti-
mal habitat for the plants that are located on protected land were

then estimated.

3 | RESULTS

3.1 | African sandalwood's occurrences with
respect to environmental factors

The models of African sandalwood occurrence performed well, with
the three regions exhibited AUC values greater than 0.87, sensitivity
and specificity greater than 0.86, and TSS greater than 0.75
(Table S2). The species occurrence data that were gathered by the
public appears to be biased due to proximity to human activities, nota-
bly in the eastern and the horn of Africa regions (regions 1 and 2)
(Figure 4; Table S3). For data from the horn of Africa (region 2),
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FIGURE 4 Marginal effects of the relevant predictors on the occurrence of African sandalwood estimated by the generalized additive models

(GAMs), for (a) eastern Africa (region 1), (b) horn of Africa (region 2), and (c) southern Africa regions (region 3). The list of predictors for each
region is shown in Equations 1, 2, and 3. The shaded blue area indicates the 95% confidence interval.

proximity to the nearest city explained 32.7% of the total variation. In
the eastern region (region 1), human-related sampling bias was moder-
ate, with proximity to the nearest city accounting for 9.4% of the total
variation in the data.

The plant's distribution was found to be subject to regional envi-
ronmental variations. For the eastern population (region 1), climatic
and physiographic aspects were the most important predictors of spe-
cies occurrence. Mean annual temperature, wet season precipitation,
and slope were responsible for 30.8%, 27.2%, and 23% of the overall
variation in the data, respectively (Figure 4; Table S3). The species'
occurrence rate decreased with rising mean annual temperature (opti-
mum at 15-20°C) and wet season rainfall (optimum at 0-100 mm/
month) but increased with increasing slope (optimum at >5°)
(Figure 4a). Climate variables were the only factors that had a signifi-
cant impact on the occurrence of species in the horn of Africa (region
2). Here, the mean annual temperature and the volume of rainfall dur-
ing the dry season explained 38.9% and 13.1% of the total variation in
the data, respectively (Figure 4; Table S3). The rate of occurrence of
the species rose with increasing amount of rainfall during the dry sea-
son (optimum at >40 mm/month), but it declined with increasing
mean annual temperature (optimum at <20°C) (Figure 4b). Climatic,
physiographic, and edaphic variables all had a significant impact on

the southern region's population (region 3). Elevation, wet season

rainfall, clay content, mean annual temperature, and slope were
responsible for 33.8%, 23.4%, 15.9%, 13.7%, and 13.2% of total data
variation, respectively (Figure 4; Table S3). The species' occurrence
rate rose with increasing elevation, slope, and clay content. However,
the species occurrence rate varied nonlinearly along the wet season
rainfall and mean temperature gradients, with the species habitat opti-
mum at an intermediate range of wet season rainfall of 50-100 mm/

month and mean temperature of 18-22°C (Figure 4c).

3.2 | African sandalwood's suitable habitats and
land protection status

The GAM analysis for region 1 (comprising eastern African countries
and the Democratic Republic of Congo and Somalia) suggested that
the area under suitable condition for the plant to survive and repro-
duce was estimated to be 226,950 km?, and those under optimal
condition was 447,750 km?, respectively (Figure 5, Table 2). Suitable
condition refers to an area where the species has a moderate proba-
bility of occurrence, whereas optimal condition signifies an area where
the species has a high likelihood of occurrence and hence may be of
greater conservation concern. For the population in region 2 (compris-

ing the horn of African countries), the GAM analysis estimated 41,850
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and 225,900 km? to be suitable and optimal, respectively. The GAM
analysis estimated that 581,450 km? were suitable and 134,850 km?
were optimal for the species in region 3 (southern African countries).
The total area suitable and optimal for the species' occurrence, there-
fore accounted for 17.30%, 13.86%, and 25.60% of the land area in
the region 1, region 2, and region 3, respectively. Some localities iden-
tified as suitable for the plant to survive in each region is outlined in
Table S4.

Of those areas considered suitable or optimal for the plant's sur-
vival in Africa (Figure 5), 16.16% have some form of protection rang-
ing from strict protected area (IUCN Category la) to sustainably
managed area (Category VI) (Table 2). Plant habitats in regions 1 and
2 encompassing eastern and the horn of Africa regions appear to be
better protected than their counterparts in region 3 (southern Africa).

500

1000

1500

Region 3
(Southern Africa)

Protected land covers 21.74% and 28.44% of plant-suitable habitats
in regions 1 and 2, respectively, but only 6.31% of habitats in region
3. Nonetheless, more than two-thirds of suitable and optimal environ-
ments exist on unprotected lands, indicating that anthropogenic pres-

sure might be significant.

4 | DISCUSSION

Climatic variables, including rainfall and temperature, was found to
play an important role on determining the likelihood of African sandal-
wood occurrence across the three regions evaluated. Precipitation,
especially during the wet season, affects the time of accessible water

and its storage across soil layers, hence influencing the distribution of
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Habitat suitability by region km? (% land area)

Region 1, eastern Africa (total land area 3,901,800 km?)

