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Abstract: Rangelands throughout sub-Saharan Africa are currently undergoing two major pressures:
climate change (through altered rainfall and seasonality patterns) and habitat fragmentation (brought by
land use change driven by land demand for agriculture and conservation). Here we explore these
dimensions, investigating the impact of land use change decisions, by pastoralists in southern Kenya
rangelands, on human well-being and animal densities using an agent-based model. The constructed
agent-based model uses input biomass data simulated by the Lund-Potsdam-Jena General Ecosystem
Simulator (LPJ-GUESS) dynamic vegetation model and parameterized with data from literature.
Scenarios of land use change under different rainfall years, land tenure types and levels of wildlife
conservation support were simulated. Reflecting reality, our results show livestock grazing as the
predominant land use that changes with precipitation and land tenure leading to varying livelihood
strategies. For example, agriculture is the most common livelihood in wet years and conservation
levels increase with increasing support of wildlife conservation initiatives. Our model demonstrates
the complex and multiple interactions between pastoralists, land management and the environment.
We highlight the importance of understanding the conditions driving the sustainability of semi-arid
rangelands and the communities they support, and the role of external actors, such as wildlife
conservation investors, in East Africa.

Keywords: agent-based-model; climate change; conservation; grazing; pastoralists; precipitation;
savannahs; social-ecological systems

1. Introduction

Rangelands occupy 45% of the earth’s land surface and 61% of the African continent [1] with
35% of African rangelands under permanent pasture [2]. They include grasslands, shrublands and
savannahs used largely for livestock production and wildlife conservation that are often characterized
by low productivity, sparse human population and common land use [2,3]. About 60% of global
rangelands are relatively dry [1] with water scarcity common during certain months of the year [4,5],
leaving any local human populations who are dependent on their ecosystem services at risk that is
often mitigated by migration.
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In East Africa, ecosystems are shaped by long term interactions between changing climates
and human activities [6,7]. Human impact, through land use change, is one of the strongest factors
changing rangelands and is driven by the demand for ecosystem services [3,8]. However, rainfall
is a major control of human land use options [9]. Rainfall seasonality affects pasture production
independent of mean annual rainfall [10]. Rainfed agriculture is only viable in areas receiving at
least 700 mm year−1 of rainfall [9,11]; thus, pastoralism is the main livelihood strategy in areas of
low and/or highly variable rainfall [12]. Wildlife and livestock utilize rangelands in complimentary
ways [13–15] where livestock grazing maintains the rangelands for wildlife by keeping them open and
as hotspots of biodiversity [16,17].

In arid and semi-arid areas of Kenya, the pastoral economy accounts for 90% of all employment
opportunities and 95% of household income [18]. Pastoralists in Kenyan rangelands were organized
in group ranches to allow members to own land communally, to improve livestock production
and encourage socio-economic development [19]. To reduce their vulnerability to unfavorable
climates and socio-economic factors, pastoralists use various adaptation and coping mechanisms
such as movement of livestock, changing livestock herd composition and selling stock to get
money [18,20,21]. In the 1970s, the Kenyan Government deemed pastoralism as an inefficient land
use type [22] and encouraged sedentarization and/or land subdivision, commercialization and
privatization of communal group ranches [23,24]. Furthermore, leadership in the group ranches
was ineffective and did not provide equitable distribution of resources to all group ranch members
leading to their dissatisfaction and prompting further subdivision [19,25]. As a result, by the
end of the twentieth century, the future of exclusive pastoralism in East African rangelands was
uncertain [10,26]. With increasing sedentarization and subdivision; land tenure became an important
driver of pastoralists land use change decisions, agriculture expanded in wet areas and near permanent
water bodies [22,27,28] and wildlife conservancies were formed in response to changing climatic,
socio-economic and political factors [3,17,29].

The sustainability of pastoralism is primarily threatened by climate and land use change [30]
and its success depends on rainfall patterns, land availability, forage availability and socio-economic
changes. About 65% of the pastoral population living in arid and semi-arid areas in Kenya live
below the poverty line [31]. With low income, decreasing livestock numbers and increasing climate
variability, the number of pastoralists that can rely entirely on livestock reduces making livelihood
diversification and/or intensification a necessity [1,10,11]. Pastoralists who can no longer sustain
themselves by livestock grazing use their land for agropastoralism, agriculture or real estate. These
land use transformations cause rangeland fragmentation through the loss of connectivity between
landscapes [23].

