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Globally, rangelands are undergoing rapid social-ecological changes, yet the scale of these changes is rarely measured. Fencing, sedentarization, and land conversion limit access by wildlife and livestock to vital resources such as water and seasonal forage, leading to rangeland degradation. In addition, these changes limit connectivity between wildlife sub-populations, triggering a spiral of decreasing biodiversity and weakening ecosystem function. Moreover, the combination of land privatization, sedentarization and fencing endangers pastoral livelihoods by reducing resilience to drought and diminishing livestock holdings per person. We provide a unique, urgent, and vital snapshot across >30,000 km2 of southern Kenya’s rangeland, covering four ecosystems renowned for their rich megafauna and pastoral people. We document and explore the drivers of extensive fencing (~40,000 km), the proliferation of livestock enclosures (>27,000), and the conversion of rangelands for cultivation (~1,500 km2). Our analyses were based on an open-access database recently synthesized for the region. Fencing is generally more prolific in areas that have been converted from community tenure to private title, especially where land values are raised by agricultural potential and proximity to Kenya’s capital, Nairobi. These factors drive the transfer of land ownership from traditional pastoralists to speculators, eventually resulting in the transformation of rangeland into agricultural, industrial and urban land uses. Space for wildlife (and traditional pastoralism) is limited on private, subdivided land, where livestock enclosures are at their highest density, and where there is less unfenced land and less untransformed land, compared to conservation areas and pastoral commons. Conflicting planning incentives, policies, and economic forces are driving unsustainable and potentially irreversible social-ecological transitions over unprecedented spatial scales. The lesson from southern Kenya is that a range of financial, policy and governance-related interventions are required to allow people and nature to coexist sustainably in African savannas.
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Introduction

Rangelands cover >30% of the world’s terrestrial surface, supporting billions of people and nearly half of all livestock and sustaining biodiversity and vital ecosystem services (Briske, 2017). Yet many rangelands are undergoing radical social and ecological transitions, jeopardizing global plans to “prevent, halt, and reverse the degradation of ecosystems worldwide” during the UN Decade of Ecosystem Restoration1 (Reid et al., 2014). Biodiversity is decreasing mainly through land conversion and fragmentation (Hobbs et al., 2008; Reid et al., 2014). East Africa is one region that still hosts pastoralist social-ecological systems in which the rangeland is shared with a high abundance and diversity of large mammals (Western et al., 2020). However, these systems face profound degradation due to widespread agricultural expansion, sedentarization of pastoral people, and accelerating fencing, which is fragmenting ecosystems and threatening their sustainability (Reid et al., 2014; Jakes et al., 2018; Western et al., 2020; McInturff et al., 2020). The scale of changes in sedentarization and fencing are poorly understood, primarily because of a lack of large-scale spatial data (Hobbs et al., 2008).

Recently, we synthesized one of the largest known datasets for rangelands on the extent of fencing, agricultural land use, and the location of, and fencing around, livestock enclosures (landDX; Tyrrell et al., 2022). The study area covers 30,000 km2 and includes four large, adjacent ecosystems in southern Kenya with comparable social-ecological dynamics: Maasai Mara, Loita Hills, the South Rift Valley and Amboseli (Figure 1). We identified nearly 40,000 km of linear fencing—in a straight line these fences would encircle the earth—and 1,500 km2 of former rangeland converted to agricultural land, as well as 27,000 livestock enclosures. There is evidence of severe landscape fragmentation since the 1960s, when fences were virtually absent, with much of the change occurring very recently (Løvschal et al., 2017). Our aim in this research report is to describe some preliminary analyses based on landDX with the hope of attracting other researchers to use this open-access database. There is a dire need for such studies to address the multicausal and highly complex social and environmental challenges to the sustainability of rangeland ecosystems.




Figure 1 | (A) ~40,000 km of fencing (black) and ~1,500 km2 of agriculture (red) across four southern Kenya ecosystems (left to right: Maasai Mara; Loita, South Rift Valley, Amboseli). Kenya county boundaries are shown for reference (dashed lines); (B) inset showing the study area (red) within East Africa; (C–E) zoomed in panels of three areas under different states of fencing and agricultural development, with Google Maps imagery for reference.





