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ABSTRACT

Invasive alien species such as Bellyache bush (Jatropha gossypiifolia L.) pose immense threats to global food
security, biodiversity, ecosystem integrity and provision of ecosystem services. The Bellyache bush has gen-
erally been naturalised in Africa but poses vast management challenges in the African Savannah, yet there is
little knowledge of its spatial distribution and future potential invasion risk.
In this study, we modelled the spatial distribution of Bellyache bush in South Africa as a function of key bio-
physical factors using maximum entropy (MaxEnt) and estimated its potential invasion risk into native envi-
ronments because of climate change.
Results show that temperature seasonality, mean annual temperature range and mean temperature of the
coldest month are the key factors explaining Bellyache bush distribution in South Africa.
The response of the occurrence of Bellyache bush to the temperature variables demonstrated that the suit-
able habitat for Bellyache bush ranged between 10° and 30 °C while the tolerance to precipitation range is
very wide (400 mm — > 2500 mm/year—'). The total area suitable for Bellyache bush propagation in South
Africa is ~129 034 km? (10% of the total land area of South Africa) in the current and will increase because of
climate change to ~510 914 km? (40% of the total land area of South Africa).
Our results suggest that we can estimate the spatial distribution and Bellyache bush invasion risk areas in
South Africa. This implies that policies and management strategies for further Bellyache bush invasions in
South Africa can now informatively be targeted to high priority areas.

© 2021 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

number 15, aims to protect, restore and combat desertification and
biodiversity loss. In particular, the Aichi biodiversity target number 9

There is a growing global critical concern regarding biological
invasions caused by the changing climate and its variability
(Hulme, 2009). The Millennium Ecosystem Assessment considers the
invasive alien species (IAS) as the second most important global
threat to biological diversity (Millennium Ecosystem Assess-
ment, 2005). On the other hand, the convention on biological diver-
sity (CBD) also regards IAS as a global challenge because of their
numerous severe negative impacts on food security, human health,
economic development and biodiversity (Convention on Biological
Diversity, 2016; Moshobane et al., 2017; Shivambu et al. 2020). The
United Nations sustainable development goals (UNSDGs), goal
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states that, by 2020, IAS and pathways should have been identified
and prioritized, priority species controlled or eradicated, and meas-
ures are put in place to manage pathways to prevent their introduc-
tion and establishment (Convention on Biological Diversity, 2016).
Given the numerous and complex pathways for IAS introductions
and that multiple alien species are already present in many countries
(Hulme, 2009), the number continue to increase (Moshobane et al.,
2020a), it is very vital to prioritise control and eradication efforts on
those species and pathways which are resource-effective and will
have the greatest positive impact on biodiversity (Convention on Bio-
logical Diversity, 2016; Keane and Crawley 2002). Obtaining reliable
estimates of the cost of eradication of IAS is challenging, but often,
costs go beyond billions of US$ relative to the occupied area and the
clearing methods employed (Jardine and Sanchirico 2018). Currently,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.sajb.2021.11.031&domain=pdf
mailto:moshobanemc@gmail.com
https://doi.org/10.1016/j.sajb.2021.11.031
https://doi.org/10.1016/j.sajb.2021.11.031
https://doi.org/10.1016/j.sajb.2021.11.031
http://www.ScienceDirect.com
http://www.elsevier.com/locate/sajb

M.C. Moshobane, B.T. Mudereri, M. Mukundamago et al.

the key concern amongst the scientific and policymaking communi-
ties, is that the IAS population dispersions are likely to change
beyond the current known species distribution ranges thereby over-
stretching the existing control mechanisms and budgets for the con-
trol of invasive species such as the Bellyache bush (Jatropha
gossypiifolia. Linnaeus 1753: Caminade et al., 2012; Jardine and San-
chirico, 2018).