In contrast to some other parts of Africa, diverse wildlife species still coexist with pastoralists
and agropastoralists within East Africa [1,11]. The rapidly growing human population, multiple
socio-economic and political factors and the interaction between pastoralist activities and wildlife
pose a challenge on how best the sustainability of East African rangelands can be addressed.
This unique interaction between humans and rangeland ecosystem services make them complex
social-ecological systems where adaptations between the social and ecological components need to be
understood. Additionally, it is by understanding the interactions between pastoralist livelihoods and
the environment that more sustainable management of pastoral lands futures in East Africa can be
developed. As the interactions between components in social-ecological systems are complex, nonlinear
and adaptive, perspectives from social and natural environments have been used to understand
them [32]. However, integrating these perspectives is challenged by the difficulty of understanding
the interactions between multiple ecosystem services and trade-offs in human impact [33] making
simulation modelling a potential tool to quantitatively address the response of pastoral activities
to changing socio-economic and environmental factors [34]. As such, integrated modelling could
contribute to answering important questions of interest to conservation researchers and practitioners,
including: Which driver (biological, climatic, or anthropogenic) is more important in driving livelihood
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strategies in rangelands? How can payment for ecosystem services enhance conservation activities
in rangelands? How can trade-offs between conservation and national development be addressed to
promote sustainable development? Who are the likely “winners” and “losers” in rangelands under
climate change scenarios?

Our study aims to understand grazing and sedentarization levels in southern Kenyan rangelands
using an agent-based model to simulate pastoral land use decision making criteria and the impact it
has on animal densities and pastoral livelihoods. Two objectives were used to address this research.
First, we aim to show land use change across different rainfall years and land tenure scenarios. These
land use change types are simulated over varying levels of wildlife conservation support in form
of maximum annual income per land use type. Second, we aim to establish the impact of land use
change on livestock densities, wildlife densities and pastoralist income. These impacts are simulated
over nine different scenarios of rainfall and land tenure. We hypothesize that rainfall variability and
socio-economic changes influence pastoral land use change decisions as pastoralists select the land
use type that remains most profitable despite changing rainfall and socio-economic patterns. We also
hypothesize that the land use selected by pastoralists drives their well-being and animal densities
in rangelands.

2. Study Areas

The Amboseli and Mara ecosystems in southern Kenya were selected for study as their ecologies,
historical land use types and conservation use have broadly been similar but have changed over
the recent past due to varying pastoral sedentarization levels, social-economic development, and
conservation initiatives. The Amboseli ecosystem consists of the Amboseli Basin, which is mainly the
Amboseli National Park, and the group ranches surrounding the park (Figure 1). The park provides
a dry season grazing reserve for wildlife while the group ranches surrounding the national park
provide wildlife dispersal zones. For instance, the Kimana group ranch provides a migratory corridor
for wildlife migrating between the Amboseli, Chyulu Hills and Tsavo National Parks/Reserves.
The group ranches were formed under the Land Act of 1968 which aimed to incorporate landowners
in collective management of pastoral land and resource use [35]. The group ranches were meant to
encourage pastoralists to maintain a sizeable herd and to limit livestock grazing within their group
ranch boundaries [36]. However, the group ranches were ineffectively managed and the pastoralists
neither reduced their herds nor restricted grazing to their ranches leading to group ranch subdivision
from the mid-1980s to present [1,36].

Rainfall in Amboseli is influenced by altitude [31] where higher rainfall areas occur along the
northern foothills of Kilimanjaro (>800 mm year−1) and Chyulu Hills (500–600 mm year−1) [1] while
lower points such as the Amboseli receive an average rainfall of 350 mm year−1 [37,38]. There are
two annual rainfall seasons (November–January and March–May) and sometimes one or both of
the rainfall seasons fail [1]. The ecosystem is characterized by a series of swamps, streams and
rivers that are supported by the underground flows from Mt. Kilimanjaro [35,39]. Grasslands
in Amboseli are dominated by Chloris rocksburghiana, Eragrostis tennuifolia and Sporobolus spp.,
woodlands are dominated by Commiphora and Acacia spp., swamps and flooded areas are dominated
by Acacia xanthophloea, Cyperus immensus, Psilolemma jaegeri and Salvadora persica and the slopes of
Kilimanjaro and Chyulu Hills are dominated by broad leaved dry tropical forests [38,40,41]. Our study
was only interested in the drier parts of Amboseli and covered the Amboseli National Park and the
surrounding pastoral group ranches (Figure 1).

