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Invasiveness of biofuel crops: implications for energy
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ABSTRACT
In developed countries, biofuel development was largely driven by
a desire to reduce greenhouse gas (GHG) emissions and increasing
energy security, whereas in developing countries, in addition to
energy security, the quest for rural development and employment
creation incited an interest in biofuel production. Notwithstanding
the benefits of biofuels, there are reservations about their potential
invasiveness. These concerns stem from the fact that the traits that
characterize an ideal biofuel crop such as rapid growth rate, toler-
ance to drought and low soil fertility as well as pest and disease
resistance, match those of invasive plants. The objective of this
paper was to review literature on experiences of other countries
on invasiveness of biofuel crops, with a view to providing lessons
for biofuel production in Botswana. The review has revealed that
most plants proposed for biofuel production are classified as inva-
sive. The review concludes with recommendations for the
Government of Botswana: Improve the cultivation of indigenous
wild plants with high oil content for biodiesel production, screening
of exotic species through a science-based risk-assessment proce-
dure to evaluate their invasive potential before embarking on large-
scale cultivation, and development of appropriate management
practices and regulations to mitigate risk of invasion.
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Introduction

In response to an unreliable fossil fuel supply, unstable fuel prices and increasing green-
house-gas (GHGs) emissions, the global community is promoting biofuels as an alter-
native climate-smart and environmentally friendly energy source. Global consumption of
biofuel annually is projected to increase exponentially from 7 Mt in 2010 to 29 Mt by
2030 (Alexandratos & Bruinsma, 2012). In the developed world, biofuels are promoted to
reduce GHG emissions and ensure a sustainable fuel supply, whereas, in the third world,
in addition to fuel security, biofuel development was largely driven by desire for rural
development, employment and income generation (Blanchard et al., 2011). These factors
are all motivated by the creation of international markets, particularly in the European
Union, where member countries are mandated to blend 10% biofuel into conventional
transport fuel (Von Maltitz et al., 2014). Furthermore, international conventions on
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mitigating climate change, such as Kyoto Protocol also ignited global interest in biofuels.
Europe started research on potential biofuel crops in the 1960s followed by the United
States in the 1970s (Lewandowski et al., 2003)

The global interest in biofuels has resulted in an increase in the use of a number of
crops and wild plants for biofuel production. The first generation of biofuels is domi-
nated by food crops such as grains and sugarcane where starch and glucose are fermented
to produce bioethanol, and vegetable oils are used to produce biodiesel through the
process of transesterification (Ziolkowska, 2014). In the European Union, the crops
mostly used to produce bioethanol include wheat, barley and sugar beet whereas in
southern Africa they include sugarcane (Malawi, Zimbabwe and Zambia) and maize
(South Africa). Traditionally, biodiesel has been mostly produced from edible oil plants
such as rapeseed, soybean oil, palm oil and sunflower oil (Silitonga et al., 2015). However,
due to the debate about food security versus fuel production, non-edible biodiesel feed-
stocks are gaining momentum worldwide. Some of the candidate for non-edible biodiesel
feedstocks are Moringa oleifera (drumstick tree), Croton megalobotrys (croton),
Azadirachta indica (neem), Jatropha curcas (jatropha), Calophyllum inophyllum (undi)
and Thespesia populnea (milo) (Jain et al., 2018).

The use of food crops for biofuel production sparked debate and questions in light of
food insecurity, particularly in developing countries. These concerns led to the pursuit of
non-food crops, which require fewer inputs (e.g., water and fertilizer) and can be grown
on marginal land not suitable for agricultural production (DiTomaso et al., 2013).
A variety of herbaceous and woody species emerged as candidates for biofuel production.
For instance, Arundo donax L., Phalaris arundinacea L. and Miscanthus sinensis in the
United States (Flory et al., 2012) and Prosopis species, Leucaena leucocephala (Lam.) de
Wit and Azadirachta indica A. Juss in Africa (Witt, 2010). Plant breeding
programmes for biofuels are focused on selecting and breeding for low susceptibility to
pests and diseases, ability to grow in marginal conditions and to produce vigorous
monoculture plantations (Barney & DiTomaso, 2008). The majority of biofuel crops
intrinsically possess these desirable traits; prolific growth rates, high yields with minimal
inputs, tolerance to drought and low soil fertility and resistance to pests and diseases
(Barney & DiTomaso, 2008; Chimera et al., 2010).

It is important to note though that these traits closely match those of invasive species
(Raghu et al., 2006), and there are fears that biofuel crops may escape cultivation and
invade natural or other land use systems (DiTomaso et al., 2007). The debate about the
potential invasiveness of biofuel crops sheds light on how a well conceptualized innova-
tion, informed by new policy initiatives, with good purpose may have collateral damage
with devastating socio-economic and environmental impacts (Ferdinands et al., 2011).
Despite these reservations, biofuels continue to be promoted and cultivated worldwide
(Buddenhagen et al., 2009). For instance, A. donax, Panicum virgatum L. and Prosopis
spp. are promoted for biofuel production in the United States but are known to be
invasive in other countries (McCormick & Howard, 2013). Jatropha curcas L. is currently
being promoted for biodiesel production in Africa, India and Southeast Asia despite
being classified as invasive in South Africa and Australia (Von Maltitz et al., 2014).

The potential risk is exacerbated firstly by the fact that most biofuel crops are exotic to
the country or region proposing cultivation (Barney & DiTomaso, 2008), and secondly,
the anticipated large-scale cultivation heightens propagule pressure and further increases
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the probability of escape and invasion (Davis et al., 2011). The number of propagules
correlates positively with the risk of invasiveness, i.e. an increase in the number of
propagules will result in an increase in the risk of invasiveness (Holle & Simberloff,
2005). Biofuel feedstocks are likely to be transported over long distances during planting,
harvesting and processing further increasing the probability of propagules escaping into
natural systems or hybridizing with adjacent natural populations (Barney & DiTomaso,
2010; Richardson & Blanchard, 2011).

Invasive species are those when introduced to a new habitat or ecosystem grow
vigorously and displace native species resulting in damages to the economy, biodiversity
and human health (IUCN (International Union for Conservation of Nature), 2009). No
continent, region or country can claim to be free from invasive species (Molina-
Montenegro et al., 2012). The demand for exotic species has traditionally been influenced
by desire for high yielding species that would generate better economic benefits for
agricultural, horticultural and fibre production industries (Ferdinands et al., 2011).
Human activities are largely responsible for transporting alien invasive species around
the world either intentionally or accidentally (Van Wilgen & Richardson, 2014). They
can be introduced purposely to be used as research trials, ornamental plants, agricultural
crops and forestry species (Drew et al., 2010; Lockwood et al., 2005). Under conducive
environments, any alien species is capable of growing vigorously and spreading exten-
sively to outcompete native species (Chimera et al., 2010). Once established, invasive
species are difficult and costly to remove or contain (Pimentel et al., 2005, 2000). They are
only surpassed by habitat destruction as drivers of biodiversity loss (McCormick &
Howard, 2013). The economic costs of invasive species can be quite substantial, with
the global cost estimated at 5% of the global Gross Domestic Product (GDP). The cost
per year to the United States, United Kingdom, Australia, South Africa, India and Brazil
amounted to more than 100 billion USD (Convention on Biological Diversity [CBD],
2017). The costs were mainly due to a reduction in the productivity of agricultural and
forest sector. Other costs include human health problems, hampered recreational access
and aesthetic qualities, damage to ecosystem services as well as management and
eradication costs (Pejchar & Mooney, 2009; Young et al., 2011).

To avoid the invasiveness risks, the production of biofuel must be guided by appro-
priate management, legal and regulatory frameworks to judiciously integrate these crops
into the agro-ecosystem with minimal risk of invasion. Blanchard et al. (2011) and
Richardson and Blanchard (2011) suggested that a biofuel strategy should have
a framework designed to evaluate and determine the impacts of potentially invasive
species. Most countries in Africa are yet to produce a policy or strategy to inform biofuel
development (Maltsoglou et al., 2013). However, South Africa and Mozambique have
established comprehensive regulatory frameworks for biofuel (Janssen & Rutz, 2012).
The biofuel strategy in South Africa was enacted in 2007 as the Biofuels Industrial
Strategy of South Africa of 2007 (Department of Minerals and Energy (DME), 2007).
Other countries, including Botswana, are currently drafting their legal and regulatory
frameworks for biofuel development (Janssen & Rutz, 2012). It is worth noting that the
current policies regulate traditional edible biofuel feedstocks (e.g., corn, soyabean and
sugarcane), and may need reforms to regulate emerging non-edible biofuel feedstocks
such as croton, jatropha and castor oil plant (Quinn et al., 2015).
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Biofuel development in Botswana, like in other developing countries, was triggered by
a desire to secure energy for rural development and a lack of foreign exchange. In an
attempt to reduce reliance on fossil fuels, the government undertook a feasibility study in
2007 to explore the possibility of producing ethanol from sweet sorghum and biodiesel
from Jatropha curcas L. (EECG, 2007). The Botswana Government had planned to start
biofuel production in 2012 (Kgathi et al., 2012) and sweet sorghum and Jatropha were
listed in the National Development Plan 10 (NDP, 10) as candidates for biofuel produc-
tion (Ministry of Finance and Development Planning (MFDP), 2009). Jatropha was
preferred as it was perceived to have more potential than sweet sorghum (Kgathi et al.,
2012). To this effect the Government of Botswana formed a collaborative research project
(2012–2017) with The Government of Japan to develop technical protocols and knowl-
edge for production and utilization of Jatropha biodiesel and biomass in Botswana
(Mmopelwa et al., 2017). Despite its potential for biodiesel production, Jatropha has
been classified as an invasive in Australia, USA and neighbouring South Africa (Negussie
et al., 2013). The invasive risks of biofuel crops have received little attention and are
rarely considered as part of biofuel policy.

The objective of this study was to assess the invasiveness of plants proposed for biofuel
production in Botswana. The paper begins by presenting background information on
drivers of biofuel development and impacts of invasive species, followed by research
methods section. Next section is on invasiveness of biofuel crops in Africa. The impact of
Prosopis in Botswana is then used to demonstrate the impact that a second generation
biofuel crop can have on biodiversity and livelihoods. The paper, then, describes different
methods for evaluating invasiveness risk, followed by the final section on conclusions and
policy implications.

Materials and methods

Botswana is a semi-arid landlocked country with a land surface area of 582000 km2 and
an average rainfall of 416 mm, ranging from 250 mm in the south-western to over
650 mm in the north-eastern part of the country (Ministry of Finance and Development
Planning (MFDP), 2009). The rain falls in one distinct season from October to April,
with May to September being the dry season (Batisani, 2011). About two thirds of the
country is covered by Kalahari Desert with sandy soils up 120 m deep (Burgess, 2006).
The country almost lacks surface water sources (Batisani, 2012) and water is sourced by
drilling boreholes to a depth of 200 m (Burgess, 2006). The vegetation in the sandy soils
comprises of scrubs and grasses, and woodlands (Batisani, 2012; Burgess, 2006).

