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Abstract

:

Prosopis juliflora is a shrub/tree originating from the Americas. Since its introduction for fuel wood afforestation into eastern Africa, it has been invading crop- and rangelands with negative effects on the environment and on livelihoods. Understanding the management strategies for Prosopis and matching them with ecological, social-cultural, and economic needs of the eastern African region is a pressing scientific issue. We analyzed management strategies of Prosopis, focusing on determinants and drivers of their choice of applied management strategies as well as their effectiveness. We identified 1917 scientific contributions published between 1970 and 2022. Following a multi-step screening, we reduced the references to 53 relevant (internationally) published papers with a focus on the management of Prosopis in the east African region. Analysis of the literature shows that factors driving invasion dynamics but also land users’ social-economic as well as cultural attributes determine the type of management strategy and shape local control actions. Main strategies comprise (1) physical containment of invasive spread, (2) chemical, mechanical and biological approaches to reduce stand densities, (3) complete eradication, (4) restoration of invaded land, and (5) economic use of Prosopis products. Adopted strategies are based on actual and perceived impacts of invasion, and the adoption and success of individual strategies is highly location specific.
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1. Introduction


Biological invasions have steadily increased over recent centuries [1], with vascular plants comprising the largest group of potentially invasive organisms in African rangelands [2]. The spread of invasive alien plant species is recognized as a global problem with severe impacts on livelihoods [3], on biodiversity [4], and on the wider environment [5]. Globally, invasive species pose significant threats to agricultural land, leading to reduced productivity, crop loss, and consequently, to poverty and food insecurity. In addition, considerable soil quality deterioration due to alien plant invasions and loss of critical habitats have resulted in reduced capacity of rangelands to support livestock, and to meet the needs of pastoral communities, thus leading to conflicts [6] and indirect effects on human health [7,8].



In eastern Africa, 210 alien plant species were identified in the Global Invasive Species Database [9], with largest shares (number of alien invaders) occurring in Kenya (49) and Tanzania (48), followed by Uganda (33) and Tanzania (11), while the rest are spread in other eastern African countries [10,11]. Among the most common alien invasive plant species in the region is Prosopis juliflora (Swartz) DC, hereafter referred to as Prosopis. The World Conservation Unions lists Prosopis among the 100 of the “world’s worst invasive alien species” [9,12,13] due to its rapid invasive spread, its massive effects on agricultural and grazing lands, and thus on the livelihood of communities in the drylands of eastern Africa. Today, Prosopis reportedly poses a threat to human and animal life in Ethiopia, Kenya, Somalia, Rwanda, Sudan, Djibouti, Eritrea and Tanzania [14].



Prosopis is a thorny evergreen perennial shrub/tree native to dryland areas of Mexico, South America and the Caribbean. It belongs to the Fabaceae (sub-family of the Mimosoideae) and can fix atmospheric nitrogen with rhizobia from the cowpea group [15]. As a phreatophyte (plant requiring access for its roots to shallow groundwater tables of <3–5 m), it populates mainly littoral zones of lakes, floodplains and inland valley wetlands, and areas around boreholes, canals and other irrigation infrastructure [16]. Prosopis is easily naturalized in tropical regions, and this is explained by its allelopathic nature, repeated flowering, and coppicing ability [17,18]. It also produces a huge seedbank of viable seeds which are easily dispersed through livestock movement and through irrigation canals [19].



The earliest Prosopis introductions into Africa were in Senegal in 1822, in Sudan in 1917 [20], in Kenya in 1948, and later in Ethiopia and South Africa in the 1970s and 1980s [16,17,18,21]. In all cases, introductions aimed at addressing fuel wood shortage, but also to arrest land degradation and to combat desertification in arid and semi-arid areas [22].



Since its introduction into eastern Africa, Prosopis has been invading natural ecosystems as well as crop- and rangelands with negative effects on the environment and on livelihoods. Thus, dense stands of Prosopis are shading the undergrowth, which, combined with the release of allelochemicals, alters the composition and abundance of understory plants, thus negatively affecting native biodiversity [22]. Prosopis invasion is often associated with losses of prime agricultural and pastureland as invaded sites often have favorable hydro-edaphic conditions (shallow groundwater and potentially productive Gley-, Fluvi- and Vertisols). The sweet pods are browsed by goats, sheep, cattle and donkeys, potentially causing severe loss of teeth [23]. Despite some benefits such as improved soil fertility [24], soil erosion control, and potentially serving as human food [25], Prosopis invasion is generally negatively perceived and widely reported to negatively impact the livelihoods of farmers and pastoralists. Currently, Prosopis is declared as a noxious invasive weed in Ethiopia, Kenya, Somaliland, Sudan, Tanzania and in northern Uganda [26]. In Kenya, Prosopis is even listed under the “Suppression of Noxious Weeds Act” (CAP-325) [27], targeting its eradication (so far non-successful).



Comprehensive information on the mechanisms of invasion, on socio-ecological impacts, and on effective control measures are an essential starting point, enabling the development of management of Prosopis. Overview of these measures and strategies have been provided for the African continent in general [28], and in countries, specifically for Sudan [29], for Ethiopia [30,31,32] for Somalia [33,34], and for Kenya [35]. However, the effectiveness and large-scale application of suggested strategies in the region is relatively poor, suggesting the need for a niche-specific targeting of intervention strategies. Understanding the management strategies of Prosopis and matching them with ecological, social-cultural, and economic needs of the eastern African region is thus a pressing scientific issue. This is of particular relevance in the semi-arid zones where the majority of the most vulnerable communities derive their livelihoods from agriculture and pastoralism.



1.1. Drivers of the Invasive Spread of Prosopis


Plant invasion is thus becoming a defining feature of the Anthropocene [36], and emerging alien species pose a significant challenge to biosecurity in Africa [37] and in provision of ecosystem services [38]. Main drivers of invasion were pinpointed to be closely related to land-use changes [39], to globalization effects [14], and to the emergence of new source pools of seeds and propagules [37]. Continuing expansion of agriculture, increased travel and trade, the development of irrigation and road infrastructures, and climate change have increased the spread of Prosopis in eastern Africa [14]. Within approximately 50 years, the shrub has invaded about 12% of the land in the Afar Region of Ethiopia [37] and over 550,000 ha of the land area in Somaliland [33,40]. The invaded area around Lake Baringo in Kenya has increased more than 200-fold between 1988 and 2016 [41]. In South Africa, Ref. [42] estimated that Prosopis covered 1.8 million hectares of land in 2017.