Area protected
km? (% suitability class)

TABLE 2 Total area predicted to be
unsuitable, less suitable, suitable, and
optimal for the habitats of African
sandalwood in eastern Africa (region 1),

Unsuitable 2,160,200 55.36% 376,525 17.43% the horn of Africa (region 2), and
Less suitable 1,066,900 27.34% 158,575 14.86% southern Africa (region 3).
Suitable 226,950 5.82% 49,475 21.80%
Optimal 447,750 11.48% 97,175 21.70%
Total suitable and optimal 674,700 17.30% 146,650 21.74%
Region 2, horn of Africa (total land area 1,045,850 km?)
Unsuitable 708,275 67.72% 115,175 16.26%
Less suitable 69,825 6.68% 15,175 21.73%
Suitable 41,850 4.00% 9,675 23.12%
Optimal 225,900 21.60% 66,475 29.43%
Total suitable and optimal 267,750 25.60% 76,150 28.44%
Region 3, southern Africa (total land area 5,169,825 km?)
Unsuitable 4,062,425 78.58% 1,142,000 28.11%
Less suitable 391,100 7.57% 32,400 8.28%
Suitable 581,450 11.25% 32,250 5.55%
Optimal 134,850 2.61% 12,975 9.62%
Total suitable and optimal 716,300 13.86% 45,225 6.31%

plant species based on rooting patterns (Lauenroth et al., 2014). Sev-
eral local studies have revealed that the Africa sandalwood's vegeta-
tive and reproductive phases follow distinct patterns between the dry
(warm) and wet (cool) years (Mwang'ingo et al., 2008; Rodriguez-
Gallego & Navarro, 2015). This implies that rainfall throughout the
wet season is vital for plant growth, development, and potential prop-
agation. Because the plant grows in habitat-specific places where it is
exposed to a variety of disturbances such as fire and herbivory, rainfall
during the wet season is crucial for sprouting and coppicing. In a
southern African savanna, resprout growth rates were observed to be
higher during the wet than the dry season (Sebata, 2017). During the
wet season, resprouts benefit from better mobilization of stored
energy reserves and higher photosynthetic rates. Moreover, because
the plant has mechanical dormancy and recalcitrant seeds (i.e. seeds
require ambient temperatures for survival, therefore cannot be viable
for more than 1 year) (Kamondo et al., 2021), the timing of the rain
season and seed dissemination is vital, as advance regeneration is
more significant than seed bank (Bazzar, 1991).

Temperature directly limits species ranges due to plant physiolog-
ical thermal tolerances, and it interacts with precipitation to determine
ecosystem water inputs (Allington et al, 2013; Bradford &
Lauenroth, 2006). Temperature also has a direct impact on plant phys-
iological processes, growth rates, phenology, and overall plant perfor-
mance. Due to the temperature variations, the plants have evolved
diverse mechanisms to cope with variations and maximize their
growth potential (Kefford et al., 2022). The estimated temperature
range we found for the eastern, southern, and the horn of Africa
populations supports prior studies on the suitable range of 14-22°C
for the plant to grow (Orwa et al., 2009). The range also falls between

the 19-29°C temperature limit for Santalum album in southern India,
a plant that is a member of the Santalaceae family (Rajan &
Jayalakshmi, 2017) and highly beneficial for medicinal, cosmetic and
cultural purposes (Khan et al., 2021).

Physiographic variables, particularly slope, had a major role in
determining the occurrence of Africa's populations in eastern
and southern Africa. Several studies have reported that slope is
significant for the growth of sandalwoods (Padmanabha, 2003;
Strohbach, 2012). For example, S. album was reported to occur in
steep, well-drained locations with a 45° slope; the steepness of the
terrain was thought to be crucial in preventing waterlogging condi-
tions (Padmanabha, 2003). The steepness of the slope found in our
study agrees with the reported occurrences of African sandalwood at
a slope of 6° in Auas mountains, Lichtenstein mountains, Eros
mountains, upper slope of Gamsberg mountain in Namibia
(Strohbach, 2012). Edaphic variables, particularly clay content, also
had a major role in determining the probability of African sandal-
wood's occurrence in eastern and southern Africa. This agrees with
many studies which have reported higher clay contents where the
plant occurs (Gathara et al., 2022). However, the plant has also been
observed to grow in different soil types, including sand, clay red soils,
laterite loam, and black-cotton soil, provided they are well drained.
Even very poor and rocky soils have been reported to support its
growth (Maundu & Tengnas, 2005), as well as good, drained soils with
humic friable clays (Orwa et al., 2009).

The current study identified potential sites that could serve as
habitats for in situ and ex situ conservation and reintroduction of
African sandalwood into the wild. Coppice management, through

tending the existing rootstocks or coppices, may be a sensible solution
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to assist regeneration, as the plant is more of a sprouter than a seeder
(Mwang'ingo et al., 2008). This can be done during the rainy season to
improve the survival chances of the plantings (Sebata, 2017). As our
analysis further shows that optimal habitats for Africa sandalwood are
primarily found on unprotected areas, community participation in the
species' conservation and management may be crucial (Borrow &
Pathak, 2004). In communal and private lands, which are not under
government control, community-based management may help sensi-
tize and encourage the local community to actively participate in
tending the plant's remnants through coppice management (Mwangi
et al., 2023; NMK, 2019). Reforms to national legislation governing
local communities' rights to engage in sustainable harvesting and
propagation programs, as well as the distribution of benefits from
these programs, could offer a path forward.

Our habitat suitability maps, while the first of their kind for this
species, can be enhanced by including landscape characteristics such
as vegetation cover. Accounting for social and economic variables
could also help us better comprehend the impact of anthropogenic
pressure and market-driven commerce on the plant's distribution
change. Several studies on other species have included such variables
in the evaluation, such as predicting the change in distribution of
medicinal plants (Groner et al., 2022) and parasitic weeds (Mudereri
et al, 2020), demonstrating the viability of such an approach.
Notwithstanding, our map, particularly those in at-risk region of
eastern Africa, can be used to advise government biodiversity conser-
vation agencies and nongovernmental organizations on the locations
of reclamation efforts for the species' deteriorated habitat. The maps
can further provide critical baseline information to support national
conservation and management initiatives in the three African regions

across the plant's distribution range.
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