The country is classified by the World Development Indicators (2018) as an upper
middle-income economy with a gross national income per capita of USA 7 USD 750 in
2018 (World Development Indicators, 2018). However, poverty reduction is still a major
development challenge in Botswana. In 2015/2016, the proportion of households living
below the poverty datum line was estimated to be relatively high in rural areas at 24.2%
higher than the national figure of 16% (Statistics Botswana, 2018).

The information for this study was collected from a review of historic to recent
literature and publications on energy and biofuel development, invasive species and
invasiveness of crops proposed for biofuel production. Data sources included academic
journals, books, feasibility studies, government reports and development plans. The
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review covered countries in the Americas, Europe, Australia, New Zealand and Africa,
but most of the information was gathered from the USA as it has an advanced biofuel
industry and many invasive biofuel crops. While the USA and Europe have a well-
developed biofuel sectors and policies, information on their experience with invasiveness
of biofuel crops, and their strategies in addressing invasion risk provide valuable lessons
for Botswana as it plans to venture into biofuel production.

Biofuel crop invasiveness in Africa

Although there is a world-wide movement to produce biofuels, biofuel development in
Africa is still at an inception stage (Kgathi et al., 2012). The region has some potential, but
the production is limited by a lack of capacity, infrastructure and the need to meet food
security (Food and Agriculture Organisation of the United Nations (FAO), 2008). Sub-
Saharan Africa (SSA) has been suggested as a region with great potential for bioenergy
production (Hoogwijk et al., 2005), owing to large tracts of agricultural land that are
failing to produce to their maximum potential (Van Eijck et al., 2014). Southern Africa in
particular, has great potential for biofuel production (Smeets et al., 2007). This is
supported by favourable rainfall and tropical to sub-tropical climate, which characterizes
the region (Von Maltitz & Setzkorn, 2012).

Biofuel development in Africa is still at inception stage (Kgathi et al., 2012; Maltsoglou
et al., 2013). An increase in fuel prices in recent years positioned biofuels as an economic-
ally viable alternative source of energy (Campbell et al., 2009) and attracted several
international investors into southern Africa (Von Maltitz et al., 2014). Most of the
investment, however, was on production of biodiesel from Jatropha (Kgathi et al.,
2017). This was mainly because Jatropha was herald as a ‘miracle crop’ that is not edible
and could grow in marginal areas with limited inputs (Kant & Wu, 2011). However,
recent literature showed that Jatropha like any other crops requires good rainfall, inputs
and fertile land to produce economically viable seed yields (Edrisi et al., 2015). The
assumptions about Jatropha high yields are partly responsible for the collapse of most
Jatropha projects in southern Africa (Von Maltitz et al., 2014). In addition, Jatropha is
classified as invasive and its cultivation is prohibited in South Africa (Global Invasive
Species Programme (GISP), 2019) and Australia (Pacific Islands Ecosystems at Risk
(PIER), 2008).

Countries in SSA are currently producing biofuels from traditional food crops. For
example, Malawi and Swaziland produce bioethanol from sugarcane molasses
(Maltsoglou et al., 2013). In recent years, there are research and development initiatives
aimed at shifting from the use of biofuel feedstocks of food crops to those of lignocellu-
losic biomass in the form of non-food crops, agricultural and forest residues, and
industrial wastes to produce ‘second generation’ biofuels. The production of second-
generation biofuels is still at research and development stage, and not yet commercialized
as a result of high production costs (Eisentraut, 2010; Escobar et al., 2009). However,
several pilot and demonstration projects of second-generation biofuels exist in developed
countries as well as in emerging economies of Brazil, India, China and Thailand
(Eisentraut, 2010). The economic, social and environmental challenges for the imple-
mentation of second-generation biofuels are expected to be lower than those of first-
generation biofuels, depending on the types of feedstocks used. These challenges may
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include limited funding for financing these biofuel projects, high production costs,
conflict with food production and GHG emissions (Eisentraut, 2010; Mitchell, 2011;
Mohr & Rahman, 2013; Royal Society, 2008).

Biofuels and biodiversity

Biodiversity plays a central role in ecosystem functioning (Quijas et al., 2010) and, thus, is
a source of provision of a suite of services to mankind. Any threat to biodiversity puts
livelihoods of humans at risk (Pysěk et al., 2017). Land-use change has been cited as the
main driver of biodiversity loss associated with biofuels production (Immerzeel et al.,
2014), followed by second generation biofuel feedstocks with invasive traits (Barney et al.,
2012; Gasparatos et al., 2015). The impact of land-use change on biodiversity is greater
when large tract of natural forest, grasslands, shrubland and woodlands are cleared for
cultivation and production of biofuels (Kgathi et al., 2017). It results in negative impacts
on species, habitat, species richness, abundance and composition (Calviño-Cancela et al.,
2012). Overall, the effects of the production of biofuels on biodiversity are difficult to
quantify and often explained by various spatial scales, production systems and regions,
and biodiversity indicators used (Immerzeel et al., 2014).

Biofuels and food security

Biofuel projects may negatively impact food supplies if factors of production (land, labour
and capital) and other resources are diverted away from food production to the production of
biofuels (Kgathi et al., 2017). For instance, when first-generation biofuels use cereals (e.g.,
maize and sugarcane) as feedstocks food availability is threatened because cereals are an
essential component of most diets in the world (Food and Agriculture Organization of the
United Nations – (FAO), 2003). Therefore, changes in availability and prices of cereals would
influence availability of adequate food supplies (Escobar et al., 2009). Biofuel productionmay
also limit access to food by influencing food commodity prices (Mitchell, 2008). There is
a general sentiment that biofuel production is responsible for an increase in commodity
prices and may thus exacerbate food insecurity in developing countries (Mitchell, 2008). To
address this problem, the Government of Botswana may need to develop national policies
with legal and regulatory frameworks to ensure that development of biofuels is in tandem
with sustainable food security (Fischer et al., 2009). For instance, given that agricultural land
is scarce, it may be necessary to indicate the proportion of farmland that could be allocated for
the production of biofuels (Escobar et al., 2009).

Biofuels and the environment

Biofuels are promoted as climate-smart and cleaner source of energy in the transport
sector (Koçar & Civaş, 2013). Their climate change mitigation benefits are exhibited
during the combustion in the engines, whereby emissions of carbon dioxide (CO2) are
equivalent to the amount that was absorbed during the process of process of photo-
synthesis (Puppañ, 2002).

Agro-chemicals from biofuel production systems can impact on the environment, parti-
cularly vertebrate biodiversity andmay thus negatively affect native ecosystems (Correa et al.,
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2019). Excessive use of fertilizers pollute soils with heavy metals (Atafar et al., 2010). Large-
scale biofuel systems are associated with application of large amounts of pesticides and
fertilizers. Such applications contribute to accumulation of heavy metals (cadmium, lead
and arsenic) in the soil and can be absorbed by plants and cascade through food chain to
animals and humans (Taylor & Percival, 2001). Eutrophication of aquatic systems as a result
of run off causes rapid growth and reproduction of phytoplankton and lead to algae blooms
which deplete oxygen for other aquatic organisms such as fish (Anderson et al., 2002).

Biofuels and water resources

Accelerated growth in biofuel production may result in an increase in the demand for fresh
water especially during the cultivation stage and therefore threatens water availability
particularly in countries already experiencing water scarcity (Gheewala et al., 2011).
Therefore, sustainable biofuels production requires understanding of the impact of these
crops on water resources (Yimam et al., 2014). Globally, agriculture consumes 80–90% of
all freshwater and a larger volume of it is used in irrigation of crops (Morison et al., 2008).
Increasing demand for water through biofuel production is likely to impact negatively on
water resources particularly in areas where water is already scarce (De Fraiture et al., 2008).
In a simulation study by Beringer et al. (2011), water consumption for irrigation of biofuel
plantations ranged between 1481 and 3880 km3 year−1. Using CropWatModel in semi-arid
Botswana, Moseki et al. (2019) suggests that Jatropha curcas as a feedstock for biodiesel
production will need additional irrigation. They also showed that it requires more water
compared to most first-generation biofuel crops such as maize and sorghum. In the
US Southern Great Plains, Yimam et al. (2014) showed that under rainfed conditions,
bioenergy production from sorghum biomass may require less water per unit land area
than perennial grasses system. Large-scale irrigated biofuel system is likely to reduce
groundwater aquifers and rivers (where surface water is used for irrigation) in the long
run and thus affect the hydrological cycle (De Fraiture et al., 2008). Finally, the amount of
water consumed depends on type of crop, area cultivated and management practices
(Logan & Jurkowski, 2008).

In addition to the above discussion about the environmental impacts of biofuels, the
pitfalls of using energy crops for producing second generation biofuels is their morpho-
logical and ecological traits that may confer invasiveness. A number of woody invasive
species in Africa (Table 1) which are candidates for second generation biofuels were
previously introduced for horticultural and agro-forestry purposes (Witt, 2010). This
implies that cultivation of such crops for biofuel production must be carried out under
the best management practices and regulations to limit the risk of invasion (Barney,
2014). Otherwise, one problem will be solved by creating another. The challenge facing
the biofuel industry is how to achieve sustainable production of biofuel without exacer-
bating the risk of invasion (Blanchard et al., 2015; Quinn et al., 2015).

Invasive biofuel crop in Botswana

A number of woody species that are candidates for ‘second generation’ biofuel crops have
already been introduced to Botswana to stabilize sand dunes and restore vegetation in the
arid southwest part of the country. These include species such as Prosopis spp.
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(Fabaceae), Eucalyptus camaldulensis Dehnh (Myrtaceae), E. sideroxylon, Leucaena leu-
cocephala (Lam) de Wit (Fabaceae, Acacia saligna (Labill.) H.L. Wendl. (Fabaceae) and
Casuarina cunninghamiana Miq. (Casuarinaceae) (Lepetu, 1998). Other species such as
Schinus molle L., Melia azedarach L., Ailanthus altissima (Mill.) Swingle, Spathodea
campanulata P. Beauv, Tecoma stans (L.) Juss. ex Humb., Bonpl. & Kunth and Senna
spectabilis (DC) H. S. Irwin & Barneby are present as garden or street tree.