The Bellyache bush is a flowering plant belonging to the genus
Jatropha and the family Euphorbiaceae. The key importance of the
species belonging to the Jatropha genus are their medicinal traits
which have been realised in many countries including Pakistan, Bra-
zil, India and many African countries (Félix-Silva et al., 2014). How-
ever, the Bellyache bush is potentially an invasive shrub in most
African, Asian and Australian continents, with its native origin, traced
back to Mexico, South America, Gujarat State and the Caribbean
islands (Wu et al., 2019). Bellyache bush was introduced to many
parts of the world, primarily for medicinal or garden ornamental pur-
poses (Prentis et al., 2009). In all its introduced range, it invades dis-
turbed habitats along with roadside areas and forest openings,
thereby competitively excluding the native vegetation plant species
diversity through preventing regeneration of native shrubs and trees
(Roberts and Florentine, 2021), particularly in the absence of fire as a
natural controlling mechanism (Bebawi & Campbell, 2002b, 2002a).

In Australia, the Bellyache bush is listed as a priority environmen-
tal weed in five Natural Resource Management regions and is consid-
ered amongst the top 200 most invasive plant species with high
toxicity to both humans and animals (Parsons and Cuthbert-
son, 2001). However, in South Africa, the species is not yet registered
on the list for alien and invasive species (A&IS) as outlined in the
South African national environmental management biodiversity act
(Department of Environmental Affairs, 2004; Moshobane et al.,
2019). Currently, the species is placed on the species under surveil-
lance for possible eradication or containment targets (SUSPECT) list,
making its empirical distribution and risk assessment urgent. In this
current study, we assert that an understanding of the distribution of
Bellyache bush is paramount for the development of informed strate-
gies and recommendations for regulations or listing of the species
based on observed evidence of risks associated with the invasion
prowess of the species, particularly considering the pending climate
change (Moshobane et al., 2019). The level to which an IAS can effec-
tively be managed depends on the understanding of its present popu-
lation and the key determinants of its distribution (Convention on
Biological Diversity, 2016; Moyo et al., 2019).

Therefore, to improve our understanding of the distribution of
Bellyache bush and its associated risks on biodiversity, we aimed to
predict its potential distribution and invasion risk under the current
and future climatic scenarios in South Africa using established species
distribution modelling (SDM) approaches i.e., maximum entropy
(MaxEnt). MaxEnt models correlate the present location (presence-
only data) of a species with the appropriate predictor variables (e.g.,
bioclimatic variables), thereby providing a statistical link between
the spatial differences of the predictor variables and the spatial dis-
persion of the species within the environment, in our case Bellyache
bush (Ayebare et al., 2018). However, the accuracy and reliability of
these SDMs rely on the precision and distribution of the ‘presence-
only’ data used, tied with a careful selection of the most relevant bio-
climatic predictor variables (Elith et al., 2010a; Mudereri et al., 2019).
Several studies have also used SDMs and machine learning to estab-
lish the distribution of similar invasive species in South Africa
(Mkunyana et al., 2018; Moshobane et al., 2020b; Mtengwana et al.,
2021; Thamaga and Dube, 2019)

There is a huge gap in information regarding the use of such tech-
nology on analysis and mapping of Bellyache bush distribution and
risk, particularly the influence of climate change on the distribution
of Bellyache bush in South Africa (Moshobane et al., 2017). Addition-
ally, many studies have investigated the effects of climate change on
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a range of species, showing that change in climatic conditions has a
profound impact on species distribution ranges (Ayebare et al., 2018;
Masocha and Dube, 2017). The risks inflicted by these IAS i.e., Belly-
ache bush are likely to be worsened by climate change and the inade-
quate adaptive or mitigation capacity, in addition to the limited
impact documentation leading to inadequate preparedness
(Niang et al., 2014). Thus, identifying and controlling the Bellyache
bush species, before they spread to new environments, requires bet-
ter surveillance and constant monitoring with adequate, cost-effec-
tive tools and methods, such as presented in this current study.