Methods

We quantified the extent of fencing, sedenterization, and land conversion across four iconic ecosystems with comparable but unique social-ecological dynamics: Amboseli; South Rift Valley; Loita; Maasai Mara. Data on land tenure in Southern Kenya were collected and split into four categories as defined by the Constitution (Government of Kenya, 2010) and Wildlife Conservation and Management Act, 2013 (Government of Kenya, 2013): (i) Protected area (State Forest Reserves, National Parks, and National Reserves), land where human settlement is limited and the land is under public ownership; (ii) Conservation Areas, private and community land which has been set aside for wildlife conservation; (iii) community land, land under de facto or de jure community ownership; and (iv) private land, land which has been subdivided with land title deeds issued to individuals. These data were collated from multiple sources including BigLife Foundation, Maasai Mara Conservancies Association, South Rift Association of Land Owners, Kenya Wildlife Conservancies Association, and the African Conservation Centre. Due to the many conflicting land claims, and potentially inaccurate boundaries, these data represent the best estimate of land tenure at a broad scale and are by no means definitive.

Ecosystem boundaries were digitized from original drawings of the Kenya Rangeland Ecological Monitoring Unit (KREMU), who split Kenya into 44 ecosystems (ecological units), based on topography, vegetation, and wildlife migration patterns and their seasonality (Stelfox and Peden, 1981). We adjusted the boundaries of the ecosystem to split the Nairobi and Amboseli ecosystems based on evidence from the literature and wildebeest collar data which track large ungulate migration patterns (Stabach, 2015; Said et al., 2016; Ojwang’ et al., 2017; Stabach et al., 2020). This resulted in four ecosystems covering the Southern Kenyan rangelands: Amboseli, South Rift, Loita, and Mara.

Generally, spatial data on fences and agricultural expansion are localized and dispersed among data owners and databases. Previously, Tyrrell et al. (2022) synthesized data from several research groups and conservation NGOs into a spatial-temporal database. The data include 27,000 livestock enclosures, nearly 40,000 km of fencing, and 1,500 km2 of agricultural land. As reported by Tyrrell et al. (2022), when data overlapped between research groups, the features with the more recent collection date were selected, and all data layers were clipped to the extent of data collection files provided with each data source.

In this paper, we used the data from the landDX open-access database (Tyrrell et al., 2022) to generate several metrics to determine the distribution and total impact of fencing and agricultural land use within each ecosystem. First, we calculated the extent of agriculture within each ecosystem. Second, we calculated the length of fencing in each ecosystem (Amboseli, South Rift, Loita, Mara). We then calculated the density of fences within non-agricultural land. We did this because the data we collected did not demarcate fences within agricultural land use. To demonstrate the spatial distribution of fencing within ecosystems, we created a 0.05° grid and calculated fence density, as kilometer of fencing per square kilometer, for each cell.

We performed a Spearman correlation test between fence density within the 0.05° grid to log10 transformed land price. Land prices (in USD) were calculated in Tyrrell et al. (2021) using scraped internet advertisements of land sales from January 2018, which were modelled using a Generalized Additive Model with socio-economic and ecological covariates (Tyrrell et al., 2021). We assigned the dominant land tenure category to each 0.05° grid cell and conducted non-parametric Kruskal-Wallis tests on fence data between the four land tenure groups, sequentially ordered by median fence density.

For each land tenure, we calculated the cumulative distribution function (CDF) of the distance from a fixed point in space to the nearest livestock enclosure, calculated using the empty space function F of a stationary point process (Baddeley et al., 2015). Protected areas are excluded because they have few or no settlements within their boundaries. We then fitted a Poisson point process model that assumes that the point process’ intensity (livestock enclosure) is a function of land tenure and compared it to the null model and a model with mean annual rainfall in addition to land tenure and evaluated the best fitting models using log-likelihood. These analyses were all conducted in R version 3.5.1 (R Core Team, 2018), with the packages sf (Pebesma, 2018), tidyverse (Wickham, 2019), raster (Hijmans, 2022), furrr (Vaughan and Dancho, 2020) , and exactextractr (Baston, 2022).



Results


Fencing and land-use change

First, Amboseli, a 10,000 km2 area, provides habitat for several thousand elephants, hundreds of lions, and thousands of wildebeest and zebra. Private land in this area is now heavily fenced (21,150 km) with a median fence line density of 1.78 km.km-2 (Figures 1, 2). In addition to high densities of livestock enclosures, agriculture covers 428.09 km2or 3.4% of the area (Figure 1). This proliferation of fencing, sedenterization, and land transformation has fragmented the ecosystem, with severe implications for pastoral livelihoods (Kimiti et al., 2018) and the connectivity of wildlife populations (Groom and Western, 2013; Osipova et al., 2018). Yet, considerable areas of very low-density fencing remain around the Amboseli National Park (Figures 1, 2), especially in areas where communities have set aside parts of their land for conservation. Many of these communities are paid annual lease fees by conservation NGOs, supporting wildlife’s persistence around the National Park, although subdivision and fencing are also underway here.