Most woody invasive species in Botswana contain large amounts of non-edible lignocellu-
losic biomass and, therefore, are suitable as ‘second-generation’ biofuels. However, the
impacts of these species in Botswana, with the exception of Prosopis species, have not been
studied. Botswana is yet to develop a list of invasive plant species, let alone the legislature to
regulate trading and cultivation of these species. The only legislature is the 1916 noxious weed
act (CAP 35:04) which requires that listed plant species may not be allowed to grow on
a property or the land owner is guilty of an offence; however, the list of species is quite old and
does not include most invasive plant species. The impact of Prosopis species has been studied
in Botswana (Muzila et al., 2011) and these studies can be used to provide lessons on how
a proposed ‘second-generation’ biofuel crop can have an impact on biodiversity and ecosys-
tem services.

Biology of Prosopis spp

Prosopis spp. is a woody weed adapted to arid and semi-arid regions and was introduced in
these regions primarily for erosion control, fodder production, shade and fuelwood (Boy &
Witt, 2013; Zimmermann, 1991). In Botswana, these species were intentionally introduced in
Kgalagadi District to control desertification and stabilize sand dunes (Muzila et al., 2011). The
species present in Botswana are Prosopis chilensis, P. juliflora, P. glandulosa and their hybrids.
They have now escaped from cultivation and invaded the adjacent areas of Gantsi District.
They are estimated to cover an area of 5,110 ha in both districts (Thobega, 2013). They also
hybridize and form impenetrable dense thorn-thickets that prohibit any agricultural produc-
tion in the invaded area (Schachtschneider & February, 2013). Interspecific hybridization
which has been observed by Muzila et al. (2011) in southern Botswana also confers invasive-
ness (Zimmermann, 1991). In Australia, Prosopis species are declared noxious weeds and 1 of
the 20 problematic weeds (Thorpe & Lynch, 2000), whereas in South Africa they are
ranked second to Australian Acacia species as the worst invasive genus (Shackleton et al.,
2017). They are also classified as invasive in Kenya, Ethiopia, Sudan, Pakistan and India (Food
and Agriculture Organisation of the United Nations [FAO], 2006). Prosopis species are
double-edged sword as they provide environmental, social and economic benefits
(Shackleton et al., 2014) and also have a negative impact on biodiversity, ecosystem services
and livelihoods (Shackleton et al., 2016). Such conflicting impacts present a challenge for the
management of Prosopis species as one has to reduce the negative impacts as well ensuring
some benefits (Shackleton et al., 2017).

Prosopis is drought tolerant and grows in hot dry climates with fluctuating temperature
extreme and annual rainfall of 150–750 mm (Pasiecznik et al., 2001). Adaptability to low
rainfall is facilitated by a deep tap root system of about 53 m that allows it to extract
groundwater and nutrients from deeper soil profiles (Dzikiti et al., 2013). Due to wide
ecological adaptability, Prosopis species are widely distributed in arid and semi-arid zones.
As leguminous plants, they fix nitrogen in their root system, thus, are able to survive in
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sandy soils with low soil fertility (Smit, 2005). Prosopis species are prolific seed producers
with effective dispersal mechanism (Shiferaw et al., 2004). The pods containing seeds are
consumed by animals and pass through the digestive tract where the acid scarifies the seeds
and enhances their germination upon excretion through droppings (Noor et al., 1995).

Ecological impacts of Prosopis species

The impact of Prosopis species in Botswana has not been extensively studied as in South
Africa, Kenya, Ethiopia (Shiferaw et al., 2004) and many other countries in Africa and
worldwide. However, the communities in the affected four villages of BORAVAST
(Bokspits, Rapplespan, Vaalhoek and Struizendam) cited blockage of boreholes and depletion
of groundwater and nutrients due to a deep and extensive root system (Muzila et al., 2011).
The communities also complained about blocked noses or ‘flu like symptoms’, especially
during windy weather. The dense thickets of Prosopis species along the road sides obscure
driving visibility, resulting in road accidents that involve vehicles hitting livestock and wild
animals (BCAPR, 2004). It has also been reported that Prosopis species form dense mono-
culture stands in areas it invades, resulting in loss of grazing areas. Chilume (2016) reported
that P. juliflora significantly reduced species evenness, richness and density in Gantsi District.
They also observed a reduction in species diversity and a change in species composition.

When livestock lose palatable fodder species due to Prosopis species invasion, they are
moved long distances away from their area to other areas free of Prosopis species (Witt,
2010). However, this movement can result in conflict as the resident communities may
deny the livestock grazing in fear of spreading of Prosopis into their area through drop-
pings. Livestock droppings also improve soil fertility and subsequently growth and spread
of Prosopis. Similar conflict has been reported by Mwangi & Swallow (2005) in Kenya
where livestock was driven about 50 km from their area. Prosopis species are also reported
to have allelochemical effects on other plants. In Botswana, Mosweu et al. (2013) reported
that Prosopis species secretes allelochemicals that inhibit the growth of other plants and
reduce biodiversity. In neighbouring South Africa, Prosopis invasions were found to
significantly reduce the cover of native grasses and herbaceous plants (Shackleton et al.,
2015). Given that these negative impacts have been extensively studied and are well known
in South Africa, it is probable that the Prosopis species invasion in Botswana has also
negatively affected ecosystem services such as water supply and grazing potential.

Methods for evaluating invasiveness risk of biofuel crops

Several studies have raised concern about the potential invasiveness of biofuel crops
(DiTomaso et al. 2010; Flory et al., 2012; Raghu et al., 2006; Schnitzler & Essl, 2015;
Smith et al., 2015). Despite concerns about their adverse environmental impact, there are
limited efforts to quantify potential invasiveness of biofuel crops (Buddenhagen et al.,
2009). In an attempt to minimize the introduction of invasive species, the scientific
community has designed pre-introduction screening protocols as a pro-active measure to
classify exotic species on the basis of risk-assessment criteria (Barney & DiTomaso, 2008).
Species identified to be posing an invasion risk can, then, be cultivated under the guidance
of the appropriate national biofuel framework (Buddenhagen et al., 2009).
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Pheloung et al. (1999) developed aWeed Risk Assessment (WRA) for determining species
with a high probability of becoming invasive, which is currently used in Australia and New
Zealand to regulate new plant imports. Additionally,WRA can be used as amanagement tool
to prioritize eradication and control programmes of invasive species already present (Kato
et al., 2006), and limit their spread from one area to another. Reliability of this risk assessment
tool can be enhanced by experimental or survey data (Hulme, 2012). In Hawaii and Japan, it
was found to correlate positively with index from local botanists and weed scientists (Daehler
et al., 2004; Kato et al., 2006). The WRA tool consists of 49 questions about domestication/
cultivation, climatic requirements and distribution, use and weediness elsewhere, biology and
ecology. The responses are used to decide on whether a species is accepted or declined for
importation, or whether there is a need for further evaluation. Based on the answers, the tool
assign the evaluated species to one of the three categories: ‘accept’, for score of less than one
(< 1) as it implies the risk of invasion is low; ‘reject’, for score of greater than six (> 6), it
implies the risk of invasion is high; and ‘evaluate further’, for score of (1–6), it requires field
experiment or additional information to make a decision.

This WRA has been used world-wide either as the standard Australian Weed Risk
Assessment or a modified one. It has been used in the United States (Barney & DiTomaso,
2008; Daehler et al., 2004; Jefferson et al., 2004; D. R. Gordon et al., 2012), Canada (McClay
et al., 2010), Italy (Crosti et al., 2010), Japan (Kato et al., 2006; Nishida et al., 2009), Australia
(Pheloung et al., 1999; Walton, 2001; Weber et al., 2009) and New Zealand (Champion &
Clayton, 2001) (Table 2). In Czech Republic, Křivánek and Pyšek (2006) used the tool on
180 alien species, and it rejected 100% of known invasive and accepted 83.8% of non-
invasive.When used in 230 exotic species in East Africa, Tanzania, it rejected 83% of known
invaders and accepted 74% of non-invaders (Dawson et al., 2009).

Table 2.. Weed Risk Assessment (WRA) for crops proposed for biofuel.

Species
Region for
cultivation WRA score Source

Panicum virgatum California 10 (reject) Barney and DiTomaso (2008)
Italy 4 (reject) Crosti et al. (2010)
Hawaii 11 (reject) Low et al. (2007)

Arundo donax Florida 8 (reject) Barney and DiTomaso (2008)
United States 11 (reject) D. R. Gordon et al. (2011)
Hawaii 12 (reject) Turn et al. (2005)

E. camaldulensis Florida 12 (reject) D. R. Gordon et al. (2011)
United States 12 (reject) D. R. Gordon et al. (2011)

E. grandis Florida 7 (reject) D. R. Gordon et al. (2011)
United States 8 (reject) D. R. Gordon et al. (2011)
Hawaii 11 (reject) Turn et al. (2005)

Prosopis juliflora Hawaii 19 (reject) Howard and Ziller (2008)
Jatropha curcas Florida 19 (reject) D. R. Gordon et al. (2011)

United States 19 (reject) D. R. Gordon et al. (2011)
Hawaii 17 (reject) Poteet and Number (2006)
Zambia 18 (reject) Negussie et al. (2013)

L. leucocephala Florida 21 (reject) D. R. Gordon et al. (2011)
United States 21 (reject) D. R. Gordon et al. (2011)
Hawaii 15 (reject) Turn et al. (2005)

Sorghum bicolour (‘sweet’) United States 3 (accept) D. R. Gordon et al. (2011)
Saccharum officinarum United States 5 (accept) D. R. Gordon et al. (2011)
Moringa oleifera Hawaii 1 (accept) Poteet and Number (2006)
Mimosa pigra Florida 27 (reject) D. R. Gordon et al. (2008)
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From the foregoing discussion on the usefulness of WRA, it is recommended that
a framework for selecting non-invasive biofuel crops in Botswana be developed. Crops
proposed for biofuel production in Botswana need to be assessed for invasiveness before
their introduction and cultivation. Such a screening tool will ensure that only non-
invasive crops are used for biofuel production. A framework for selection of biofuel
crops in Botswana is proposed (Figure 1) and it suggests that:

(1) Exotic species should be subjected to Weed Risk Assessment (WRA) protocol by
Invasive Species Committee (ISC) composed of scientists, private sector (envir-
onmentalists) and international expert on invasive species. Based on the score the
committee make recommendations to either accept, evaluate further or reject.
Recommendations for acceptance and further evaluation are then submitted to
Invasive Species Board (ISB) for final decision. The ISB should be formed by
invasive species experts from Ministry of Agriculture and Environment, and
universities, biofuel industry, private sector and the community.

(2) Native species should be assessed based on whether it is a food-crop or non-food.
The recommendations should similarly be submitted to the ISB for final decision

Proposed biofuel crop

Invasive Species Board

Exotic Native

Weed Risk Assessment (WRA) by Invasive 
Species Committee (ISC)

Non-food cropWRA score
1-6

WRA score
>6

RejectAccept Further
evaluation

Food-cropWRA score
< 1

Is the species native or exotic?