Prosopis initially spread from multiple focal points, mainly from original plantation sites, and subsequently invaded the surroundings along corridors for livestock, along river courses and following infrastructure development, acting as dispersal pathways [39,43]. Habitat disturbance due to land-use changes has equally been attributed to rapid invasion of Prosopis in many parts of eastern Africa, specifically in the northern parts of the Afar Region [39] and in Baringo and Tana River Counties in Kenya [24]. Flooding events can transport pods and seeds to downstream areas, as reported from the Afar region of Ethiopia and the Tana River Delta in Kenya [19]. Dispersal of diaspores through ingestion by animals and subsequent deposition in their dung (endozoochory) is the most important dispersal mechanism in Baringo, Kenya [44]. Thus, a change in the composition of animal herds (shifts from cattle to goats), following several severe drought periods in the late 1990s and early 2000s, were instrumental for endozoochorous dispersal of seeds and the spread of Prosopis in drylands of Kenya [45]. With progressing infrastructure development, mobility of humans and animals, and with pastoralist herds of shifting composition and increasing size, high future invasion rates have been predicted for much of eastern and southern Africa [46].




1.2. Impacts of Prosopis Invasion


Prosopis has a range of positive and negative environmental, social, and economic impacts at various spatial and temporal scales. The negative effects can be categorized into (1) alteration of ecosystems including allelopathic suppression, (2) physical obstruction, (3) competition for resources (space, light, water, nutrients), (4) health effects (physical injury by thorns, cattle poisoning, teeth injury, and as habitat for animal and human disease vectors), and (5) depletion of aquifers through deep root acquisition of water [47]. Positive effects refer to (1) erosion control, (2) soil nutrient elevation (addition of biologically fixed nitrogen, addition of carbon by leaf litter fall, nutrient pumping from subsoil), and (3) ecological benefits (nesting sites for birds, pollen/nectar provision of pollinating insects). However, the negative impacts by far outweigh the positive attributes, with substantial alteration of natural ecosystems and with massive impacts on the livelihood of farmers and pastoralists.



Economic impacts of Prosopis range from millions to billions of dollars annually with severe negative ecological and socio-economic impacts [4,5,48]. Ref. [49], observed that Prosopis invasion reduced income from livestock and decreased cattle numbers over a ten-year period in Baringo Kenya, while in South Africa, Ref. [11] estimated the costs of managing Prosopis invasions at USD 35.5 million per annum.



Herbaceous plants growing under Prosopis stands reduced by 27% compared to open (non-invaded) areas within one single year [22]. Prosopis invasion in the Ethiopian lowlands led to the loss of some of the most useful grass species in rangelands, mainly the C4 forage grasses Cenchrus spp., Cynodon spp., Chrysopogon spp., Eragrostis spp., Setaria spp., and Hyparrhenia spp. [10]. Prosopis has allelopathic characteristics and leaf leachates can negatively affect root growth of crop species [50] and inhibit seed germination and early seedling growth [51]. Other studies have shown Prosopis to out-compete native plants by depleting nutrient and water resources [52,53]. Prosopis causes injury on humans and animals through pricking by thorns [6,10,54]. Intoxication after Prosopis consumption can reportedly cause the fatal nervous disease Denervation atrophy in animals in Brazil [55] and Ethiopia [56]. With ingestion of high amounts of Prosopis pods, livestock deaths were reported in Botswana [57]. Further, the plant invades grass- and shrub lands, leading to shortage of livestock feed resources as reported from India [58], Ethiopia [59], and Kenya [45].



Despite the negative impacts, Prosopis can have important economic benefits, including the provision of fuel, timber, windbreak, and animal fodder [60]. Particularly, charcoal made from Prosopis wood has been shown to be profitable at some sites [30,61]. The making of flour for human consumption or of animal feed from pods can contribute to generating income while reducing new invasions by the removal of potentially viable seeds [62,63]. Prosopis can have a positive effect on some soil parameters. Thus, Prosopis can increase the availability of soil P, the amounts of K, Ca and Mg, possibly by nutrient pumping [59], total soil N by plant nitrate uptake from groundwater, N addition by biological N2 fixation [49], and organic C from leaf litter fall [41]. Likely, implications of such soil improvement for potential future land uses remain elusive but require further research.




1.3. Management of Prosopis Invasion


The speed of spread and the density in establishment of Prosopis also reflects the type and intensity of management practices applied to invaded areas. Efforts have been made globally to manage Prosopis through complete eradication, containment, partial control, and utilization, and several studies have evaluated such intervention strategies in tropical and sub-tropical areas, also beyond eastern Africa [64,65].



Most of these studies conclude that management of Prosopis requires complete eradication, which is generally expensive and not always effective due to rapid re-sprouting from stems and the soil seedbank. On the other hand, management strategies other than complete eradication may also work in some instances, but need spatial differentiation based on biophysical site attributes and the level of invasion [39]. Further, the efficacy of applied options appears to differ between infested areas, and to depend on the canopy cover of the invaders and the cost of management in relation to benefits incurred [65]. Such reports raise the question of if the studied methods are truly ineffective, or if their effectiveness is rather restricted to specific intensities and types of interventions. In these cases, each management strategy needs to be targeted to its specific niche environment. Such knowledge of “what works where” is currently not available [66]. The identification and definition of specific requirements and of niche-specific management may also include site-specific mechanisms of invasive spread, the community’s perception of the problem, social-cultural specifics of land users [67], and the community’s ability to mobilize consolidated action at national, regional, or local levels [25].




1.4. Objectives and Aim


The majority of the research carried out on Prosopis focuses on vegetation ecology, on the invasion range, and on quantifying impacts, rather than delivering solutions for its management. We surmise that a niche-specific management of Prosopis is critical for future control and for tailoring site- and system-specific recommendations at local or regional scales. Consequently, we reviewed the published available empirical research on the management of Prosopis. We further analyzed the social-ecological environments where management practices have reportedly contributed to control Prosopis spread, while minimizing its negative impacts, with a focus on eastern Africa. We thus addressed the following research questions:




	
To what extent does Prosopis infestation affect the choice of its management method?



	
What are the social-ecological determinants of adopting Prosopis management strategies/methods?



	
What are the factors affecting, or prerequisites for successful management of Prosopis?








To address the first research question, we describe diverse (negative and positive) ecological, economic, and environmental impacts of Prosopis based on the sizes and densities of invasions. In the second research question, we relate environmental and socio-cultural attributes that inform the choice of control measures. The third research question defines the range of factors and social-ecological niche requirements for targeting effective management strategies of Prosopis. This specific requirement will permeate the definition of what management futures of Prosopis are feasible and likely to be adopted under defined social-ecological conditions.



We consider the following terms and definitions:




	
An “impact” is any measurable change in a social, economic, or environmental aspect caused by Prosopis invasion, which can be positive, negative, or neutral [68], and may concern humans, animals, or the environment in general [69].



	
“Management” refers to practices and intervention strategies such as tillage, fire, clear-cut, or exploitation, aimed (among others) at reducing the current cover and the further spread of Prosopis by physical, biological, or chemical control measures [70].