Figure 2 |  (A) The four ecosystems in southern Kenya: Amboseli, South Rift Valley, Loita Hills, and Maasai Mara. Government-protected areas (in green) are shown together with established community and private conservation areas (in yellow); the remaining land is subdivided and individually titled “Private” land without conservation efforts (in pink) and collectively owned or managed “Community” land (in orange); (B) fence density calculated as km.km-2 calculated on a 0.05-degree grid (~5 km resolution). Nairobi, Kenya’s capital city, is displayed for reference; (C) boxplot of fence density within each ecosystem, with median (vertical line), first and third quartiles (box) and 1.5 times the interquartile range (whiskers); (D) example of brush fences around settlements; (E) wire and post fencing to demarcate property in the Loita plains (north-east of the Mara ecosystem).



Second, the South Rift Valley, an 8,000 km2 area, is primarily under communal ownership with a diverse and abundant wildlife community. Here, private land in parts of the ecosystem has high densities of livestock enclosures and fences (1.3 km.km-2 median, 11,152 km in total: Figure 1) but areas in the south and west remain with very low-density settlement and fencing, including community conservation areas (Figures 1, 2). In these areas, wildlife and livestock still maintain considerable mobility, which is vital for their long-term survival (Tyrrell et al., 2017). The arid climate of the southern and western parts of the South Rift Valley makes them unsuitable for rainfed agriculture and the local community maintains traditional governance structures that manage the landscape for extensive pastoralism (Brehony, 2020). These factors have prevented land subdivision and conversion to cropland (presently only 0.9% of total area) or urban development (Western et al., 2020).

Third, the Loita ecosystem (~3,000 km2) has undergone considerable fencing (3,029 km total, 0.901 km km-2), sedentarization, and conversion to agriculture (80.06 km2, 2.3% of total area; Figures 1, 2), which now limits the mobility of large mammals between the Maasai Mara and South Rift Valley. The Loita Forest is a vital part of this ecosystem, where considerable areas remain with very low-density fencing and settlement (adjacent to the South Rift Valley). It is an important water source for both the Mara-Serengeti and South Rift Valley ecosystems, a central connection for large mammal movement across the greater Kenya-Tanzania borderlands region, a critical area for carbon sequestration, and a biodiversity hotspot (Broekhuis et al., 2018).

Finally, the Maasai Mara ecosystem (~7,000 km2), world-renowned for its large wildlife populations, still has a comparatively low intensity of fencing (3,039 km total, 0.477 km.km-2 median) and livestock enclosures due to the Maasai Mara National Reserve and the surrounding conservation areas, supported by eco-tourism lease fees. However, as reported by Løvschal et al. (2017), there has recently been a rapid expansion of fencing around the Maasai Mara National Reserve and within surrounding ‘conservation areas’ (Figures 1, 2), with associated wildlife declines including the near complete collapse of the Loita Plains migration of >300,000 wildebeest (Løvschal et al., 2018). Large-scale conversion to agriculture has occurred in key wet season grazing areas for wildlife, extending south from private lands in the north (8.3% of the ecosystem; 579.74 km2; Figures 1, 2).



Economic, social, and policy drivers

Fencing has escalated most rapidly in areas with increasing land prices (Figure 3), driven by proximity to Kenya’s capital, Nairobi, and agricultural potential (Tyrrell et al., 2021). These factors encourage the transfer of land from traditional communities to urban speculators and its eventual transformation into agricultural, industrial, or urban land-uses (Figure 3) (Rutten, 1992; Tyrrell et al., 2021). The Nairobi National Park and Athi-Kapiti ecosystem, adjacent to Nairobi, are now almost completely fragmented with a collapse of the previously rich migratory system of wildlife and pastoralism (Said et al., 2016; Nkedianye et al., 2020). Economically, subdivision into private parcels may empower landowners, at least in the short-term, allowing them entry into the cash economy through land sales, loans on title deeds, and subsistence agriculture. However, land sales are often driven by wealthy and powerful investors external to the local community (Rutten, 1992). Without access to grazing land, pastoralists will eventually be forced to abandon their traditional lifestyle and culture, risking a poverty trap (Rutten, 1992). Poor planning and weak local leadership during the subdivision process itself, often led by local elites or government officials, can exacerbate inequalities within communities and worsen the ecological impacts of fencing and land conversion (Galaty, 1999; Mwangi, 2007).