Assessment by Invasive 
Species Committee (ISC)

Figure 1. Proposed framework for selecting non-invasive biofuel crops in Botswana.

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 271



Conclusion and policy implications

The results of these reports (Table 2) have demonstrated that most plants proposed for
biofuel production are either invasive or have the potential to become invasive when
introduced outside their native range. The challenge besieging the biofuel industry is the
production of biofuel crops with limited risk of escape into adjacent land use systems or
natural areas. Invasions by alien invasive species lead to a variety of environmental, social
and economic impacts. They reduce species diversity, affect livelihoods and damage
national economy. They are also costs associated with a reduction in productivity of the
sectors of agriculture and forestry, and other production systems can be extremely high

The Botswana Government is currently conducting an evaluation of Jatropha curcas
L. for biodiesel production. Such trials should be subjected to an environmental impact
assessment inclusive of an assessment of their invasive potential. A scientifically proven
WRA should be used as a screening tool by ISC and recommend to ISB to reject any
proposed biofuel crop that is predicted to be invasive. Most food-crops (e.g., maize,
sorghum, millet and beans) are cultivated globally outside their native ecosystem and are
not invasive, thusmore research is needed to identify or develop biofuel crops withminimal
invasion traits that will reduce the risk of potential invasiveness in their new habitats.

The invasion risk of biofuel crops is not limited to the plantations or cultivation fields
but follows the supply chain including harvesting, transportation and storage of feed-
stock. It is, therefore, important that the Government of Botswana develops a national
strategy and related regulations to manage risk along the supply chain from production
in the field through to feedstock storage. Managed or natural systems along the supply
chain most susceptible to invasion should be identified and prioritized for risk manage-
ment. Management of the invasion risk can be improved by adopting the IUCN
Guidelines on Biofuels and Invasive Species which recommend the use of feedstock
with minimal risk, capacity building to enforce regulations, development of
Environmental Management Plans, and the extension of planning to monitor and assess
beyond the site of production.

Eradication of established invasive species is costly and may not be possible. Given the
expected large-scale cultivation of biofuel crops, it is highly possible that some plants may
escape and invade other ecosystems. Therefore, mitigation strategies should be in place to
prevent invasion and successful establishment. Some biofuel plantations may not be
economically viable leading to their abandonment. Such plantations should be properly
terminated and eradicated, and then sites should monitor over years.

Acknowledgments

Gratitude is due to our language editor for reading the first draft of the manuscript and assisting
with consistency of grammar.

Disclosure statement

No potential conflict of interest was reported by the authors.

272 K. KASHE ET AL.



References

Alexandratos, N., & Bruinsma, J. (2012). World agriculture towards 2030/2050: The 2012 revision.
FAO: ESA Working paper.

Al-Riffai, P., Dimaranan, B., & Laborde, D. (2010). Global trade and environmental impact study of
the EU biofuels mandate (Vol. 125). IFPRI.

Anderson, D. M., Glibert, P. M., & Burkholder, J. M. (2002). Harmful algal blooms and eutrophi-
cation: Nutrient sources, composition, and consequences. Estuaries, 25(4), 704–726. https://doi.
org/10.1007/BF02804901

Atafar, Z., Mesdaghinia, A., Nouri, J., Homaee, M., Yunesian, M., Ahmadimoghaddam, M., &
Mahvi, A. H. (2010). Effect of fertilizer application on soil heavy metal concentration.
Environmental Monitoring and Assessment, 160(1–4), 83–89. https://doi.org/10.1007/s10661-
008-0659-x

Ayanu, Y., Jentsch, A., Müller-Mahn, D., Rettberg, S., Romankiewicz, C., & Koellner, T. (2015).
Ecosystem engineer unleashed: Prosopis juliflora threatening ecosystem services? Regional
Environmental Change, 15(1), 155–167. https://doi.org/10.1007/s10113-014-0616-x

Balestrazzi, A., Carbonera, D., Avato, P., & Tava, A. (2014). White Poplar (Populus alba L.).
Suspension Cultures as a Model System to Study Apoptosis Induced by Alfalfa Saponins. Anti-
Cancer Agents in Medicinal Chemistry, 14(10), 1324–1331.

Barney, J. N. (2014). Bioenergy and invasive plants: Quantifying and mitigating future risks.
Invasive Plant Science and Management, 7(2), 199–209. https://doi.org/10.1614/IPSM-D-13-
00060.1

Barney, J. N., & DiTomaso, J. M. (2008). Nonnative species and bioenergy: Are we cultivating the
next invader? Bioscience, 58(1), 64–70. https://doi.org/10.1641/B580111

Barney, J. N., & DiTomaso, J. M. (2010). Bioclimatic predictions of habitat suitability for the
biofuel switchgrass in North America under current and future climate scenarios. Biomass &
Bioenergy, 34(1), 124–133. https://doi.org/10.1016/j.biombioe.2009.10.009

Barney, J. N., Mann, J. J., Kyser, G. B., & DiTomaso, J. M. (2012). Assessing habitat suscept-
ibility and resistance to invasion by the bioenergy crops switchgrass and Miscanthus ×
giganteus in California. Biomass & Bioenergy, 40, 143–154. https://doi.org/10.1016/j.biom
bioe.2012.02.013

Batisani, N. (2011). The spatio-temporal-severity dynamics of drought in Botswana. Journal of
Environmental Protection, 2(6), 803–816. https://doi.org/10.4236/jep.2011.26092

Batisani, N. (2012). Ground water hydrochemistry evaluation in rural Botswana: A contribution to
integrated water resources management. Ethiopian Journal of Environmental Studies and
Management, 5(4). https://doi.org/10.4314/ejesm.v5i4.S12

BCAPR (2004). Bokspits Community Action Plan Workshop Report, IVPBOT04/17.
Benelli, G., Canale, A., Toniolo, C., Higuchi, A., Murugan, K., Pavela, R., & Nicoletti, M. (2017).

Neem (Azadirachta indica): Towards the ideal insecticide? Natural Product Research, 31(4),
369–386. https://doi.org/10.1080/14786419.2016.1214834

Beringer, T. I. M., Lucht, W., & Schaphoff, S. (2011). Bioenergy production potential of global
biomass plantations under environmental and agricultural constraints. GCB Bioenergy, 3(4),
299–312. https://doi.org/10.1111/j.1757-1707.2010.01088.x

Blanchard, R., O’Farrell, P. J., & Richardson, D. M. (2015). Anticipating potential biodiversity
conflicts for future biofuel crops in South Africa: Incorporating spatial filters with species
distribution models. GCB Bioenergy, 7(2), 273–287. https://doi.org/10.1111/gcbb.12129

Boy, G., & Witt, A. (2013). Invasive alien plants and their management in Africa. Pp 177. ISBN:
9781780644080. CABI Africa.

Buddenhagen, C. E., Chimera, C., Clifford, P., & Hansen, D. M. (2009). Assessing biofuel crop
invasiveness: A case study. PloS One, 4(4), 52–61. https://doi.org/10.1371/journal.pone.
0005261

Burgess, J. (2006). Botswana: Country pasture and forage resource profiles. Food and agriculture
organisation of the United Nations. Publishing Policy and Support Branch.

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 273

https://doi.org/10.1007/BF02804901
https://doi.org/10.1007/BF02804901
https://doi.org/10.1007/s10661-008-0659-x
https://doi.org/10.1007/s10661-008-0659-x
https://doi.org/10.1007/s10113-014-0616-x
https://doi.org/10.1614/IPSM-D-13-00060.1
https://doi.org/10.1614/IPSM-D-13-00060.1
https://doi.org/10.1641/B580111
https://doi.org/10.1016/j.biombioe.2009.10.009
https://doi.org/10.1016/j.biombioe.2012.02.013
https://doi.org/10.1016/j.biombioe.2012.02.013
https://doi.org/10.4236/jep.2011.26092
https://doi.org/10.4314/ejesm.v5i4.S12
https://doi.org/10.1080/14786419.2016.1214834
https://doi.org/10.1111/j.1757-1707.2010.01088.x
https://doi.org/10.1111/gcbb.12129
https://doi.org/10.1371/journal.pone.0005261
https://doi.org/10.1371/journal.pone.0005261


Buss, C. M. (2002). The potential threat of invasive tree species in Botswana. Department of Crop
Production and Forestry, Ministry of Agriculture, Government of Botswana.

CABI (2007). Crop Protection Compendium. Available at http://www.cabi.org (accessed 25th July
2019).

Calviño-Cancela, M., Rubido-Bará, M., & van Etten, E. J. (2012). Do eucalypt plantations provide
habitat for native forest biodiversity? Forest Ecology and Management, 270, 153–162. https://doi.
org/10.1016/j.foreco.2012.01.019

Campbell, G. M., Vadlani, P., Azapagic, A., Thomas, V. M., Choi, D. G., Luo, D., Okwo, A., &
Wang, J. H. (2009). Relation of biofuel to bioelectricity and agriculture: Food security, fuel
security, and reducing greenhouse emissions. Chemical Engineering Research and
Dessimination, 87(9), 1140–1146. https://doi.org/10.1016/j.cherd.2009.06.017

Champion, P. D., & Clayton, J. S. (2001). A weed risk assessment model for aquatic weeds in New
Zealand. In R. H. Groves, F. D. Panetta, & J. G. Virtue (Eds.), Weed risk assessment (pp.
194–202). CSIRO, Melbourne.

Chilume, T. (2016) Ecological and social impacts of the woody invasive, Prosopis juliflora (Mexican
honey mesquite) in Gantsi District, Botswana [Unpublished Master’s thesis]. The University of
Auckland.

Chimera, C. G., Buddenhagen, C. E., & Clifford, P. M. (2010). Biofuels: The risks and dangers of
introducing invasive species. Biofuels, 1(5), 785–796. https://doi.org/10.4155/bfs.10.47

Chinnasamy, G., Chandrasekharan, S., & Bhatnagar, S. (2019). Biosynthesis of silver nanoparticles
from melia azedarach: Enhancement of antibacterial, wound healing, antidiabetic and antiox-
idant activities. International Journal of Nanomedicine, 14, 9823–9836. doi:10.2147/IJN.S231340

Convention on Biological Diversity (CBD) (2017) Global biodiversity outlook 2, http://www.cbd.
int/gbo2/; [accessed 8 December 2019].