The Mara ecosystem is north of the Serengeti ecosystem in Tanzania and provides dry season
grazing reserve for wildebeests migrating from the Serengeti [42]. It consists of the Maasai Mara
National Reserve and the surrounding group ranches which form wildlife dispersal zones (Figure 1).
These group ranches also act as a buffer between the national reserve and the agricultural lands in
the north of Narok County that are largely under mechanized agriculture [27,40,43]. The Mara is
characterized by two rainfall seasons (November–December and March–May) with a gradient from
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the dry south eastern parts with an average rainfall of 500 mm year−1, to the wet north-western
parts with an average rainfall of 1200 mm year−1 [40,44]. The average temperature is 18 ◦C [45].
There are several permanent and seasonal rivers and streams in the Mara and they all flow into the
Mara River [46]. Vegetation in the Mara is characterized by open woodlands and forests along river
and water courses [46]. Our study area in Mara covered the Maasai Mara National Reserve and the
surrounding group ranches (Figure 1).

Figure 1. Amboseli and Mara ecosystems in southern Kenya and the surrounding group ranches
(numbered 1–15). Group ranches 1 to 7 are in Amboseli while group ranches 8 to 15 are in
the Mara. The name for the numbered group ranches are as follows: 1—Kuku, 2—Kimana,
3—Olgulului/Ololorashi, 4—Mailua, 5—Osilalei, 6—Lengesim, 7—Kaputei South, 8—Kimintet, 9—Ol
Kinyei, 10—Maji Moto, 11—Siana, 12—Naikara, 13—Naboisho, 14—Lemek and 15—Oloirien. Those
areas specifically modelled in this investigation are shaded. Group ranches in Amboseli were digitised
by the International Livestock Research Institute (ILRI) while those in Mara were digitised by Benson
Maina. Base layer Source: National Geographic.

3. Methods

Agent-based models (ABMs) are used to study complex adaptive systems made up of interactive,
autonomous agents which give the system an ability to adapt, self-organize and show emerging
patterns [47–50]. They simulate the behavior of agents from bottom-up to show the influence of
individual agents in explaining the emergent patterns of a system [51–54]. ABMs can be used to link
biophysical and socio-economic components of a system by incorporating outputs from biophysical
process-based models as input data and linking them to other socio-economic factors simulated in the
model [34,51,55].

The Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) dynamic global vegetation
model [56,57] is a deterministic, process-based dynamic global vegetation model that simulates
changes in vegetation dynamics and biogeochemical cycles as a function of changing climates [58–62].
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LPJ-GUESS uses gridded time series climate data, atmospheric carbon dioxide (CO2) concentrations
and soil physical properties as input data [62]. Vegetation is described as plant functional types (PFT)
distinguished by bioclimatic limits, morphological, phenological, life history traits and photosynthetic
pathway [60]. Simulated vegetation dynamics arise from competition for light, space, and soil
resources among plant functional types [57,63]. Validation of LPJ-GUESS has been done by measures
of vegetation structure, composition and productivity [61], and with vegetation maps, remote sensed
and pollen data [64,65].

We apply an ABM to a social-ecological system [66] in Amboseli and Mara ecosystems in southern
Kenya to understand the feedback between pastoral land use activities and natural resources. We link
our custom-build ABM (details below) to LPJ-GUESS dynamic global vegetation model.

3.1. Our Model Description and Dataset

We developed a novel ABM in NetLogo (version 6.0.2) [67]. To the best of our knowledge, this
is the first model that integrates a process-based dynamic global vegetation model and an ABM to
assess the interaction between climates, livelihoods, and conservation in East African rangelands.
The description of the model follows the ODD (Overview, Design concepts and Details) protocol
(Appendix A) [68,69] formulated to make models complete, reproducible and easy to communicate [70].
The period for the ABM is from 1950 to present. To parameterize ecological and socio-economic
variables used in the ABM, we used data on animal densities, grazing rates, income levels, household
densities and irrigation probabilities from literature focused on pastoralists/agropastoralists in the
study areas [39,71–73] and from the 2009 Kenya census [74] (Table 1).

Table 1. Model variables, their descriptions and data sources. Variables are divided into two types:
fixed variables are constant throughout the model run, while updated variables are continually altered
throughout the model based on other parameters.