Figure 3 |  (A) The density of fences is positively correlated with the price of land in Amboseli, Mara and South Rift. The effect is strongest in Amboseli and the South Rift, where prices and land conversion are high and driven by the proximity to Nairobi, Kenya’s capital, and main roads. (B) Boxplots of fence density in each land-tenure type across the region. Private areas have the highest fence density, followed by community areas, conservation areas, and protected areas. The comparison text indicates p-values from a Kruskal-Wallis test between groups. (C) Bubble plot comparing the total area of each land-tenure type.





Livestock enclosures

The density of livestock enclosures was lowest in protected areas followed by conservation areas, community land, and private subdivided land (Figure 4). Rainfall and land tenure both explained the distribution of livestock enclosure density (PPM, df= 4, p-value < 0.0001). Private land in Amboseli, the South Rift, and the Mara ecosystem showed some of the highest average densities (Figure 4) whereas the largest spaces between livestock enclosures were predictably in conservation areas (Figure 4). On the other end of the spectrum, private subdivided land had the least open space between livestock enclosures, which is related to the sedentarization of pastoral households during privatization and has worrying implications for rangeland sustainability (Groom and Western, 2013).




Figure 4 | In southern Kenya, space for wildlife and livestock is limited in private, subdivided land. Here, livestock enclosures are at higher densities and less space exists between them than in community land or conservation areas. (A) Livestock enclosure kernel density calculated using 29,467 georeferenced locations (black dots); (B) boxplots showing different livestock enclosure kernel density values for the four ecosystems and four land tenure types; (C) the cumulative distribution function (CDF) of the distance from a fixed point in space to the nearest (and successively next) livestock enclosure, calculated using the empty space function F of a stationary point process for each land tenure type. Protected areas are excluded because they have few or no settlements within their boundaries. The blue ribbon represents the 96% point-wise intervals of the theoretical distribution of livestock enclosures under a stationary Poisson process of the same estimated intensity. Conservation areas have the shallowest slope, indicating the greatest distances between livestock enclosures, whereas the curve for private subdivided land increases steeply to an asymptote, indicating that little open space is available.






Discussion

Across southern Kenya, pre-and post-colonial government policies have continually encouraged the privatization and subdivision of unfenced communally-owned land and the sedentarization of pastoralists (Mwangi and Ostrom, 2009). When coupled with a combination of structural forces, including Kenya’s fast-growing economy and population, land commodification has led to wide-scale fencing of privatized land to secure ownership (Rutten, 1992; Mwangi and Ostrom, 2009; Weldemichel and Lein, 2019) (Figure 3). The resulting shrinkage of space for pastoralism, in addition to the expansion of government-protected areas and conservancies, has perversely incentivized fencing on private land to protect individual property rights and resources (including forage for livestock) and to reduce human-wildlife conflict (Said et al., 2016; Løvschal et al., 2018; Weldemichel and Lein, 2019).


Ecological impacts at the landscape scale

Fencing and land conversion alter the mobility of wildlife and livestock, including their access to vital resources such as water and seasonal forage, which are patchily distributed in rangeland ecosystems (Western and Gichohi, 1993; Homewood et al., 2001; Hobbs et al., 2008; Said et al., 2016; Jakes et al., 2018; McInturff et al., 2020). In addition, these changes limit connectivity between wildlife sub-populations thereby preventing wildlife from moving between seasonal ranges, restricting genetic exchange, exacerbating human-wildlife conflict, squeezing wildlife and livestock into smaller areas, altering ecosystem function, and hampering adaptation to climate change (Western and Maitumo, 2004; Newmark, 2008; Western et al., 2015a; Jakes et al., 2018; Osipova et al., 2018; Veldhuis et al., 2019; McInturff et al., 2020). Sedentarization results in a homogeneous year-round spread of livestock enclosures, reducing livestock mobility and increasing local livestock density and grazing pressure, which creates deeper annual and seasonal deficits in grass biomass than would occur from rainfall-induced droughts alone (Groom and Western, 2013; Western et al., 2015b; Western et al., 2021). Locally high stocking rates with low mobility alter the species composition, height, productivity, and nutritional content of forage resources, with ramifications for wildlife and livestock composition and productivity (Augustine et al., 2003; Boone et al., 2005; Western et al., 2009; Groom and Western, 2013; Young et al., 2013). Moreover, the combination of land privatization, sedentarization, and fencing endangers pastoral livelihoods by reducing resilience to drought and diminishing livestock holdings per person (Boone et al., 2005; Bedelian and Ogutu, 2017; Kimiti et al., 2018). These negative trajectories are likely to steepen with continued global climate change (Funk, 2020)