Correa, D. F., Beyer, H. L., Fargione, J. E., Hill, J. D., Possingham, H. P., Thomas-Hall, S. R., &
Schenk, P. M. (2019). Towards the implementation of sustainable biofuel production systems.
Renewable and Sustainable Energy Reviews, 107, 250–263. https://doi.org/10.1016/j.rser.2019.
03.005

Crosti, R., Cascone, C., & Cipollaro, S. (2010). Use of a weed risk assessment for the Mediterranean
region of Central Italy to prevent loss of functionality and biodiversity in agro-ecosystems.
Biological Invasions, 12(6), 1607–1616. https://doi.org/10.1007/s10530-009-9573-6

Daehler, C. C., Denslow, J. S., Ansari, S., & Kuo, H. C. (2004). A risk-assessment system for
screening out invasive pest plants from Hawaii and other Pacific islands. Conservation Biology,
18(2), 360–368. https://doi.org/10.1111/j.1523-1739.2004.00066.x

Dana, E. D., Randall, R. P., Sanz-Elorza, M., & Sobrino, E. (2003). First evidences of the invasive
behaviour of Leucaena leucocephala in Europe. Oryx, 37(2003), 14.

Davis, P. B., Menalled, F. D., Peterson, R. K., & Maxwell, B. D. (2011). Refinement of weed risk
assessments for biofuels using Camelina sativa as a model species. Journal of Applied Ecology, 48
(4), 989–997. https://doi.org/10.1111/j.1365-2664.2011.01991.x

Dawson, W., Burslem, D. F., & Hulme, P. E. (2009). The suitability of weed risk assessment as
a conservation tool to identify invasive plant threats in East African rainforests. Biological
Conservation, 142(5), 1018–1024. https://doi.org/10.1016/j.biocon.2009.01.013

de Fraiture, C., Giordano, M., & Yongsong, L. (2008). Water implications of biofuel crops:
Understanding tradeoffs and identifying options. Water Policy Brief, 30.

Department of Environmental Affairs (DEA). (2015). South Africa’s national listed invasive species.
A national invasive species multi-stakeholder forum initiative. Biosecurity Advocacy
Programme.

Department of Minerals and Energy (DME) (2007) The biofuel industrial strategy of the Republic of
South Africa [document on the Internet]. Retrieved December 8, 2018 from www.dme.gov.za/
pdfs/energy/renewable/biofuels_indus_strat.pdf(2).pdf

Dickmann, D. I., & Kuzovkina, Y. A. (2008). Poplars and willows in the world, meeting the needs of
society and the environment. International poplar commission. The Food and Agriculture
Organisation of the United Nations and CABI.

274 K. KASHE ET AL.

http://www.cabi.org
https://doi.org/10.1016/j.foreco.2012.01.019
https://doi.org/10.1016/j.foreco.2012.01.019
https://doi.org/10.1016/j.cherd.2009.06.017
https://doi.org/10.4155/bfs.10.47
https://doi.org/10.2147/IJN.S231340
http://www.cbd.int/gbo2/;
http://www.cbd.int/gbo2/;
https://doi.org/10.1016/j.rser.2019.03.005
https://doi.org/10.1016/j.rser.2019.03.005
https://doi.org/10.1007/s10530-009-9573-6
https://doi.org/10.1111/j.1523-1739.2004.00066.x
https://doi.org/10.1111/j.1365-2664.2011.01991.x
https://doi.org/10.1016/j.biocon.2009.01.013
http://www.dme.gov.za/pdfs/energy/renewable/biofuels_indus_strat.pdf(2).pdf
http://www.dme.gov.za/pdfs/energy/renewable/biofuels_indus_strat.pdf(2).pdf


DiTomaso, J., Holt, J., & Jackson, N. (2007). Biofuels and invasive plant species. Weed Science
Society of America White Paper.

DiTomaso, J. M, Reaser, J. K, Dionigi, C. P, Doering, O. C, Chilton, E, Schardt, J. D, & Barney, J. N.
(2010). Biofuel vs bioinvasion: seeding policy priorities. Environmental Science & Technology,
44, 6906–6910.

DiTomaso, J. M. N. J., Barney, J., Mann, J., & Kyser, G. (2013). For switchgrass cultivated as biofuel
in California, invasiveness limited by several steps. California Agriculture, 67(2), 96–103. https://
doi.org/10.3733/ca.v067n02p96

Dos Santos Pereira, E., Vinholes, J., Franzon, R. C., Dalmazo, G., Vizzotto, M., & Nora, L. (2018).
Psidium cattleianum fruits: A review on its composition and bioactivity. Food Chemistry, 258,
95–103. https://doi.org/10.1016/j.foodchem.2018.03.024

Drew, J., Anderson, N., & Andow, D. (2010). Conundrums of a complex vector for invasive species
control: A detailed examination of the horticultural industry. Biological Invasions, 12(8),
2837–2851. https://doi.org/10.1007/s10530-010-9689-8

Dzikiti, S., Schachtschneider, K., Naiken, V., Gush, M., Moses, G., & LeMaitre, D. C. (2013). Water
relations and the effects of clearing invasive Prosopis trees on groundwater in an arid environ-
ment in the Northern Cape, South Africa. Journal of Arid Environments, 90, 103–113. https://
doi.org/10.1016/j.jaridenv.2012.10.015

Edrisi, S. A., Dubey, R. K., Tripathi, V., Bakshi, M., Srivastava, P., Jamil, S., Singh, H. B., Singh, N.,
& Abhilash, P. C. (2015). Jatropha curcas L.: A crucified plant waiting for resurgence. Renewable
and Sustainable Energy Reviews, 41, 855–862. https://doi.org/10.1016/j.rser.2014.08.082

Eisentraut, A. (2010). Sustainable production of second-generation biofuels: Potential and perspec-
tives in major economies and developing countries. International Energy Agency.

Energy Environment, Computer and Geophysical Application (EECG). (2007). The Feasibility
study for the Production and Use of Biofuels in Botswana. Ministry of minerals, Energy and
Water Affairs, Gaborone, Botswana.

Escobar, J. C., Lora, E. S., Venturini, O. J., Yáñez, E. E., Castillo, E. F., & Almazan, O. (2009).
Biofuels: Environment, technology and food security. Renewable and Sustainable Energy
Reviews, 13(6–7), 1275–1287. https://doi.org/10.1016/j.rser.2008.08.014

Estrada-Contreras, I., Equihua, M., Laborde, J., Meyer, E. M., & Sanchez-Velasquez, L. R. (2016).
Current and future distribution of the tropical tree Cedrela odorata L. in Mexico under climate
change scenarios using MaxLike. PloS One, 11(10). https://doi.org/10.1371/journal.pone.
0164178

Faleiro, F. V., Silva, D. P., de Carvalho, R. A., Särkinen, T., & De Marco, J. P. (2015). Ring out the
bells, we are being invaded! Niche conservatism in exotic populations of the Yellow Bells,
Tecoma stans (Bignoniaceae). Natureza & Conservação, 13(1), 24–29. https://doi.org/10.1016/j.
ncon.2015.04.004

Ferdinands, K., Virtue, J., Johnson, S. B., & Setterfield, S. A. (2011). ‘Bio-insecurities’: Managing
demand for potentially invasive plants in the bioeconomy. Current Opinion in Environmental
Sustainability, 3(1–2), 43–49. https://doi.org/10.1016/j.cosust.2011.01.002

Ferreras, A. E., Funes, G., & Galetto, L. (2015). The role of seed germination in the invasion process
of Honey locust (Gleditsia triacanthos L.. Fabaceae): Comparison with a Native Confamilial.
Plant Species Biology, 30(2), 126–136. https://doi.org/10.1111/1442-1984.12041

Fischer, G., Hizsnyik, E., Prieler, S., Shah, M., & van Velthuizen, H. T. 2009. Biofuels and food
security Stiepan Druck GmbH.

Flory, S. L., Lorentz, K. A., Gordon, D. R., & Sollenberger, L. E. (2012). Experimental approaches
for evaluating the invasion risk of biofuel crops. Environmental Research Letters, 7(4), 045904.
https://doi.org/10.1088/1748-9326/7/4/045904

Food and Agriculture Organisation of the United Nations (FAO). (2006). Problems posed by the
introduction of Prosopis spp. in selected countries. Plant Production and Protection Division,
Food and Agriculture Organisation of the United Nations. 39 pp.

Food and Agriculture Organisation of the United Nations (FAO). (2008). Biofuels: Prospects and
opportunities.

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 275

https://doi.org/10.3733/ca.v067n02p96
https://doi.org/10.3733/ca.v067n02p96
https://doi.org/10.1016/j.foodchem.2018.03.024
https://doi.org/10.1007/s10530-010-9689-8
https://doi.org/10.1016/j.jaridenv.2012.10.015
https://doi.org/10.1016/j.jaridenv.2012.10.015
https://doi.org/10.1016/j.rser.2014.08.082
https://doi.org/10.1016/j.rser.2008.08.014
https://doi.org/10.1371/journal.pone.0164178
https://doi.org/10.1371/journal.pone.0164178
https://doi.org/10.1016/j.ncon.2015.04.004
https://doi.org/10.1016/j.ncon.2015.04.004
https://doi.org/10.1016/j.cosust.2011.01.002
https://doi.org/10.1111/1442-1984.12041
https://doi.org/10.1088/1748-9326/7/4/045904


Food and Agriculture Organization of the United Nations (FAO). (2003). World agriculture:
Towards 2015/2030. An FAO perspective; 2003. Retrieved March 20, 2020, from http://www.
fao.org/docrep/005/y4252e/y4252e00.htm

Fortunato, R. H., Baluzzi, V. F., De Diego, F., Biagioni, R. T., & Esquivel, A. D. (2019). Novel
THERAPEUTIC USES OF LEGUME CROPS IN SOUTHERN South America. Legume Crops-
Characterization and Breeding for Improved Food Security. https://doi.org/10.5772/intechopen.
85659

Gasparatos, A., von Maltitz, G. P., Johnson, F. X., Lee, L., Mathai, M., De Oliveira, J. P., &
Willis, K. J. (2015). Biofuels in sub-Sahara Africa: Drivers, impacts and priority policy areas.
Renewable and Sustainable Energy Reviews, 45, 879–901. https://doi.org/10.1016/j.rser.2015.02.
006

Gentry, A. H. (1992). Bignoniaceae–Part II (Tribe Tecomeae), Flora neotropica monograph 25 (II).
The New York Botanical Garden.