	
“Control” of Prosopis is the suppression of its abundance or the reduction of its population size [70].



	
“Eradication” refers to the complete eliminating of the invasive species and hence arrest its negative environmental impacts [66].



	
“Utilization” is the economic exploitation of Prosopis as a means of harnessing their economic potentials for meeting basic human needs [71]. Uses of Prosopis reported in this paper include timber, charcoal production, animal feed and flour production, and the exploitation of byproducts (i.e., honey) and ecosystem services (i.e., pollination).



	
“Containment” aims at arresting the invasive spread of Prosopis beyond the zone where it was initially established, i.e., by fencing or the creation of barrier zones.



	
“Restoration” mainly refers to the reseeding of former pastureland with forage grass species after land clearing from Prosopis [72].



	
“Intensive cropping” refers to exploiting invasion-induced soil fertility by clearing of invaded land and its continuous use for year-round crop cultivation, usually combined with intensive soil tillage and irrigation [24,73].










2. Methods


2.1. Study Region


This research does not involve field studies or primary data collection but constitutes a systematic analysis of previous research and information in peer-reviewed published studies. The study focuses on eastern Africa, namely Kenya, Tanzania, Uganda, Sudan, Somalia, Rwanda, Burundi, Djibouti, Eritrea, and Ethiopia (Figure 1).




2.2. Search Query and Criteria


The search for peer-reviewed literature was conducted using the electronic databases “Science Direct”, “Agricola”, “CAB Direct”, “Scopus” and “Google Scholar”, and covered all literature indexed up to 2022. We followed a multistep procedure to compile the relevant publications (Figure 2).



We evaluated empirical studies fulfilling a set of criteria for further analysis, such as (i) the study was conducted in eastern Africa, (ii) it focused on management or control strategies of Prosopis, and (iii) papers were published between 1970 and 2022. To avoid bias, the analysis excluded meta-analysis, book chapters, and review papers. The processing of references retrieved followed the “PRISMA” flow diagram [74] presented in Figure 2. In total, five literature search queries were applied hierarchically using the following key words/combinations:




	
“Invasive plant species” and Africa” = 615;



	
“Prosopis juliflora” and “Africa” = 538;



	
“Management” and “invasive plant species” and “Africa” = 500;



	
“Prosopis juliflora” and “management” and “Africa” = 344;



	
“Prosopis juliflora” and “control” and “Africa” = 217.








The initial query provided 1917 hits (published papers) on the topic of alien invasive plants using the five search items. In the first round of reduction, we removed all hits not applying to the research area in Africa, leaving 615 publications. For the second round of reduction, specific search criteria of Prosopis in Africa yielded to 538 publications. A further reduction to the search words “Prosopis” and “control” or “management” in the abstract, title, or keywords yielded 217 eligible papers. In the final reading and analysis of the full-text publications, we eliminated duplicate publications, review articles, and book chapters, resulting in 53 relevant publications which provided sufficient details in the material and methods sections for answering of research questions of the present analysis. Nine publications reported findings on multiple management options and were evaluated individually for each individual option, leading to 59 studies reported here (Table 1).





3. Literature Analysis and Synthesis


3.1. Summary Statistics


The following section synthesizes strategies and recommendations for the management of Prosopis as reported from empirical studies in eastern Africa. We collated the technical information and classified it according to terms “management”, “containment”, “utilization”, “eradication”, and “prevention/mitigation”, and assessed the magnitude of their impacts based on available evidence from the target regions. Fifty-three reported studies from five African countries were eligible and thus included in the present analysis (Figure 3). The countries recording the highest numbers of studies were Ethiopia (n = 19; 36%), Kenya (n = 18; 34%), Sudan (n = 7; 13%), Somalia (n = 7; 13%), and Tanzania (n = 2; 4%). Irrespective of the geographical location, management of Prosopis varied from eradication (physical or mechanical removal of isolated target plants), control by mechanical methods (clearing or pruning of young trees and seedling) and biological measures (using insects and other biological agents), containment (reduce size of invasion), land use change (intensive tillage of permanent irrigated land), and utilization (charcoal, fuel, food, honey production) (Table 1).



Utilization of Prosopis was the focus in the majority of the reported case studies (n = 38, 64%). The number of studies considering other approaches concerned land restoration (n = 10, 17%), containment (n = 2, 3%), eradication (n = 7, 12%), and vegetation management (n = 2, 3%) (Figure 3).



Utilization strategies mainly focused on producing animal feed and human food, harvesting of timber and fuel wood, and charcoal production. Prosopis eradication by land conversion to crop or pastureland, involved clear cutting followed by intensive tillage, and (partial) irrigation (Table 1). Studies on land restoration focused on stabilization of sand dunes, restoration of former pastures by over seeding cleared areas with forage species, and the use of Prosopis as shelterbelts and fences. In contrast to South Africa [75], chemical and biological measures for vegetation management were rare and have only been reported from Kenya, Sudan, and South Africa.





 





Table 1. Management strategies of Prosopis by country and related references.






Table 1. Management strategies of Prosopis by country and related references.





	
Method

	
Specific

	
Country

	
Reference






	
Containment

	
Prevention/mitigation

	
Tanzania

	
[76]




	
Ethiopia

	
[77]




	
Eradication

	
Clear cutting

	
Ethiopia

	
[77,78,79]




	
Sudan

	
[80]




	
Pruning

	
Sudan

	
[29]




	
Uprooting seedlings

	
Ethiopia

	
[79,81]




	
Vegetation management

	
Biological

	
Sudan

	
[82]




	

	
Chemical

	
Sudan

	
[82]




	
Restoration

	
Dune stabilization

	
Sudan

	
[80]




	
Somalia

	
[83]




	
Shelter belts

	
Sudan

	
[84,85]




	
Cropland restoration

	
Sudan

	
[81]




	
Pasture restoration

	
Tanzania

	
[76,86]




	
Kenya

	
[72,87,88]




	
Intensive cropping

	
Continuous cultivation (tillage + irrigation)

	
Ethiopia

	
[74]




	
Kenya

	
[24]




	
Utilization

	
Animal feed

	
Ethiopia

	
[30,32,58,71,78,79,89]




	
Sudan

	
[90,91]




	
Kenya

	
[92,93,94]




	
Charcoal

	
Somalia

	
[95,96]




	
Ethiopia

	
[79,97,98]




	
Kenya

	
[61,72,99,100]




	
Fuel wood

	
Ethiopia

	
[39,71,101,102]




	
Kenya

	
[35,61,103,104]




	
Human food

	
Ethiopia

	
[30,58,71]




	
Kenya

	
[61,105,106]










3.2. Extent of Prosopis Invasion in Eastern African


In the Afar region of Ethiopia, Prosopis invaded new areas at an average rate of 3.5 km2 annually over the period 1973–2004 [79] and has further been predicted to invade at a rate of 31% by 2020 [107]. In Baringo Kenya, [20] reported Prosopis coverage having increased from 882 ha in 1988 to nearly 19,000 ha in 2016. This invasion resulted in the loss of grassland (up to 86%), of irrigated cropland (57%), and of rainfed cropland (up to 37%). Apart from Lake Baringo in Kenya and the Afar region in Ethiopia, wetland sites that are starting to be invaded or showing a high likelihood of potential future invasion include the Tana River Delta and the Lorian and Lengurruahanga swamps in Kenya [108], the Awash River basin in Ethiopia, [73,109], and the Tokar River and Gash River Deltas, as well as the Kassala Plains in Sudan [85].