2. Methodology
2.1. Study area

Predictions of the occurrence of Bellyache bush were conducted in
the whole country of South Africa using global occurrence data
(Fig. 1). The climate of South Africa is varied but generally character-
ized by high humidity and heavy rainfall. It is characterised by a sub-
tropical and savanna climate, with warm summers and mild winters
with daily temperatures ranging between 25 and 40 °C in summer
and between 22 and 26 °C in winter (Fig. 1). Rainfall is highly sea-
sonal with 95% occurring between October and March. The average
rainfall is about 800 mm, but it often varies spatially and temporarily.

2.2. Reference occurrence data

We gathered and used global occurrence reference points from
the Global Biodiversity Information Facility (GBIF, 2019). Both local
and global ‘presence-only’ samples were verified on Google Earth®
for positional accuracy. A total of 2270 samples obtained from GBIF
were subjected to duplication correction, positional accuracy, and
spatial filtering in a geographical information system (GIS), using a
standard distance of 20 km between the adjacent points to reduce
spatial autocorrelation and potential sampling bias (Kramer-
Schadt et al.,, 2013). The points data were examined to eliminate
redundant and overlapping samples (Aratjo et al., 2019). We retained
a total of 1550 presence points that were representative of the entire
world distribution range of the Bellyache bush. Thus, these points
were enough for use in MaxEnt to predict and project the occurrence
of the species to a new environment and temporal space (Zurell et al.,
2012; Mesgaran et al., 2014). The occurrence points were arranged
and formatted for input in the MaxEnt model.

2.3. Bioclimatic variables

The global bioclimatic data used for our analysis (current and
future bioclimatic variables) were downloaded at ~1 km x 1 km pixel
size from WorldClim (www.worldclim.org). We used the global, 19
bioclimatic variables to determine the key climatic covariates influ-
encing and controlling the distribution of Bellyache bush in South
Africa. In predicting future climate scenarios, four representative con-
centration pathways (RCPs) have been set by the intergovernmental
panel on climate change (IPCC) using the total radio-active forcing of
values 2.6, 4.5, 6 and 8.5 watt/m2 (IPCC, 2014). We compared the cur-
rent climate data (1950-2000) and one-time step into the future
using the highest predicted carbon concentration i.e. RCP8.5 for car-
bon dioxide concentrations predicted for 2050 (average of predic-
tions for 2041-2060) in our analysis (Abdelaal et al., 2019). The
future climatic data were obtained from the fourth version of the
community climate system model (CCSM4), which is one of the mod-
els that provide the most efficient global future climate projections
(Mohammadi et al., 2019).

A multi-collinearity test on the 19 bioclimatic variables to reduce
redundancy and overfitting of the model brought by highly correlated
variables was preliminarily performed on all the variables. The Pearson
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Fig. 1. The relative location of South Africa and its administrative provinces. The red dots show the global location of Jatropha gossypiifolia in all the continents.

correlation coefficient (r > 0.85) and the overall percentage contribu-
tion of the variables derived from MaxEnt were used to reduce the
multi-collinearity amongst the predictors (Merow et al., 2013). In cases
where two predictors were correlated, only ecologically viable predic-
tors were retained (Muposhi et al., 2016). This reduction of predictor
variables resulted in only 6 out of the 19 bioclimatic variables for
modelling, which are highlighted in bold in Table 1. These selected vari-
ables include temperature seasonality (Bio4), minimum temperature of
the coldest month (Bio6), temperature annual range (Bio7), annual pre-
cipitation (Bio12), precipitation of the wettest month (Bio13) and pre-
cipitation of wettest quarter (Bio16).

Table 1

2.4. MaxEnt model implementation and accuracy evaluation

In this study, we used the MaxEnt algorithm (version 3.4.1)
(Phillips et al., 2006). MaxEnt has been widely employed to predict
species distribution because of its statistical robustness procedures,
adaptability to various environments, sample sizes and its high per-
formance across several niche modelling methods for ‘presence-only’
data (Masocha and Dube, 2017; Marchioro and Krechemer, 2018;
Mudereri et al., 2020). The “ENMevaluate” function in the package
“ENMeval” (Muscarella et al., 2014) available in R-software (R Core
Team, 2019) was used to derive optimum tuning and parameter

Bioclimatic variables used in the MaxEnt models for Jatropha gossypiifolia L. suitable habitat prediction together with their variable and per-
mutation importance. The variables in bold were used in the final prediction after eliminating the correlated variables, their corresponding

unit of measurement and percentage contribution to the model.