Gheewala, S. H., Berndes, G., & Jewitt, G. (2011). The bioenergy and water nexus. Biofuels,
Bioproducts and Biorefining, 5(4), 353–360. https://doi.org/10.1002/bbb.295

Global Invasive Species Programme (GISP). Biofuels run the risk of becoming invasive species.
[Online]. Retrieved November 21, 2019, from http://www.globalbioenergy.org/uploads/media/
0805_GISP_Biofuels_run_the_risk_of_becoming_invasive_species.pdf

González-Lorca, J., Rivera-Hutinel, A., Moncada, X., Lobos, S., Seelenfreund, D., &
Seelenfreund, A. (2015). Ancient and modern introduction of Broussonetia papyrifera ([L.]
Vent.; Moraceae) into the Pacific: Genetic, geographical and historical evidence. New Zealand
Journal of Botany, 53(2), 75–89. https://doi.org/10.1080/0028825X.2015.1010546

Gordon, D. R., Gantz, C. A., Jerde, C. L., Chadderton, W. L., Keller, R. P., & Champion, P. D.
(2012). Weed risk assessment for aquatic plants: Modification of a New Zealand system for the
United States. PLoS One, 7(7), e40031. https://doi.org/10.1371/journal.pone.0040031

Gordon, D. R., Onderdonk, D. A., Fox, A. M., Stocker, R. K., & Gantz, C. (2008). Predicting
invasive plants in Florida using the Australian weed risk assessment. Invasive Plant Science and
Management, 1(2), 178–195. https://doi.org/10.1614/IPSM-07-037.1

Gordon, D. R., Tancig, K. J., Onderdonk, D. A., & Gantz, C. A. (2011). Assessing the invasive
potential of biofuel species proposed for Florida and the United States using the Australian
Weed Risk Assessment. Biomass & Bioenergy, 35(1), 74–79. https://doi.org/10.1016/j.biombioe.
2010.08.029

Gupta, R. K. 1993.Multipurpose trees for agroforestry and wasteland utilisation. Multipurpose trees
for agroforestry and wasteland utilization. Oxford & IBH Publishing Co.

Henderson, L. (2001). Alien weeds and invasive plants. A complete guide to declared weeds and
invaders in South Africa. Plant Protection Research Institute Handbook no. 12. Agricultural
Research Institute.

Holle, B. V., & Simberloff, D. (2005). Ecological resistance to biological invasion overwhelmed by
propagule pressure. Ecology, 86(12), 3212–3218. https://doi.org/10.1890/05-0427

Hoogwijk, M., Faaij, A., Eickhout, B., de Vries, B., & Turkenburg, W. (2005). Potential of biomass
energy out to 2100, for four IPCC SRES land-use scenarios. Biomass & Bioenergy, 29(4),
225–257. https://doi.org/10.1016/j.biombioe.2005.05.002

Howard, G., & Ziller, S. (2008). Alien alert–plants for biofuel may be invasive. Bioenergy Business
July/August: 14–16.

Hulme, P. E. (2012). Weed risk assessment: A way forward or a waste of time? Journal of Applied
Ecology, 49(1), 10–19. https://doi.org/10.1111/j.1365-2664.2011.02069.x

Immerzeel, D. J., Verweij, P. A., van der Hilst, F. L. O. O. R., & Faaij, A. P. (2014). Biodiversity
impacts of bioenergy crop production: A state-of-the-art review. GCB Bioenergy, 6(3), 183–209.
https://doi.org/10.1111/gcbb.12067

Indicators, W. D. (2018). The World Bank. Retrieved December 6, 2019 from http://data.world
bank.org/data-catalog/world-development-indicators

International Union for Conservation of Nature (IUCN). (2009). Guidelines on biofuels and
invasive species.

276 K. KASHE ET AL.

http://www.fao.org/docrep/005/y4252e/y4252e00.htm
http://www.fao.org/docrep/005/y4252e/y4252e00.htm
https://doi.org/10.5772/intechopen.85659
https://doi.org/10.5772/intechopen.85659
https://doi.org/10.1016/j.rser.2015.02.006
https://doi.org/10.1016/j.rser.2015.02.006
https://doi.org/10.1002/bbb.295
http://www.globalbioenergy.org/uploads/media/0805_GISP_Biofuels_run_the_risk_of_becoming_invasive_species.pdf
http://www.globalbioenergy.org/uploads/media/0805_GISP_Biofuels_run_the_risk_of_becoming_invasive_species.pdf
https://doi.org/10.1080/0028825X.2015.1010546
https://doi.org/10.1371/journal.pone.0040031
https://doi.org/10.1614/IPSM-07-037.1
https://doi.org/10.1016/j.biombioe.2010.08.029
https://doi.org/10.1016/j.biombioe.2010.08.029
https://doi.org/10.1890/05-0427
https://doi.org/10.1016/j.biombioe.2005.05.002
https://doi.org/10.1111/j.1365-2664.2011.02069.x
https://doi.org/10.1111/gcbb.12067
http://data.worldbank.org/data-catalog/world-development-indicators
http://data.worldbank.org/data-catalog/world-development-indicators


Iverson, L. R., Rebbeck, J., Peters, M. P., Hutchinson, T., & Fox, T. (2019). Predicting Ailanthus
altissima presence across a managed forest landscape in southeast Ohio. Forest Ecosystems, 6(1),
1–13. https://doi.org/10.1186/s40663-019-0198-7

Jain, M., Chandrakant, U., Orsat, V., & Raghavan, V. (2018). A review on assessment of biodiesel
production methodologies from Calophyllum inophyllum seed oil. Industrial Crops and
Products, 114, 28–44. https://doi.org/10.1016/j.indcrop.2018.01.051

Janssen, J., & Rutz, D. (2012). Keynote introduction: Overview of bioenergy policies in Africa. In
R. Janssen & D. Rutz (Eds.), Bioenergy for sustainable development in Africa. (pp. 165–182)
Springer Scienceþ Business Media.

Jefferson, L., Havens, K., & Ault, J. (2004). Implementing invasive screening procedures: the
Chicago Botanic Garden Model 1. Weed Technology, 18(sp1), 1434–1441. https://doi.org/10.
1614/0890-037X(2004)018[1434:IISPTC]2.0.CO;2

Kant, P., &Wu, S. (2011). The extraordinary collapse of jatropha as a global biofuel. Environmental
Science and Technology, 45(17), 7114–7115. https://doi.org/10.1021/es201943v

Kato, H., Hata, K., Yamamoto, H., & Yoshioka, T. (2006). Effectiveness of the weed risk assessment
system for the Bonin Islands. In F. Koike, M. N. Clout, M. Kawamichi, M. D. Poorter, &
K. Iwatsuki (Eds.), Assessment and control of biological invasion risk (pp. 65–72). Shoukadoh
Book Sellers.

Kgathi, D. L., Mfundisi, K. B., Mmopelwa, G., & Mosepele, K. (2012). Potential impacts of biofuel
development on food security in Botswana: A contribution to energy policy. Energy Policy, 43,
70–79. https://doi.org/10.1016/j.enpol.2011.12.027

Kgathi, D. L., Mmopelwa, G., Chanda, R., Kashe, K., &Murray-Hudson, M. (2017). A review of the
sustainability of Jatropha cultivation projects for biodiesel production in southern Africa:
Implications for energy policy in Botswana. Agriculture, Ecosystems & Environment, 246,
314–324. https://doi.org/10.1016/j.agee.2017.06.014

Koçar, G., & Civaş, N. (2013). An overview of biofuels from energy crops: Current status and
future prospects. Renewable and Sustainable Energy Reviews, 28, 900–916. https://doi.org/10.
1016/j.rser.2013.08.022

Křivánek, M, & Pyšek, P. (2006). Predicting invasions by woody species in a temperate zone: a test
of three risk assessment schemes in the czech republic (central europe). Diversity And
Distributions, 12(3), 319–327.

Lepetu, J. (1998). Investigation on sustainability of species for sand dune stabilization in the
Kalahari Desert with special reference to Tsabong, Botswana. SACCAR Newsletter, (42),
28–32.

Lewandowski, I., Scurlock, J. M., Lindvall, E., & Christou, M. (2003). The development and current
status of perennial rhizomatous grasses as energy crops in the US and Europe. Biomass and
Bioenergy, 25(4), 335–361. https://doi.org/10.1016/S0961-9534(03)00030-8

Li, G., Xu, G., Guo, K., & Du, S. (2014). Mapping the global potential geographical distribution of
black locust (Robinia pseudoacacia L.). Using Herbarium Data and a Maximum Entropy Model.
Forests, 5(11), 2773–2792. https://doi.org/10.3390/f5112773

Lockwood, J. L., Cassey, P., & Blackburn, T. (2005). The role of propagule pressure in explaining
species invasions. Trends in Ecology & Evolution, 20(5), 223–228. https://doi.org/10.1016/j.tree.
2005.02.004

Logan, W. S., & Jurkowski, A. (2008). Water implications of biofuels production in the United
States. INFORM-International News on Fats, Oils and Related Materials, 19(2), 121–124.

Low, T., Booth, C., & Council, I. (2007). The weedy truth about biofuels. Melbourne, Australia:
Invasive Species Council. 46 p.

Maltsoglou, I., Koizumi, T., & Felix, E. (2013). The status of bioenergy development in developing
countries. Global Food Security, 2(2), 104–109. https://doi.org/10.1016/j.gfs.2013.04.002

Matthews, P. J. (1996). Ethnobotany and the origins of Broussonetia papyrifera in Polynesia: An
essay on tapa prehistory. In J. M. Davidson, G. Irwin, F. Leach, A. Pawley, & D. Brown (Eds.),
Oceanic culture history: Essays in honour of Roger Green (pp. 117–132). New Zealand Journal of
Archaeology.

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 277

https://doi.org/10.1186/s40663-019-0198-7
https://doi.org/10.1016/j.indcrop.2018.01.051
https://doi.org/10.1614/0890-037X(2004)018[1434:IISPTC]2.0.CO;2
https://doi.org/10.1614/0890-037X(2004)018[1434:IISPTC]2.0.CO;2
https://doi.org/10.1021/es201943v
https://doi.org/10.1016/j.enpol.2011.12.027
https://doi.org/10.1016/j.agee.2017.06.014
https://doi.org/10.1016/j.rser.2013.08.022
https://doi.org/10.1016/j.rser.2013.08.022
https://doi.org/10.1016/S0961-9534(03)00030-8
https://doi.org/10.3390/f5112773
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1016/j.tree.2005.02.004
https://doi.org/10.1016/j.gfs.2013.04.002


McClay, A., Sissons, A., Wilson, C., & Davis, S. (2010). Evaluation of the Australian weed risk
assessment system for the prediction of plant invasiveness in Canada. Biological Invasions, 12
(12), 4085–4098. https://doi.org/10.1007/s10530-010-9819-3

McCormick, N., & Howard, G. (2013). Beating back biofuel crop invasions: Guidelines on
managing the invasive risk of biofuel developments. Renewable Energy, 49, 263–266. https://
doi.org/10.1016/j.renene.2012.01.018

Ministry of Finance and Development Planning (MFDP). (2009). National development plan 10
(April 2009-March 2016).