Figure 4 shows the hypothesized sequence of events related to Prosopis invasion, following the DPSIR framework of Drivers, Pressures, States, Impacts and Responses [110]. The initial trigger event was the purposeful or accidental introduction of the species into an area. A range of biophysical, infrastructure- or farm management-related factors (Drivers) determine the start and extent of an invasive spread. There are a number of modulating factors in both the political and socio-cultural realm (Pressures) that determine the extent and severity of the consequences of invasion, including the speed and extent of damage caused by Prosopis (Impacts). The final impacts on the environment, on resource base quality on human and animal health, and generally on rural livelihood determine the type of response strategies (Responses). The analysis of the publications largely supports the illustrated pathway and emerging response patterns.




3.3. Impacts of Prosopis Invasion and Their Influence on Response Strategies


Impacts of Prosopis in eastern Africa are differentiated by prevailing ecological conditions and by farm household specific attributes as suggested by [111], emphasizing socio-economic drivers and impacts for classifying effects of and responses to alien species [112] (Table 2). Ecological impacts in the reported studies included the suppression of native plant species [59], the degradation of farmland and rangelands [30], erosion control, and an improvement of soil fertility under invasive stands [24]. Studies from Kenya and Ethiopia highlight that most aggressive Prosopis invasion and spread dynamics occurred under conditions of the high water table in river floodplains, ravines, swamps, and in the littoral region of freshwater lakes [108].



Major impacts on livelihoods concern the blockage of roads, footpaths, animal migration routes, and irrigation canals [113], and the depletion of soil moisture and ground water [109,114] (Table 2).



Prosopis also reportedly affects animal health, including death of livestock, following the ingestion of pods, causing indigestion, tooth decay (due to high sugar content of pods), and decreased livestock productivity [79]. Reported cases of nervous diseases due to the ingestion of Prosopis seeds by livestock occurred in both Kenya [56] and Ethiopia [58].



Positive contributions of Prosopis to livelihoods relate to provisioning (wood, charcoal, timber, food, and feed) and supporting ecosystem services (erosion control, soil nutrient enrichment, habitat changes, and dune stabilization). Besides Prosopis wood being a source of fuel, mature pods can be a valuable source of carbohydrates and proteins for livestock [80], and they can be processed to flour for human consumption. Studies by [41] showed positive relationships between Prosopis and soil properties. Thus, dense stands of Prosopis are associated with increases in soil carbon pools and increase soil phosphorus contents [73]. It remains a matter of debate if Prosopis preferably colonized sites with higher soil fertility, or if dense stands, the absence of soil tillage, subsoil nutrient pumping, and contributions from biologically fixed nitrogen actually improve formerly low soil fertility.



Direct economic impacts are restricted to Prosopis use as timber, fuel wood, and charcoal (Table 2). Additional reported benefits concern bee keeping and the production of honey. While these have been extensively studied, the lack of empirical data impedes an analytical classification of the extent of likely benefits of Prosopis infestation.



However, such reported benefits are largely counteracted by massive negative impacts. As evidenced by our analysis (Table 2), we can arguably rate the impacts of Prosopis invasion in the region as being mainly negative. Such negative impacts are associated with competition between Prosopis and native species or crop plants, leading to species displacement or altering of species richness and diversity, and to a depletion of soil moisture stocks and groundwater levels. Apart from the physical obstruction of dense Prosopis growth affecting the mobility of humans and animals and reportedly blocking access to watering points, the toxicity of leaves and fresh pods affects animal health. Prosopis also alters/improves the habitat for insect vectors of viral diseases [8] and can lead to loss of livelihood and possibly to an outmigration of farmers and pastoralists from infested areas.




3.4. Dimensions of Management of Prosopis


Approaches for the management of Prosopis include (1) complete eradication or partial control, (2) utilization of products and ecosystem services provided by Prosopis, and (3) the restoration and agricultural uses of invaded land (Table 1), and these are discussed in subsequent sections.



3.4.1. Eradication and Control


Reversing the purposeful or accidental introduction of Prosopis and limiting an invasive spread can avoid negative effects on the environment and rural livelihood and comprises three possible options for action: (1) complete eradication, (2) containment, and/or (3) control of land cover and spread of Prosopis. The eradication by mechanical methods has been attempted in Ethiopia and Sudan [80] and in Kenya [115]. Applied strategies involved the physical removal of established trees by clear felling, the uprooting of seedlings and young shrubs, and the pruning of older shrubs and trees, or combination of these. Clearing of Prosopis using bulldozers and human labor, and burning of uprooted Prosopis in farmlands, roadsides, and along irrigation and drainage canals has been reported from several countries. Thus, Prosopis was cleared by bulldozers along 36 km of irrigation and drainage canals in Ethiopia from 1995 to 2002. However, use of bulldozers was realized to be expensive (about USD 3600/year in 2002), leading the government to switch to using human labor [116]. In Kenya, mechanical clearing of one hectare of farm or pastureland from Prosopis cost approximately USD 2125/ha [6]. All approaches immediately reduced the Prosopis cover, but largely failed to eradicate Prosopis [80,116] in the longer-term. However, such partial control strategies can contribute to a partial restoration of indigenous vegetation [21].



Ref. [78] showed that slashing and burning of very young Prosopis plants was appropriate for controlling and preventing further spread in recently infested areas in semi-arid environments but failed to control spread in humid environments. In addition, the strategy was less effective in mature Prosopis stands or in sub-humid environments, where biomass burning was insufficient to prevent the re-sprouting of stumps or to destroy seeds in the soil seed bank. Thus, in the sub-humid Baringo County in Kenya, where Prosopis was introduced about 40 years ago, 90% of all affected farmers doubt the longer-term effectiveness of mechanical control strategies, advocating complete eradication of Prosopis as the only effective way to reuse their farm or pastureland [115].