BioClim Code  Bioclimatic variable Variable importance (%)  Permutation importance
Biol Annual Mean Temperature 0.6 0
Bio2 Mean Diurnal Range [Mean of monthly (max temp—min temp)] 6.9 83
Bio3 Iso-thermality (Bio2/Bio7) (x 100) 0.2 1.9
Bio4 Temperature Seasonality (standard deviation x 100) 41.7 1.8
Bio5 Maximum Temperature of Warmest Month 0.6 0
Bio6 Min Temperature of Coldest Month 1.5 33.1
Bio7 Temperature Annual Range (Bio5—Bio6) 1.2 9.8
Bio8 Mean Temperature of Wettest Quarter 0.7 1.9
Bio9 Mean Temperature of Driest Quarter 0.7 0.5
Bio10 Mean Temperature of Warmest Quarter 1.1 3.6
Biol1 Mean Temperature of Coldest Quarter 1.8 13
Bio12 Annual Precipitation 49 9.6
Bio13 Precipitation of Wettest Month 4.6 0
Bio14 Precipitation of Driest Month 0.2 0.1
Bio15 Precipitation Seasonality (Coefficient of Variation) 1.1 22
Bio16 Precipitation of Wettest Quarter 38 2.6
Biol17 Precipitation of Driest Quarter 0.6 0
Bio18 Precipitation of Warmest Quarter 04 1.6
Bio19 Precipitation of Coldest Quarter 13 15
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Fig. 2. Relative contribution and importance of the environmental variables used in the MaxEnt modelling of Jatropha gossypiifolia L. habitat suitability in South Africa as measured
by contribution towards the area under the curve (AUC) derived from the Jackknife analysis in MaxEnt.

settings for the MaxEnt models. This approach calculates multiple
metrics to aid in selecting optimum model settings that balance
goodness-of-fit and model complexity (Muscarella et al., 2014). The
following model parameters derived from “ENMeval” were applied
in the MaxEnt models to perform the Bellyache bush habitat suitabil-
ity modelling in South Africa: i.e., linear/quadratic/product: 0.05, cat-
egorical: 0.250, threshold: 1.00, hinge: 0.500, multivariate
environmental similarity surface (MESS) analysis, clamping, extrapo-
late and fade with clamping.

The MESS analysis in MaxEnt quantifies the measure of projection
uncertainty by calculating the similarity of each point in the pro-
jected region to a set of reference points (Mesgaran et al., 2014). Fur-
thermore, using the above-mentioned setting parameters, we
projected the potential current and future Bellyache bush occurrence
using the global occurrence ‘presence-only’ data to predict the local-
ised distribution in South Africa (Elith et al., 2010b; Zurell et al.,
2012). We replicated our model 10 times and used the average of the
10 probability outputs to determine the optimum habitat suitability
and performance of the models. The data was split into 50% (n = 775)
of the occurrence points for training while 50% (n = 775) were
retained for testing the model (Mudereri et al., 2020). The compara-
tive relevance of each environmental predictor for the models of Bel-
lyache bush was evaluated using the overall percentage contribution,
permutation importance of each variable and area under the curve
(AUC) of the Jackknife test, which are all available in MaxEnt
(Merow et al., 2013).

The prediction precision was validated using the AUC of the
receiver operating characteristic (ROC). The sensitivity (true posi-
tives) was plotted against specificity (false positives) to generate
AUC. The values of AUC range between 0 and 1. AUC values closer to
1, suggest a perfect performance of the model whereas an AUC value
of 0.50 indicates that the model did not perform better than random
(Allouche et al., 2006). Herein, we report the AUC of the current cli-
mate scenario, since there are no future occurrence points to validate
our future predictions. However, it is assumed that if the model per-
forms well with the currently available data, it will replicate the
same strength when used to project predictions into the future
(Chemura et al., 2021).