Mitchell, D. (2008). A note on rising food prices (Policy Research Working Paper 4682). The World
Bank.

Mitchell, D. (2011). Biofuels in Africa: Opportunities, prospects, and challenges. The World Bank.
https://doi.org/10.1596/978-0-8213-8516-6

Mmopelwa, G., Kgathi, D. L., Kashe, K., & Chanda, R. (2017). Economic sustainability of Jatropha
cultivation for biodiesel production: Lessons from Southern Africa. Journal of Fundamentals of
Renewable Energy, 7, 244. https://doi.org/10.4172/2090-4541.1000244

Mohr, A, & Raman, S. (2013). Lessons from first generation biofuels and implications for the
sustainability appraisal of second-generation biofuels. Energy Policy, 63, 114–122.

Molina-Montenegro, M. A., Carrasco-Urra, F., Rodrigo, C., Convey, P., Valladares, F., &
Gianoli, E. (2012). Occurrence of the non-native annual bluegrass on the Antarctic mainland
and its negative effects on native plants. Conservation Biology, 26(4), 717–723. https://doi.org/
10.1111/j.1523-1739.2012.01865.x

Morison, J. I., Baker, N. R., Mullineaux, P. M., & Davies, W. J. (2008). Improving water use in crop
production. Philosophical Transactions of the Royal Society B: Biological Sciences, 363(1491),
639–658. https://doi.org/10.1098/rstb.2007.2175

Moseki, O., Murray-Hudson, M., & Kashe, K. (2019). Crop water and irrigation requirements of
Jatropha curcas L. in semi-arid conditions of Botswana: Applying the CROPWAT model.
Agricultural Water Management, 225, 105754. https://doi.org/10.1016/j.agwat.2019.105754

Mosweu, S., Munyati, C., & Kabanda, T. (2013). Modification of soil properties by Prosopis L. in
the Kalahari Desert, South-Western Botswana. Open Journal of Ecology, 3(2), 145. https://doi.
org/10.4236/oje.2013.32017

Muzila, M., Setshogo, M. P., Moseki, B., &Morapedi, R. (2011). An assessment of Prosopis L. in the
Bokspits Area, South-Western Botswana, based on morphology. The African Journal of Plant
Science and Biotechnology, 5(1), 75–80.

Mwangi, E., & Swallow, B. (2005). Invasion of Prosopis juliflora and local livelihoods: case study
from the lake Baringo area of Kenya. ICRAF Working Paper – no. 3. World Agroforestry
Centre, Nairobi.

National Research Council. (1984). Casuarina: Nitrogen-fixing trees for adverse sites. National
Academic Press.

Negussie, A., Achten, W. M., Norgrove, L., Hermy, M., & Muys, B. (2013). Invasiveness risk of
biofuel crops using Jatropha curcas L. as a model species. Biofuels, Bioproducts and Biorefining, 7
(5), 485–498. https://doi.org/10.1002/bbb.1416

Nishida, T., Yamashita, N., Asai, M., Kurokawa, S., Enomoto, T., Pheloung, P. C., & Groves, R. H.
(2009). Developing a pre-entry weed risk assessment system for use in Japan. Biological
Invasions, 11(6), 1319. https://doi.org/10.1007/s10530-008-9340-0

Noor, M., Salam, U., & Khan, M. A. (1995). Allelopathic effects of Prosopis juliflora Swartz. Journal
of Arid Environments, 31(1), 83–90. https://doi.org/10.1006/jare.1995.0051

Pacific Islands Ecosystems at Risk (PIER). (2008). Institute of pacific islands forestry, USA.
Retrieved November 21, 2019, from http://www.hear.org/pier/index.html

Pasiecznik, N. M, Felker, P, Harris, P. J. C, Harsh, L. N, Cruz, G, Tewari, J. C, Cadoret, K, &
Maldonado, L. J. (2001). The prosopis juliflora–prosopis pallida complex: a monograph.
Coventry, UK: HDRA.

Pasiecznik, N. M., Felker, P., Harris, P. J. C., Harsh, L. W., Cruz, G., Tewari, J. C., Cadoret, K., &
Maldonado, L. J. (2001). The prosopis juliflora–prosopis pallida complex: A monograph. HDRA.

278 K. KASHE ET AL.

https://doi.org/10.1007/s10530-010-9819-3
https://doi.org/10.1016/j.renene.2012.01.018
https://doi.org/10.1016/j.renene.2012.01.018
https://doi.org/10.1596/978-0-8213-8516-6
https://doi.org/10.4172/2090-4541.1000244
https://doi.org/10.1111/j.1523-1739.2012.01865.x
https://doi.org/10.1111/j.1523-1739.2012.01865.x
https://doi.org/10.1098/rstb.2007.2175
https://doi.org/10.1016/j.agwat.2019.105754
https://doi.org/10.4236/oje.2013.32017
https://doi.org/10.4236/oje.2013.32017
https://doi.org/10.1002/bbb.1416
https://doi.org/10.1007/s10530-008-9340-0
https://doi.org/10.1006/jare.1995.0051
http://www.hear.org/pier/index.html


Patel, S. (2012). Exotic tropical plant Psidium cattleianum: A review on prospects and threats.
Reviews in Environmental Science and Bio/ Technology, 11(3), 243–248. https://doi.org/http://
dx.doi.10.1007/s11157-012-9269-8

Pejchar, L, & Mooney, H. A. (2009). Invasive species, ecosystem services and human well-being.
Trends in Ecology & Evolution, 24(9), 497–504.

Pheloung, P. C., Williams, P. A., & Halloy, S. R. (1999). A weed risk assessment model for use as
a biosecurity tool evaluating plant introductions. Journal of Environmental Management, 57(4),
239–251. https://doi.org/10.1006/jema.1999.0297

Pimentel, D., Hepperly, P., Hanson, J., Douds, D., & Seidel, R. (2005). Environmental, energetic,
and economic comparisons of organic and conventional farming systems. BioScience, 55(7),
573–582. https://doi.org/10.1641/0006-3568(2005)055[0573:EEAECO]2.0.CO;2

Pimentel, D., Lach, L., Zuniga, R., & Morrison, D. (2000). Environmental and economic costs of
nonindigenous species in the United States. BioScience, 50(1), 53–66. https://doi.org/10.1641/
0006-3568(2000)050[0053:EAECON]2.3.CO;2

Poteet, M., & Number, U. 2006. Biodiesel crop implementation in Hawaii. Prepared by the Hawaii
Agriculture Research Center. Aiea, HI for State of Hawaii Department of Agriculture.

Puppañ, D. (2002). Environmental evaluation of biofuels. Periodica polytechnica series society
man. Science, 10, 95–116.

Pysek, P, Essl, F, Lenzner, B, Dawson, W, Kreft, H, & Antonova, L. A. (2017). Naturalized alien
flora of the world: species diversity, taxonomic and phylogenetic patterns, geographic distribu-
tion and global hotspots of plant invasion. Preslia, 89, 203–274.

Quijas, S., Schmid, B., & Balvanera, P. (2010). Plant diversity enhances provision of ecosystem
services: A new synthesis. Basic and Applied Ecology, 11(7), 582–593. https://doi.org/10.1016/j.
baae.2010.06.009

Quinn, L. D., Scott, E. C., Endres, A. B., Barney, J. N., Voigt, T. B., & McCubbins, J. (2015).
Resolving regulatory uncertainty: Legislative language for potentially invasive bioenergy
feedstocks. GCB Bioenergy, 7(5), 909–915. https://doi.org/10.1111/gcbb.12216

Raghu, S., Anderson, R. C., Daehler, C. C., Davis, A. S., Wiedenmann, R. N., & Simberloff, D. R. N.
(2006). Adding biofuels to the invasive species fire? Science, 313(5794), 1742. https://doi.org/10.
1126/science.1129313

Ravindran, P. N. (2017). The encyclopedia of herbs & spices. Volumes 1 and 2, Ravindran,
P. N. (Ed). CAB International. http://www.cabi.org/cabebooks/ebook/20173378261 https://
doi.org/10.1079/9781780643151.0000.

Richardson, D. M., & Blanchard, R. (2011). Learning from our mistakes: Minimizing problems
with invasive biofuel plants. Current Opinion in Environmental Sustainability, 3(1–2), 36–42.
https://doi.org/10.1016/j.cosust.2010.11.006

Richardson, D. M., & Rejmánek, M. (2011). Trees and shrubs as invasive alien species–a global
review. Diversity and Distributions, 17(5), 788–809. https://doi.org/10.1111/j.1472-4642.2011.
00782.x

Rodrigues, L. D. A., de Castro, E. M., Pereira, F. J., Maluleque, I. F., Barbosa, J. P. R. A. D., &
Rosado, S. D. S. (2016). Effects of paclobutrazol on leaf anatomy and gas exchange of Toona
ciliata clones. Australian Forestry, 79(4), 241–247. https://doi.org/10.1080/00049158.2016.
1235476

Sahni, K. C. (1999). The book of Indian trees. Oxford University Press.
Sangeetha, S., Meenakshi, S., Akshaya, S., Vadivel, V., & Brindha, P. (2016). Evaluation of total

phenolic content and antioxidant activity of different solvent extracts of leaf material of
Spathodea campanulata P. Beauv. And Investigation of Their Proliferation Inhibition Potential
against EAC Cell Line. Journal of Applied Pharmaceutical Science, 6(9), 121–127. doi:10.7324/
JAPS.2016.60918

Schachtschneider, K, & February, E. C. (2013). Impact of prosopis invasion on a keystone tree
species in the kalahari desert. Plant Ecology, 214(4), 597–605.