A range of chemical control methods, mostly involving the application of Glyphosate, have been applied for managing Prosopis in Australia and South Africa, but these are not applicable in the prevailing low-input agricultural systems of eastern Africa, as they require high capital inputs and technical skills. The eradication of Prosopis by chemical means is not only expensive but, in many instances, also ineffective—particularly in older stands, as large diaspore and seed banks in the soil ensure a rapid re-infestation of the chemically-cleared areas [101]. In addition, eastern African countries lack both the environmental policies and the institutional capacity to implement such measures [79]. Other methods such as biological control using the leaf-tying moth Evippe sp. though effective in the Pilbara region of Western Australia [117], has recently been initiated in South Africa (2021), while Kenya is in the process of testing the biological agent for ultimate release upon approval.



The containment of Prosopis at specific sites of interest (fuel wood or timber plantations) or the isolation of infested sites targets avoiding or at least slowing the spread from a center of occurrence [24]. Containment can include the fencing of infested areas to restrict the movement of animals, thus preventing the endozoochorous dispersal of seeds [44]. Alternatively, keeping farm animals in staples, the establishment of livestock kraals; fenced pastures or paddock grazing restrict the movement of farm animals. However, simple fencing or limitations of free grazing movement cannot be stand-alone strategies to contain Prosopis. Water flows, wild mammals, and frugivorous birds may also spread seeds and pods beyond the confinement zone, requiring additional management strategies in areas adjacent to the confinement site.



In summary, complete eradication is possible only when Prosopis introductions are very recent and established stands are still fairly isolated, while mechanical, chemical, or biological control methods are expensive and require continued interventions. Containment is only effective when combined with other control strategies at the invaded sites.




3.4.2. Utilization


Several authors have recommended the use of Prosopis as a potentially valuable resource to support rural livelihoods, while contributing to reduce negative ecological and socioeconomic impacts of invasion. These strategies include a partial removal of Prosopis for fuel wood production, charcoal making, timber harvesting, and the use of pods as animal feed or human food [71,91,93]. Additionally, proposed management measures include the thinning of stands to acceptable densities followed by pruning of lower side branches, which enhances bole formation, and the development of tree trunks of good form and structure for industrial timber uses [79,97]. Under this management scenario, Prosopis does not form thickets, allowing free movement of animals and people below the canopy and growth of other plants. However, neither the economic feasibility nor large-scale applications of such use strategies have been assessed to date. In addition, it is largely unknown to what extent the use of such methods can be practically sustained to control further invasive spread. As noted by [118], an integrated management approach including inclusion of two to three management options to reduce the spread and impacts of Prosopis invasions would be most feasible. Such would include utilization of Prosopis products [71,91,92], biological control methods, and use of chemicals.



Strategies of using Prosopis for the provision of ecosystem services include soil stabilization and erosion control, increasing feedstuff for pollinating insects such as honeybees, and the greening of desertification-prone areas. Thus, it has been suggested to use Prosopis for stabilizing sand dunes [56] or for establishing shelter belts in arid regions to arrest land degradation [58] and contribute to the aims and benefits of the “The Great Green Wall” of Africa (https://www.greatgreenwall.org/about-great-green-wall/) (accessed on 15 September 2022). However, such strategies are likely to be spatially limited by the phreatophyte nature of Prosopis and the required presence of a shallow groundwater table. In addition, purposeful introductions of Prosopis for afforestation, as barriers to land degradation and for provision of other ecosystem services, are a double-edged sword as introduction sites can act as potential starting points of future invasion. However, management by utilization could create a dependency on the invasive species with some sections of the community benefiting economically [63,119] and thus encouraging the spread, while others preferring to control it [69].




3.4.3. Restoration by Cultivation


A most promising strategy involves the mechanical removal of Prosopis and a subsequent conversion of formerly invaded lands into intensive and permanently cultivated cropland. Supplementary irrigation permits an expansion of crop uses into the dry season, while regular mechanical tillage and the use of herbicides prevent an invasive spread of Prosopis [61]. In most reported cases, cultivation focuses on growing of maize during the wet season and various (irrigated) vegetables (mainly mung bean–Vigna radiata and watermelon–Cucumis melo) in the dry season. Crops benefit from the soil quality improvement under long-term Prosopis occupation (soil recovery in the absence of tillage and biomass removal and soil enrichment with nutrients by leaf litter fall). However, the large investments in infrastructure for irrigation, the availability of water for irrigation and the access to output markets is likely to restrict this approach to a limited number of sites. Thus, in the Perkerra irrigation scheme in Baringo, the Kenyan government has provided the initial infrastructure development, including the construction of system of canals for irrigation and the establishment of a market for the commercialization of high-value products (including maize hybrid seeds). Similarly, in the New Halfa Scheme in Northern Sudan, the government invested in the development of an irrigation scheme in 2008, permitting a conversion of invaded rainfed pastureland into irrigated cropland [80]. Consequently, the success of converting formerly infested land areas into cropland is closely linked (1) to initial state investments in infrastructure, (2) to economic benefits derived from the commercialization of high-value (perishable) crops on rehabilitated land, as well as (3) to supportive legal instruments to prevent Prosopis re-invasion [120].



Other related rehabilitation strategies concern a (partial) removal of Prosopis from former pastureland and the re-seeding of cleared areas with fast-growing pasture species for hay production and commercialization [88]. While this strategy can temporarily reduce the invasive spread of Prosopis longer-term benefits are likely to require regular control of Prosopis regrowth.





3.5. Summary and Knowledge Gaps in Management of Prosopis


Table 3 summarizes some major knowledge gaps concerning Prosopis in eastern Africa identified during synthesis of literature. While social-ecological drivers and ecological impacts of Prosopis spread have been extensively researched, risk modeling and prediction of areas with likely future spread will help define future intervention zones for early control strategies [43,121]. Most importantly, the effectiveness of applied management strategies and their likely adoption by concerned communities differ strongly between sites. Consequently, the application of management strategies and the definition of extrapolation of specific target domains are required for effectively managing Prosopis in already affected, and to prevent infestation and damage of likely future infection sites across the region and beyond.




3.6. Specific Requirements for Targeting Management Strategies


The effectiveness of and benefits derived from various management strategies vary widely between the reported papers and study sites. Differences appear to be related to spatial scales, to biophysical site attributes, to cultural/livelihood factors, and to socio-economic attributes of households and communities [111,112]. While knowledge of the ecology of Prosopis is required to support and inform management interventions [4,122], the control of Prosopis can probably not be reduced by single management measures but may require combinations of approaches aimed at different goals [57,63] (Table 4). Thus, wider consideration of effectiveness and an effective targeting of measures require the definition of social-ecological niche environments and possibly a wider stakeholder engagement [123].