Solutions to prevent negative social-ecological trajectories

To maintain social-ecological systems with land-sharing between wildlife and local communities, land use planning for the remaining areas, particularly those currently undergoing subdivision, is vital and pressing. This must allow for people to equitably benefit from their land while maintaining the space and mobility required for livestock and wildlife (Western et al., 2020). In Amboseli, a comprehensive ecosystem management plan and a locally developed subdivision plan are indeed guiding the process of subdivision to ensure equitable allocations of land, and the maintenance of important wildlife corridors.2 In the community-owned and fertile Loita ecosystem, where conversion to private title is underway, bottom-up processes are also being incorporated into regional land-use planning. In the longer term, however, the response to these changes must be driven by regional (county) governments in collaboration with local communities, with significant support from the national government, local and international civil society stakeholders, and where relevant, tourism stakeholders (like the lucrative Mara). This support includes policy reforms to curtail land speculation and mitigate the impact of fencing and land subdivision, coupled with economic incentives for local landowners to maintain open rangelands, ensuring the social-ecological sustainability of these ecosystems (Norton-Griffiths and Said, 2009; Lindsey et al., 2020). Without such incentives, the current situation will continue with ad hoc propagation of fences encircling subdivisions of commodified land into small parcels.

The highest costs of wildlife conservation are ultimately borne by local communities (Norton-Griffiths and Said, 2009; Weldemichel and Lein, 2019). Solutions to offset these costs could include recognition by national and regional governments of the culturally important practice of pastoralism and local livelihoods, and the cultural and economic value of protecting it to avoid a poverty trap for a significant segment of the human population. Increased efforts are needed to develop payments for ecosystem services, to restructure and expand a potentially lucrative post-COVID eco-tourism industry, and to ensure an equitable distribution of benefits to local communities (Lindsey et al., 2020; Western et al., 2020). In some areas, there is evidence that removal of fencing and prevention of sedentarization can be incentivized (Western et al., 2020), but reducing the direct and indirect costs of co-existing with wildlife is also critical (Norton-Griffiths and Said, 2009).

Immediate investment could be required to support leases and purchases by conservation organizations of ecologically critical areas under imminent threat of fragmentation and conversion. There would also have to be co-created, long-term solutions for the people living in and off such areas. However, the level of investment needed is ominously high (Norton-Griffiths and Said, 2009). For example, in the private land around the Maasai Mara Reserve, over US$6,000,000 is already invested in conservation areas through land leases to offset the opportunity costs of conservation, although in some areas this still might not be enough to ensure equitable and sustainable livelihood options for the local community (Bedelian and Ogutu, 2017). Any support garnered would need to be underpinned by strong and accountable local leadership and governance, along with devolved benefits and decision-making rights to local people, in order to ensure its ultimate sustainability (Western et al., 2020). Kenya does have proactive policies for devolving the benefits and management rights of natural resources, including wildlife (Western et al., 2015b), but more is needed to ensure sustainability, fairness, and effectiveness at the landscape scale (Weldemichel and Lein, 2019). For the remaining areas not yet subdivided, there is a need to maintain and empower community tenure and governance systems, including adopting the recent Community Land Act, allowing for an alternative to uncontrolled and unequitable subdivision.




Conclusion

The open-access landDX database (Tyrrell et al., 2022) and our preliminary analysis of it across >30,000 km2 of southern Kenya provide a unique, urgent, and vital snapshot of the social-ecological changes occurring across global rangelands. Similar changes are occurring at different rates across eastern and southern Africa, North America, Australia, South America, and central Asia, yet few of these changes have been documented at the spatial scale we have covered (Reid et al., 2014; McInturff et al., 2020). As we enter the UN Decade on Ecosystem Restoration, global efforts must be strengthened to conserve and sustainably use rangelands. This requires swift and thoughtful action by governments, and appropriate support to local communities, to avoid irreversible losses of habitat, wildlife, ecosystem services, and the cultural heritages of pastoralist societies.
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