Schnitzler, A., & Essl, F. (2015). From horticulture and biofuel to invasion: The spread of
M iscanthus taxa in the USA and E urope. Weed Research, 55(3), 221–225. https://doi.org/10.
1111/wre.12141

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 279

https://doi.org/http://dx.doi.10.1007/s11157-012-9269-8
https://doi.org/http://dx.doi.10.1007/s11157-012-9269-8
https://doi.org/10.1006/jema.1999.0297
https://doi.org/10.1641/0006-3568(2005)055[0573:EEAECO]2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2
https://doi.org/10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1111/gcbb.12216
https://doi.org/10.1126/science.1129313
https://doi.org/10.1126/science.1129313
http://www.cabi.org/cabebooks/ebook/20173378261
https://doi.org/10.1079/9781780643151.0000
https://doi.org/10.1079/9781780643151.0000
https://doi.org/10.1016/j.cosust.2010.11.006
https://doi.org/10.1111/j.1472-4642.2011.00782.x
https://doi.org/10.1111/j.1472-4642.2011.00782.x
https://doi.org/10.1080/00049158.2016.1235476
https://doi.org/10.1080/00049158.2016.1235476
https://doi.org/10.7324/JAPS.2016.60918
https://doi.org/10.7324/JAPS.2016.60918
https://doi.org/10.1111/wre.12141
https://doi.org/10.1111/wre.12141


Serra, M., Albariño, R., & Villanueva, V. D. (2013). Invasive Salix fragilis alters benthic inverte-
brate communities and litter decomposition in northern Patagonian streams. Hydrobiologia,
701(1), 173–188. https://doi.org/10.1007/s10750-012-1270-2

Shackleton, C. M., Ruwanza, S., Sanni, G. S., Bennett, S., De Lacy, P., Modipa, R., &
Thondhlana, G. (2016). Unpacking Pandora’s box: Understanding and categorising ecosystem
disservices for environmental management and human wellbeing. Ecosystems, 19(4), 587–600.
https://doi.org/10.1007/s10021-015-9952-z

Shackleton, R. T., Le Maitre, D. C., Pasiecznik, N. M., & Richardson, D. M. (2014). Prosopis:
A global assessment of the biogeography, benefits, impacts and management of one of the
world’s worst woody invasive plant taxa. AoB Plants, 6. doi:10.1093/aobpla/plu027

Shackleton, R. T., Le Maitre, D. C., van Wilgen, B. W., & Richardson, D. M. (2017). Towards
a national strategy to optimise the management of a widespread invasive tree (Prosopis species;
mesquite) in South Africa. Ecosystem Services, 27, 242–252. https://doi.org/10.1016/j.ecoser.
2016.11.022

Shackleton, R. T., Le Maitre, D. C., Van Wilgen, B. W., & Richardson, D. M. (2015). The impact
of invasive alien Prosopis species (mesquite) on native plants in different environments in
South Africa. South African Journal of Botany, 97, 25–31. https://doi.org/10.1016/j.sajb.2014.
12.008

Shiferaw, H., Teketay, D., Nemomissa, S., & Assefa, F. (2004). Some biological characteristics that
foster the invasion of Prosopis juliflora (Sw.) DC. at Middle Awash Rift Valley Area,
north-eastern Ethiopia. Journal of Arid Environments, 58(2), 135–154. https://doi.org/10.1016/
j.jaridenv.2003.08.011

Silitonga, A. S., Masjuki, H. H., Mahlia, T. M. I., Ong, H. C., Kusumo, F., Aditiya, H. B., &
Ghazali, N. N. N. (2015). Schleichera oleosa L. oil as feedstock for biodiesel production. Fuel,
156, 63–70. https://doi.org/10.1016/j.fuel.2015.04.046

Smeets, E. M., Faaij, A. P., Lewandowski, I. M., & Turkenburg, W. C. (2007). A bottom-up
assessment and review of global bio-energy potentials to 2050. Progress in Energy and
Combustion Science, 33(1), 56–106. https://doi.org/10.1016/j.pecs.2006.08.001

Smit, P. (2005). Geo-ecology and environmental change: An applied approach to manage Prosopis-
invaded landscapes in Namibia [PhD thesis]. University of Namibia.

Smith, L. L., Tekiela, D. R., & Barney, J. N. (2015). Predicting biofuel invasiveness: A relative
comparison to crops and weeds. Invasive Plant Science and Management, 8(3), 323–333. https://
doi.org/10.1614/IPSM-D-15-00001.1

Statistics Botswana. (2018). Botswana Multi-Topic Household Survey 2015/16: Poverty Stats Brief.
Taylor, M. D., & Percival, H. J. (2001). Cadmium in soil solutions from a transect of soils away

from a fertilizer bin. Environmental Pollution, 113(1), 35–40. https://doi.org/10.1016/S0269-
7491(00)00170-6

Taylor, R., Sandenbergh, B., McQualter, K., & Collins, K. 2018. Alien plant identification guide for
OWS concessions. Wilderness Safaris.

The Royal Society. 2008. Sustainable biofuels: Prospects and challenges. The Royal Society.
Thobega, K. (2013). Killer plant ‘colonizes’ south west Botswana. Retrieved March 26, 2018 from

www.sundaystandard.info/killer-plant-‘colonizes’-south-west-botswana .
Thorpe, J. R., & Lynch, R. (2000). The Determination of Weeds of National Significance.

Launceston, Tasmania: National Weeds Strategy Executive Committee, 234 pp.
Turn, S., Keffer, V., & Beers, K. (2005). Physicochemical analysis of selected biomass materials in

Hawaii. Honolulu: Hawaii Natural Energy Institute, University of Hawaii. 24 p.
van Eijck, J., Romijn, H., Smeets, E., Bailis, R., Rooijakkers, M., Hooijkaas, N., Verweij, P., &

Faaij, A. (2014). Comparative analysis of key socio-economic and environmental impacts of
smallholder and plantation based jatropha biofuel production systems in Tanzania. Biomass &
Bioenergy, 61, 25–45. https://doi.org/10.1016/j.biombioe.2013.10.005

van Wilgen, B. W., & Richardson, D. M. (2014). Challenges and trade-offs in the management of
invasive alien trees. Biological Invasions, 16(3), 721–734. https://doi.org/10.1007/s10530-013-
0615-8

280 K. KASHE ET AL.

https://doi.org/10.1007/s10750-012-1270-2
https://doi.org/10.1007/s10021-015-9952-z
https://doi.org/10.1093/aobpla/plu027
https://doi.org/10.1016/j.ecoser.2016.11.022
https://doi.org/10.1016/j.ecoser.2016.11.022
https://doi.org/10.1016/j.sajb.2014.12.008
https://doi.org/10.1016/j.sajb.2014.12.008
https://doi.org/10.1016/j.jaridenv.2003.08.011
https://doi.org/10.1016/j.jaridenv.2003.08.011
https://doi.org/10.1016/j.fuel.2015.04.046
https://doi.org/10.1016/j.pecs.2006.08.001
https://doi.org/10.1614/IPSM-D-15-00001.1
https://doi.org/10.1614/IPSM-D-15-00001.1
https://doi.org/10.1016/S0269-7491(00)00170-6
https://doi.org/10.1016/S0269-7491(00)00170-6
http://www.sundaystandard.info/killer-plant-%2018colonizes%2019-south-west-botswana
https://doi.org/10.1016/j.biombioe.2013.10.005
https://doi.org/10.1007/s10530-013-0615-8
https://doi.org/10.1007/s10530-013-0615-8


Vítková, M., Sádlo, J., Roleček, J., Petřík, P., Sitzia, T., Müllerová, J., & Pyšek, P. (2020). Robinia
pseudoacacia-dominated vegetation types of Southern Europe: Species composition, history,
distribution and management. Science of the Total Environment, 707, 134857. https://doi.org/10.
1016/j.scitotenv.2019.134857

Von Maltitz, G., Gasparatos, A., & Fabricius, C. (2014). The rise, fall and potential resilience
benefits of Jatropha in Southern Africa. Sustainability, 6(6), 3615–3643. https://doi.org/10.3390/
su6063615

von Maltitz, G., & Setzkorn, K. (2012). Potential impacts of biofuels on deforestation in Southern
Africa. Journal of Sustainable Forestry, 31(1–2), 80–97. https://doi.org/10.1080/10549811.2011.
566114

Walton, C. S. (2001). Implementation of a permitted list approach to plant introductions to
Australia. In R. H. Groves, F. D. Panetta, & J. G. Virtue (Eds.), Weed risk assessment (pp.
93–99). CSIRO PUBLISHING, Collingwood, Australia.

Weber, J., Panetta, F. D., Virtue, J., & Pheloung, P. (2009). An analysis of assessment outcomes
from eight years’ operation of the Australian border weed risk assessment system. Journal of
Environmental Management, 90(2), 798–807. https://doi.org/10.1016/j.jenvman.2008.01.012

Wilson, K. L., & Johnson, L. A. S. (1989). Casuarinaceae. In 'flora of australia. Vol. 3. A. S. George
(Ed.) pp. 100-182. Australian Government Publishing Service: Canberra.

Witt, A. B. (2010). Biofuels and invasive species from an African perspective–a review. GCB
Bioenergy, 2(6), 321–329. https://doi.org/10.1111/j.1757-1707.2010.01063.x

Yimam, Y. T., Ochsner, T. E., Kakani, V. G., & Warren, J. G. (2014). Soil water dynamics and
evapotranspiration under annual and perennial bioenergy crops. Soil Science Society of America
Journal, 78(5), 1584–1593. https://doi.org/10.2136/sssaj2014.04.0165

Young, S. L., Gopalakrishnan, G., & Keshwani, D. R. (2011). Invasive plant species as potential
bioenergy producers and carbon contributors. Journal of Soil and Water Conservation, 66(2),
45–50. https://doi.org/10.2489/jswc.66.2.45A

Zimmermann, H. G. (1991). Biological control of mesquite, Prosopis spp. (Fabaceae), in South
Africa.Agriculture, Ecosystems & Environment, 37(1–3), 175–186. https://doi.org/10.1016/0167-
8809(91)90145-N

Ziolkowska, J. R. (2014). Optimizing biofuels production in an uncertain decision environment:
Conventional vs. advanced technologies. Applied Energy, 114, 366–376. https://doi.org/10.1016/
j.apenergy.2013.09.060

SOUTH AFRICAN GEOGRAPHICAL JOURNAL 281

https://doi.org/10.1016/j.scitotenv.2019.134857
https://doi.org/10.1016/j.scitotenv.2019.134857
https://doi.org/10.3390/su6063615
https://doi.org/10.3390/su6063615
https://doi.org/10.1080/10549811.2011.566114
https://doi.org/10.1080/10549811.2011.566114
https://doi.org/10.1016/j.jenvman.2008.01.012
https://doi.org/10.1111/j.1757-1707.2010.01063.x
https://doi.org/10.2136/sssaj2014.04.0165
https://doi.org/10.2489/jswc.66.2.45A
https://doi.org/10.1016/0167-8809(91)90145-N
https://doi.org/10.1016/0167-8809(91)90145-N
https://doi.org/10.1016/j.apenergy.2013.09.060
https://doi.org/10.1016/j.apenergy.2013.09.060

	Abstract
	Introduction
	Materials and methods
	Biofuel crop invasiveness in Africa
	Biofuels and biodiversity
	Biofuels and food security
	Biofuels and the environment
	Biofuels and water resources
	Invasive biofuel crop in Botswana
	<italic>Biology of Prosopis</italic> spp
	<italic>Ecological impacts of Prosopis</italic> species

	Methods for evaluating invasiveness risk of biofuel crops
	Conclusion and policy implications
	Acknowledgments
	Disclosure statement
	References