The aim of any management program of invasive species is to reduce the range and density of invasions and therefore control negative economic, social, and environmental impacts of the invasive species [66]. Biophysical site attributes and prevailing land use and agronomic practices determine not only the type and intensity of invasion [45], but also the effectiveness of control measures [78]. Social differentiation determines (1) how communities understand or interpret the consequences of plant invasion and (2) associated preferences for management interventions [122]. Thus, preferences for management interventions differ by age, gender, location, values, and livelihood [124]. Prosopis management should therefore be site-specific, goal-specific, and culturally sensitive, and it must account for both technology-specific requirements and household-specific endowment with resources (land, labor, capital, and knowhow) and for land users’ adaptive capacity to implement control measures. In addition, social-political requirements and livelihood needs of households and communities may differ between land users such as semi-nomadic or sedentary pastoralists, agro-pastoralists, and crop farmers. Depending on the intensity of invasion and land users’ capacity to take action against Prosopis, the specific management strategies will thus differ in terms of temporal and spatial scales, and by social-ecological attributes (Table 4). The following sections address this niche-specificity for the main management strategies.



3.6.1. Specific Requirements for Containment of Prosopis Spread


As a phreatophyte, Prosopis requires “wet places” with shallow groundwater, water flows, and high soil moisture availability [45]. It will not spread into dryland areas with deep water tables, and containment strategies are thus required only within the wetland sites where they aim at avoiding or at least slowing the invasive spread from a center of occurrence [24]. Containment can include the fencing of infested areas and restricting movement of animals, usually in combination with control measures at the periphery of the containment sites. Fencing off infested sites or woodlots for timber and fuel production can contribute to minimizing endozoochorous seed spread, but it requires initial investments to which woodlot owners may not see the benefits. Similarly, containing animals in stables, paddocks, or fenced grazing lots requires initial investments and “new” knowledge of sedentary animal production, rarely practiced by East African agro-pastoralist who mostly use free-range grazing or semi-nomadic migration strategies. The additionally required control of young Prosopis plants in the periphery of containment lots requires early interventions during wet periods in humid environments [81], or the uprooting and burning of biomass in semi-arid environments during the dry season [78]. Consequently, requirements for effective containment of Prosopis are limited and highly site specific. Required initial investments are capital intensive, while both sedentary animal rearing and land management systems are knowledge intensive. Improved awareness and training of stakeholders may expand the currently limited social-ecological niche environments for a successful containment of Prosopis.




3.6.2. Specific Requirements for Eradication and Control of Prosopis


The eradication or long-term population reduction of old or well-established Prosopis stands is difficult to achieve [38,125], and it usually requires large investments in manual labor, machinery, or chemical products [126]. In such “old” stands and in very large invasion-affected areas, a combination of partial eradication in conjunction with restorative habitat management (i.e., establishing conservancies) may become a realistic recourse [63]. However, to be economically attractive, eradication should target recently invaded sites with very young Prosopis plants (no seed formation, cheap clearing), and strategies must be linked to other (economical) management goals such as producing charcoal or establishing crops or improved pastures. This is also relevant in view of complete eradication to negatively affect the environment by increased wind speed, evaporative water losses, and soil erosion [79]. In summary, eradication strategies are likely to work best in semi-arid regions, in rather confined or smaller wetlands, in areas with low livestock densities, and in well-organized communities able to apply cooperative action.




3.6.3. Specific Requirement for Utilization of Prosopis


With negative impacts on the quality of their resource base [48], associated losses in livelihoods [49], and poor successes in containment and eradication of Prosopis [81,125], households are compelled to derive a living from their Prosopis-infested land. As part of the effort to identify solutions for poverty alleviation, responsible uses of Prosopis may thus be a crucial strategic option [24]. Besides the production and sale of honey, the main direct use strategies refer to timber and firewood, to charcoal making and trade, and to the use of the sweet pods by transforming them into animal feed and human food.



Prosopis cultivation and management in woodlots for timber production is limited by high management demands for regular pruning in view of obtaining straight stems, and by poor wood quality in older individuals due to hallow trunks. However, with regular pruning, trees can reportedly yield more than six times larger usable wood volume compared to unmanaged stands, thus obtaining higher market prices for construction wood [29].



The production and use of charcoal is most prominent among reported use strategies, and most widely researched in terms of production practices, trade, and economic benefits. Charcoal production requires low initial investments, uses traditional production methods, and usually has a ready market in most areas of East Africa. Despite being prohibited in Afar, Ethiopia [127] and only selectively approved in Baringo, Kenya, land users increasingly pursue charcoal production, investing USD 38 US/year in Baringo, Kenya and USD 50/year in the Afar region of Ethiopia. Benefits from charcoal production and trade can be large, reaching up to USD 150/week in Somaliland [128]. Consequently, at most infested sites of the region, charcoal is considered a viable management option for both small-scale producers [129] and for commercially-oriented, larger-scale producer groups such as the Charcoal Producer Associations (CPAs) in Baringo, Kenya [61]. Accordingly, the benefits derived from the use of Prosopis (charcoal and food) were higher (USD 231 million) than the costs of controlling infestation (USD 116 million) in a case study from Ethiopia [130]. Thus, charcoal burners in Gewane (Ethiopia) consider Prosopis to be their “black gold” through charcoal production and trade, and they resist so far efforts of complete eradication [119].



On the other hand, selected Prosopis eradication with subsequent crop uses is reportedly even more profitable and less risky than charcoal-making [30], though [69] argues that it is inadvisable to base a management program on income generation for one single sector of the community. The ban on logging and restrictions on transportation and sale, especially in Kenya, may further discourage intense use of Prosopis products, timber, food and feed, as well as charcoal [61]. In addition, the (frequently rather modest) economic benefits derived from Prosopis uses may slow down efforts to control or even eradicate Prosopis. This is a concern of pastoralists and agro-pastoralists in the Afar community of Ethiopia, to whom the negative impacts by far outweigh financial advantages to a small share of the community using Prosopis products. In addition, the costs of reclaiming and restoring invaded lands for pasture and crop uses tend to be lower than the long-term financial and environmental costs of allowing Prosopis to spread unchecked and its utilization for charcoal or animal feed [127].



The processing of Prosopis pods for human food and livestock feeds was assessed and refined to suit local needs in Kenya and Ethiopia [61]. However, the lack of awareness of such potential uses and benefits prevents pastoralists from utilizing the shrub as a feed source for livestock, while flour making for human consumption is still at the experimental stage. At present, the production of flour for human use appears to be both risky and largely unprofitable [10]. Information sharing, education and awareness-creation, and validation of economically viable technologies are required [73]). Training community beneficiaries on utilization, and basic maintenance of production equipment could have the multiplier effect required to enhance such Prosopis uses in the wider region [131]. However, in the absence of harmonized government policies [61,127], it is unlikely that people or communities will invest in Prosopis uses.



All utilization strategies of Prosopis products require older and well-established stands, while eradication and control strategies for pasture and crop uses are most effective in young stands or in recently invaded areas. Old Prosopis stands act as starting points for spread and invasion of adjacent land areas, and it is hence undesired in pastoral, agro-pastoral or crop farming communities. Such conflicting demands can hardly be reconciled and bear a high potential for conflicts between concerned interest groups.