The chief graphic outputs of the MaxEnt application includes
maps, highlighting the habitat suitability of Bellyache bush, with val-
ues ranging from O (unsuitable) to 1 (optimum). We reclassified the
suitable area into two classes namely relatively unsuitable (0-0.3)
and potentially suitable (0.31—1). The selection of these breaks was
intuitively based on the probability distribution of the prediction and
also following Abdelaal et al. (2019). The two classes were necessary
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to calculate the total area of potential suitability in South Africa. Fur-
ther, an “image differencing” approach was conducted in a GIS
between the current and future prediction images to derive the suit-
ability changes i.e., Bellyache bush suitability gain or loss.

2.5. Statistical analysis

Using the predicted outputs, we generated 100 random points in a
GIS environment that were used to evaluate the correlation between
the current and future climate scenarios. For each of these random
points, the occurrence data for South Africa was extracted to coordi-
nate specific probabilities of occurrence in the current and future pre-
dicted scenarios. Using these extracted values, we statistically tested
for correlation and significant differences in the probability of occur-
rence between the current and future climate scenarios using the
Pearson correlation coefficient (r?) and a pairwise student t-test.
These statistics were both calculated in R-software using the “agrico-
lae” package (Mendiburu, 2019)

3. Results
3.1. MaxEnt models evaluation

Both MaxEnt models for the prediction and projection of the Bel-
lyache bush potential habitat using the current and future (RCP8.5:
2050) provided satisfactory AUC results greater than 0.9 using both
the test and training datasets of the replicated models. These results
demonstrate that our models provided a very good predictive perfor-
mance of the occurrence of Bellyache bush in South Africa.

Temperature based variables were the most relevant predictors
compared to precipitation (Fig. 2). Bio4 had the highest contribution
to the model training (Table 2) whilst Bio6 had the highest permuta-
tion importance as pointed by all the measures used in our analysis

Table 2

Variable importance measured by the percentage contribution to the model and
the permutation importance derived from the MaxEnt modelling of Jatropha gos-
sypiifolia L. habitat suitability in South Africa.

Bioclimatic variable ~ Percentage contribution ~ Permutation importance

Bio4 55.4 3.6
Bio6 216 59.4
Bio7 71 222
Bio13 6.8 03
Bio12 6.4 8.4
Bio16 2.8 6.1
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Fig. 3. Response curves derived from MaxEnt Models showing the influence of the six bioclimatic variables (Bio4; Bio6; Bio7; Bio12; Bio13; and Bio16) on the probability of occur-

rence of Jatropha gossypiifolia L. in South Africa.

(i.e. Jackknife AUC, overall percentage contribution and permutation
importance). Based on the Jackknife results, Bio7 recorded the high-
est gain when used in isolation, therefore, appears to provide the
most useful information individually. Similarly, Bio13 contributed
the most amongst the precipitation variables but had relatively lower
permutation importance (0.3) compared to Bio12 (8.4).

3.2. Individual bioclimatic variable responses to the prediction of J.
gossypiifolia L. occurrence

The response of the occurrence of the Bellyache bush to the tem-
perature variables i.e. Bio4; Bio6 and Bio7 demonstrated that its

suitable habitat ranged between 10° and 30 °C. Furthermore, Belly-
ache bush was predicted within very high precipitation regions with
rainfall ranges between ~ 400 mm and 2500 mm/year (Fig. 3) and
still performed very well in very high rainfall intensity areas
(>3000 mm).

3.3. Habitat suitability under current and future climate conditions

Our results show that the Bellyache bush invasion risk and current
potential distribution varied in the different sites but is mainly spread
along the coastal areas in the northern and eastern regions of the
country (Fig. 4). These regions occur in 5 of the nine provinces of the



M.C. Moshobane, B.T. Mudereri, M. Mukundamago et al.