Requirements for implementing longer-term Prosopis utilization strategies are thus restricted to areas and communities with no interests in pasture and crop uses, and none of the nine invaded study sites reported on in this review are fulfilling this precondition.




3.6.4. Specific Requirements for Land Restoration for Crop and Pasture Uses


Generating income from agriculture in formerly invaded land involves a complete removal of Prosopis and the reclaiming of the cleared land for permanent year-round cultivation of either (partially irrigated) food, horticultural or industrial crops or of re-seeding and the commercial production of pasture grasses. Such land use intensification requires high initial investment in the clearing of stands, in infrastructure, access to markets and an advanced level of agronomic knowledge, which is likely to be an impediment in remote rural sites and in pastoral communities of eastern Africa [125].



In parts of Baringo, Kenya, Prosopis infested areas are recommended to be cleared for intensive commercial horticultural production [105]. Intensive mechanical tillage operations and regular and weed control within the crops largely eliminate Prosopis from agricultural land, provided that fallow periods are avoided. Such dry season fallows in rainfed cropland permit the re-sprouting and re-establishment of Prosopis [61]. In Ethiopia, the conversion of Prosopis-infested land to irrigated cotton has been shown to be highly profitable, with a net present value (NPV) of USD 5234 /ha over 10 years [30]. The authors concluded that utilization and restorative land conversion with intensive cropping constitutes a viable Prosopis management strategy, if water is available for irrigating dry season crops, and provided that (former pastoral) land users are knowledgeable in soil and crop management. The latter requirement often fails to be met in strictly pastoralist communities.



Pasture reseeding of formerly invaded and selectively cleared grazing areas with African foxtail grass (Cenchrus ciliaris) has been implemented in Kenya, both on an individual basis and through the organization of communities and cooperatives. These interventions have provided fodder banks, feedlots, and grass seed for sale, generating incomes for households and communities [132]. However, high labor requirements for clearing and uprooting Prosopis stumps, the availability and cost of grass seeds, and a rapid regeneration of Prosopis from the soil seed bank were identified as key challenges in these restored pasture systems [87,120].




3.6.5. Cross Cutting Prosopis Management Requirements


The level of impact and the knowledge of Prosopis invasion pathways and the adaptive capacity of individuals and communities to respond in a timely manner to invasions and policy frameworks are key determinants for successfully implementing management decisions



	
Prosopis is mainly spread by livestock, leading to dispersal of seeds up to more than 100 km in a week in pastoral areas [133]. Because Prosopis seeds can persist for long periods in the seed bank [97] and coppices vigorously regrow after tree harvest [134], pruning and charcoal making may not suffice to control Prosopis unless other follow-up interventions are implemented.



	
Containment may be improved through surveying and mapping early invasions by targeting likely extrapolation domains of intervention sites, by restricting animal movement in invaded areas and by awareness creation [76].



	
Social involvement in the management of Prosopis is required. Pastoralists prefer complete eradication, sedentary small-scale agro-pastoralists favor use strategies, while larger-scale farmers aim for eradication followed by intensive (irrigated) crop cultivation [32,77]. Because of the high demand for labor (or for capital when using heavy machinery), community commitment and participation are needed for successful Prosopis management. Thus, involvement of community leadership was found to be most efficient in implementing charcoal producer associations [61,73,135].



	
Harmonized national strategies on Prosopis management and policies can guide and reconcile the aims of land users and other stakeholders. However, none of the countries concerned in this analysis have effective regulations, institutional arrangements, or policies in place to manage Prosopis invasions. The implementation of strategies has been hindered by fragmentation and conflicting of stakeholder interests. Thus, Ethiopia’s National Strategy on Prosopis management [116] aims to prevent the expansion of Prosopis to so far non-invaded areas; the government of Somalia advocates mechanical eradication of Prosopis in its National Development Plan 2012–2016 [136,137] and Kenya’s National Strategy and Action Plan for control of Prosopis focuses on utilization strategies [61,138].



	
Managing of conflicts arising from the invasion of Prosopis is desirable for effective planning and management. Initial introductions of Prosopis in the region was aimed for afforestation and rehabilitation of degraded land and therefore eradication of the Prosopis is always viewed by conservationists as destruction of the environment [139]. Further, Ref. [140] showed that conflicts of interest attributed to social cultural setting such as values and beliefs and level of community awareness could affect management of alien plant species. Such was the case in Ethiopia where [119] reported that agro-pastoral communities wanted to clear Prosopis infested areas to increase crop land while charcoal burners wanted to burn charcoal for sale. This created differences among the communities due to perceived benefits of Prosopis invasion [118] which then creates a unique niche requirement for effective management of Prosopis.



	
Sharing of information and the integration of social, ecological, biophysical and economic data will aid site- and system-specific management and assist in taking appropriate management decisions. The new Kenyan Strategy and Action Plan for control of Prosopis may provide a window of opportunities for such cross-border activities and harmonized policies between Tanzania, Ethiopia, South Sudan, and Somalia. Further, development of region-specific guidelines and consensus on management initiatives would equally contribute to Prosopis management. Such guidelines can be entrenched in national programs to restore and protect ecosystems advocated by African Union.









4. Conclusions


The target of the UN Sustainable Development Goal 15 is to reduce the impact of invasive alien species on land and water ecosystems and to control or eradicate priority species (SDG 15: 8). Our literature analyses showed that short- to long-term strategies for the management of Prosopis must be targeted to specific biophysical environments and systems of management and socio-economic and cultural attributes based on the invasion range and magnitude, the perceived, actual impacts of invasion, and the adaptive capacity of individuals and communities to successfully implement such strategies. The following conclusions are derived from the present study:




	
The extent, intensity and impact of the invasive spread of Prosopis differ by country and climatic zone, affected site, and prevailing land management (pastures vs. croplands), with the shallow groundwater table as an ecological prerequisite for vigorous Prosopis growth.



	
Effective management and control of Prosopis requires a combination of methods that may include mechanical clearing and uprooting and/or burning the rootstock, chemical clearing of vegetation, processing, and utilization of biomass (charcoal or timber), and active land use and management, i.e., for crop production.



	
The effectiveness and applicability of specific control strategies depend on the biophysical environment, on household-specific resource endowment and farmers’ adaptive capacity, and on the level of political/institutional support.



	
The first priority should be to avoid the introduction of invasive species by carrying out the required measures of prevention. Where invaders are spreading, they must be eradicated at early stages through a process of early detection and rapid response. When Prosopis is well established, integrated methods or combinations of management and utilization strategies may be applied.



	
Active land use systems (such as crop cultivation through irrigation and pasture development) are among the most effective methods of managing Prosopis invasions. However, traditional pastoral communities rarely practice intensive agricultural land use systems and often lack the required technical knowledge. While such shifts in land use from pastoralism to sedentary crop farming constitute the economically most promising way forward, the strategy may be limited by high initial investment costs, poor access to produce markets, and high demands on technical knowledge is an addition to constituting a drastic change in cultural lifestyle for pastoral communities.



	
Competing economic interests among user groups, community members, and government agencies limit the combined applicability of management and use strategies. There is a need for a participatory development of a National Strategy and Action Plan that considers, reconciles, and regulates competing interests. Interventions must safeguard livelihood benefits while mitigating negative impacts on the environment and other sectors of the economy.



	
Awareness creation, capacity building through training, and the establishment of appropriate community frameworks and governance structures to manage invasions can help reduce negative effects brought about by the uncontrolled spread of invasive species.



	
More research is required to assess and predict future invasion, to plan and execute prevention and early detection and rapid response measures. Such approaches could include in situ quantification and monitoring trials to detect spread [141] and controlled experimental trials for biological control of Prosopis [142]. In addition, there is a need for proper understanding of social-ecological niches and extrapolation domains for targeting intervention measures is needed.
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Figure 1. Overview maps showing the eastern Africa countries concerned in the reviewed studies on management strategies of Prosopis. The regions marked in red perimeter namely Kasalla in Sudan (A); Hargeisa in Somalia (B); Afar in Ethiopia (C); Arusha, Kilimanjaro, and Manyara in Tanzania (D); and Baringo, Turkana, and Bura in Kenya (E) are the major areas of Prosopis infestation. 
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Figure 2. Flow chart detailing the process of screening and identifying references for their eligibility to be included in the systematic review of management of Prosopis in eastern Africa. The solid line represents different phases of the systematic review while broken lines represent steps leading to additional or exclusion of papers. (adapted from [74]). 






Figure 2. Flow chart detailing the process of screening and identifying references for their eligibility to be included in the systematic review of management of Prosopis in eastern Africa. The solid line represents different phases of the systematic review while broken lines represent steps leading to additional or exclusion of papers. (adapted from [74]).



[image: Diversity 16 00251 g002]







[image: Diversity 16 00251 g003] 





Figure 3. (a) Countries in eastern Africa where studies on management of Prosopis has been reported (here, share of published papers per country), while (b) shows the share of the type of management strategies for Prosopis applied in the reported studies (n = 59 citations). 
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Figure 4. Hypothesized pathways, including drivers and pressures of invasive spread, as well as impacts and response strategies to an invasion by Prosopis, following the DPSIR framework [110]. 
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Table 2. Categories of Prosopis impacts based on evidence from the analyzed studies. (√ indicates positive impact) (modified after [111]).
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Impact

	
Impact Category

	
Impact Description

	
Impact Severity Class




	
Massive

	
Major

	
Moderate

	
Minimal






	
Ecological

	
Competition

	
Competition for water and nutrients-reduced soil moisture and depletion of aquiver water

	
√

	
-

	
-

	
-




	
Biodiversity loss

	
Competition resulting in extinction of native grass, forage species, indigenous vegetables

	
√

	
-

	
-

	
-




	
Toxicity

	
Toxicity by ingestion in animals causing nervous disease (Denervation atrophy disease)

	
-

	
√

	
-

	
-




	
Produce bio-chemicals that reduce the growth and survival of native plants

	
-

	
√

	
-

	
-




	
Ecosystem

	
Grazing/herbivory/browsing

	
Changes in species composition leading to extinction from communities

	
√

	
-

	
-

	
-




	
Chemical, physical, or structural impact on soil

	
Changes in nutrient pools and nutrient cycling (increase in soil carbon, phosphorus)

	
-

	
√

	
-

	
-




	
Interaction with other species

	
Canopy negatively affects understory species richness and regeneration

	
√

	
-

	
-

	
-




	
Total ecosystem impact

	
Alteration of ecosystem functions-loss of forage and grass leading to migration of critical wildlife species, nomadism

	
-

	
√

	
-

	
-




	
Livelihood

	
Economic impacts

	
Valuable uses including charcoal, fuel wood, construction wood, human and animal feeds

	
-

	
√

	
-

	
-




	
Transmission of diseases-vector ecology

	
Promotes malaria parasite transmission by Anopheles mosquito

	
-

	
√

	
-

	
-




	
Social-cultural

	
Invasion on fields, drainage channels, foot paths and blockage of roads, affecting of social activities

	
√

	
-

	
-

	
-











 





Table 3. Knowledge gaps regarding pathways and impacts of invasion, management strategies, and research output requirements for Prosopis control in eastern Africa.
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	Research Area
	Gaps





	Invasion pathways
	
	
Unequal research and knowledge across diverse ecosystems



	
Mechanisms underlying Prosopis spread at different sites



	
Site specific drivers of invasive spread








	Impacts
	
	
Data on agricultural losses and environmental costs of invasion



	
Risk analysis of future evolution of invasive spread



	
Consequences and economic impacts of Prosopis invasions








	Control and management
	
	
On-farm resource availability and prioritization for effective resource allocation



	
Site-specific cost effectiveness of control strategies



	
Policies and guidelines for management of invasions



	
Assessment tools for the prevention of future Prosopis invasion



	
Social-ecological niches and extrapolation domains of control strategies








	Research outputs
	
	
Information sharing, education and awareness among communities and regions lacking



	
Integrating social, ecological and economic for management decisions















 





Table 4. Prosopis management strategies, goals and aims, and social-ecological niche requirements for their adoption.
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Prosopis Control and Management Strategy

	
Management Requirements




	
Strategy

	
Goal

	
Management

	
Specific Aim

	
Biophysical Needs

	
Resource Requirements

	
Organizational Needs






	
Containment

	
Avoiding invasion into new sites

	
Fencing of timber and fuel wood lots

	
Restrict spread of seeds and pods

	
Low invasion range; Dry environments

	
Capital and labor for fence establishment

	
Manage conflicting interests; lot owners vs. pastoralists




	
Limit endozoochorous seed spread

	
Avoid free-ranging animal movements

	
Year-round availability of feed resources

	
Improved pasture management and animal stabulation

	
Knowledge on sedentary pasture management




	
Uprooting of young seedlings in periphery

	
Establish “clean” buffer zone

	
Early wet season; Light-textured soils

	
Labor for clearing in buffer zones

	
Awareness of conflicting interests; community action




	
Eradication

	
Clear cutting or chemical elimination

	
Uprooting young seedlings

	
“Clean” rangelands

	
Light textured soils; Early wet season

	
High initial labor

	
Coordinated individual or community action




	
Pruning and burning of middle-old stands

	
Avoid seed setting

	
Dry season

	
Labor and knowledge on effective burning

	
Regular monitoring of re-invasion




	
Chemical control

	
Kill seeds and biomass

	
Avoid water source areas 