South African Journal of Botany 146 (2022) 417—-425

0 250
l ] J

500 Km

[Jsouth African provinces

Jatropha gossypifolia
probabiity of occurrence

-High:1
- Low:0

Fig. 4. Current potential distribution of Bellyache bush (Jatropha gossypiifolia L.) in South Africa. The green colour shows the area of low occurrence risk while the warmer colours

show a moderate to a high probability of occurrence.

country. The provinces that potentially host Bellyache bush are Lim-
popo, Mpumalanga, KwaZulu natal, Eastern Cape and Western Cape.
However, our results show a very high increase in the area coverage,
which has the potential to be invaded by the Bellyache bush in the
future because of climate change. Accordingly, the risk of the Belly-
ache bush invasion will likely spread to all the provinces in South
Africa except for the Northern Cape. Additionally, the intensity of the
invasion will be high compared to the current climate regime with
the entire KwaZulu natal province highly susceptible to Bellyache
bush invasion than other provinces (Fig. 5). The total area suitable for
Bellyache bush propagation in South Africa is ~129 034 km? which
covers ~10% of the total land area of South Africa in the current and
will increase because of climate change to ~510 914 km? (~40% of
the total land area of South Africa).

422

3.4. Distribution of the Bellyache bush potential area suitability gain

Fig. 6 shows the analysis of the areas that were previously not sus-
ceptible to invasion risk but are likely to be at the ‘highest’ potential
of invasion risk in the face of climate change. These areas are within
the five provinces that currently hosts the Bellyache bush namely:
Limpopo, Mpumalanga, KwaZulu natal, Eastern Cape and Western
Cape.

3.5. Statistical analysis
There was a relatively low correlation (r? =0.58) between the cur-

rent and future potential distribution of Bellyache bush in South
Africa. This was confirmed by the t-test which showed that the
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Fig. 5. Potential future distribution of Bellyache bush (Jatropha gossypiifolia L.) in South Africa. The green colour shows areas of low occurrence risk while the warmer colours show

areas with a moderate to a high probability of occurrence.

probabilities of occurrence of the Bellyache bush in the current cli-
mate scenario were significantly different (t-stat = 7.83, p<0.01) to
those predicted by the MaxEnt model in the future.

4. Discussion

We used MaxEnt modelling to examine and characterise the cur-
rent geographic patterns of the invasive Bellyache bush concerning
climate change and other bioclimatic variables in South Africa. Our
results indicate that the eastern coastal regions are most susceptible
to invasion by Bellyache bush for both the current and future climate
scenarios. We observed a pattern where the intensity of invasion
increased inland from the eastern coastline because of temperature
and precipitation changes in the future. However, the potential
mechanisms of spread to explain these different patterns of invasion
were beyond the scope of this study. However, a combination of

423

factors including suitable habitats and lack of natural enemies has
been reported to influence the distribution and establishment of IAS
in a new area (Keane and Crawley, 2002).

Additionally, our field observations suggest that Bellyache bush is
often introduced around homesteads as ornaments or natural perim-
eter hedge and then spreads stochastically to new areas such as ran-
gelands through various seed dispersion mechanisms such as animal
or human movement (Moshobane et al., 2017, 2020a). This observa-
tion suggests that intentional human introductions and disturbances
may be greatly facilitating the invasion currently and possibly in the
future (Masocha and Dube, 2017). In the field, we further observed
the occurrence of Bellyache bush along the roadsides mostly in the
rural areas of the Limpopo province where road maintenance is lim-
ited and in clusters within abandoned settlement areas. This suggests
that Bellyache bush has the opportunistic behaviour to colonise dis-
turbed areas. Thus, the deliberate introduction of the species in the
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Fig. 6. Potential suitability area gain by Bellyache bush (Jatropha gossypiifolia L.) as
influenced by climate change. The red colour shows the currently native areas which
have huge potential of invasion risk.

agro-natural environments may increase the opportunities and
potential invasion by the Bellyache bush (Prentis et al., 2009). These
similar patterns of intentional introduction of these alien species by
humans have been reported for other invasive alien species, such as
Opuntia fulgida in Zimbabwe (Masocha and Dube, 2017) and Lantana
camara (Goncalves et al., 2014). Therefore, bearing in mind the dis-
turbance that Bellyache bush causes to rangelands, and the potential
poisoning from their pods (Wu et al., 2019), measures and prohibitive
legislation need to be put in place in South Africa to prevent the
intentional introduction in areas that were predicted by this current
study as potentially suitable areas for invasion by the Bellyache bush.
Perhaps, this will curb the further unintentional spread to other dis-
tricts within the provinces. This approach will help South Africa in
achieving its SDG, goal number 15 (Convention on Biological Diver-
sity, 2016)

Furthermore, several pharmacological studies have demonstrated
the significant action of different extracts or isolates from Bellyache
bush roots and leaves. These extracts have been confirmed to be anti-
microbial, anti-inflammatory, anti-diarrhoeal, anti-hypertensive and
anti-cancer agents (Félix-Silva et al., 2014; Wu et al,, 2019). South
Africa could leverage the controlled production or counter-eradica-
tion mechanisms by harvesting the already invasive species and con-
verting the products to medicinal purposes.

In addition, our modelling results indicate that temperature varia-
bles i.e., temperature seasonality, minimum temperature of the cold-
est month and the mean annual are the key factors influencing
Bellyache bush distribution in South Africa. Bellyache bush requires
moderate temperatures and high rainfall areas which are typical of
the eastern coastline regions which were predicted by our model.
Under climate change, more areas are projected to gain in tempera-
ture facilitating suitability of invasion, particularly in most of the
inland areas except for the Northern Cape province (Niang et al.,
2014). We, therefore, deduce that Bellyache bush habitat suitability is
a function of the dynamics of temperature and precipitation which
may also be influenced by the altitude of the area. Thus, there is a
need for appropriate adaptive management approaches to curb the
further spread of the species in the climatically suitable regions.

There is a consensus that invasion risk assessments are useful,
particularly as the first line of defence (Keller et al., 2008). In our
case, what makes our study different as a risk assessment study from
previous research is in the application of a large-scale species distri-
bution modelling framework in a GIS environment to characterise
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and generate maps showing the spatially specific current and poten-
tial future distribution of the invasive Bellyache bush. This approach
is robust, timeous and facilitates informed future planning as our
results are projected into the future compared to the static physical
field assessments (Moyo et al., 2019). Therefore, the information gen-
erated in the present work can comprehensively be used for targeted
surveillance and control of this invasive species in the country and
for informed planning as suggested by the CBD (Convention on Bio-
logical Diversity, 2016). Thus, this simple yet robust, modelling
approach employed in this study can also be replicated in other coun-
tries that are also under threat from the Bellyache bush invasions to
aid in the management.

In South Africa, the Bellyache bush is listed as category 1b species
(Moshobane et al., 2019). The results from our present study support
this listing status. Since the listing in this category requires compul-
sory control, the species should be prioritised due to the high poten-
tial for further spread. Due to the notoriety of the species, proper
management approaches are essential, as the spread into many peo-
ple’s homes may lead to human toxin exposures (De Almeida et al.,
2015), as reported in previous studies on other Jatropha species
(Moshobane et al., 2017).

5. Conclusions

In this study, we leveraged the strength of projecting the global
occurrence data of the Bellyache bush to model its spatial distribution
in South Africa as a function of bioclimatic factors of the current and
future climate scenario. We conclude that the Bellyache bush is
mainly found in high rainfall areas and that its distribution is also
influenced by temperature seasonality, mean annual temperature
range and the minimum temperature of the coldest month. This
implies that policies and management strategies for further Bellyache
bush invasions in South Africa can now informatively be targeted to
high priority areas. Furthermore, the decision to list and prioritise the
monitoring of the Bellyache bush species as an important invasive
environmental weed in South Africa is now possible.
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