State Variables Description/Units Variable
Type Data Source

Land tenure—type of land ownership Communal, government and
private fixed Randomised (see

Appendix A)

Land use—current land use in the land area

Livestock grazing, irrigated
agropastoralism, agriculture,

livestock grazing with conservation
activities and built-up

updated Assigned via the
NetLogo model

Households—the density of homes found
in the land area

Number per kilometre squared
(#/km2) fixed [74]

Distance to the road—the closeness of a
grazing land to the nearest all-weather road km fixed [73]

Irrigation-probability—the likelihood that a
pastoralist will irrigate his/her land based
on the overall likelihood of irrigation in the

study areas

Probability of 0–1 fixed [75]

The annual income earned from specific
land uses practiced in 1 km2 land area Dollars per year ($ year−1) updated [40]

Income—the highest income from different
land uses practiced in 1 km2 land area $ year−1 updated Calculated by the

NetLogo model

Grass biomass—the amount of grass
available for livestock and wildlife grazing

in 1 km2 of land area

Kilograms per kilometre squared
(kg/km2) Updated LPJ-GUESS [56,57]

Livestock density—the number of tropical
livestock units (TLU) in 1 km2 of land area TLU Updated [40]

Wildlife density—the number of wildlife
found in 1 km2 of land area #/km2 Updated [39]
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To represent the density of livestock in the ABM, we used tropical livestock units (TLU). TLU are
a composite index used to standardize livestock species according to their body weight whereby one
TLU is equivalent to 250 kg which is the weight of a female zebu cow [13,40,76,77]. TLU as a measure
allows comparison of livestock species and wealth across pastoral households [78] whereby a cow
is approximately 1 TLU and one goat or sheep is 0.125 TLU [13]. Other ABM studies that use TLU
to understand the behavior of pastoral systems in Africa include [34] who simulates the decision
making system of household heads with regard to ecosystem services and [49] who studied the role of
herd numbers and stochastic events on the growth of herds. For each parameter we used the mean
and standard deviation to incorporate stochasticity in the ABM. To capture multiple land use change
behaviors observed in the ABM, we applied the principle of pattern oriented modelling [79] in the
model design. We used insights from semi-structured interviews conducted with pastoralists in the
study areas in January and February 2016. The interviews focused on questions on the history and
drivers of land use patterns, land tenure, livelihood strategies and land management. In the model,
the important role of government policy in advocating for land subdivision in the study areas is
reflected through the land tenure variable that has three land tenure scenarios (communal, government
and private).

Long term mean rainfall and temperature estimates from Climatic Research Unit TS 3.0
dataset, Climate Research Unit (CRU) University of East Anglia [80] were used in LPJ-GUESS to
simulate vegetation biomass for the Amboseli and Mara ecosystems for the period between 1950 and
2005. As LPJ-GUESS simulations are run at both daily and annual time steps over a spatial resolution
of 0.5 degrees [81], we simulated grass biomass annually and converted the output to kg/km2. Grass
biomass from three representative years in Amboseli (1990, 1993 and 2001) and Mara (1983, 1987 and
1994) were used to represent dry (low biomass), normal (medium biomass) and wet (high biomass)
years respectively. Grass biomass was then used as input data for the ABM and used to simulate grass
biomass that was available to wildlife and livestock based on their feeding rates and the land use
practiced on a given cell. The model assumed an animal of 250 kg (equivalent of one tropical livestock
unit) grazes on 2500 kg of dry matter per year [72]. It also assumed that all cells used for livestock
grazing land use were grazed by livestock alone, half of the cells used for irrigated agropastoralism
land use were grazed by livestock, one-third of the cells used for livestock grazing with conservation
land use were grazed by livestock while two-thirds were used by wildlife and all the cells used for
agriculture and urban land use types had no livestock or wildlife grazing.

From the grass available for grazing, wildlife and livestock densities were simulated for each
cell. Animal densities, together with the likelihood of irrigation, type of land tenure, distance to
road, household density and the price of livestock were then used to simulate the potential income
a pastoralist can earn from different land uses in a given cell. From each cell, the land use type that
had the highest income was then selected as the preferred land use type. In addition, the wildlife and
livestock density in that cell were simulated as model outputs.

As our model was interested in understanding land use change types and their impacts on animal
density and pastoralists’ income, it was not spatially explicit. However, the patterns underlying the
designing and implementation of our model are based on patterns observed and documented for
Amboseli and Mara.

3.2. Simulation Experiments

Scenarios

We used repeated scenario experiments to explore a range of possible behaviours of the system from
changing interactions between model variables. In the model, the variables used for computing different
scenarios are the types of rainfall years (dry, normal and wet), and land tenure (communal, government
and private), combined with modification on the amount of money available to support pastoralists
who are willing to rent their land to be used for wildlife conservation (ranging 0–1000 $ year−1)
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(See Appendix A for full details). Simulation of each scenario was done independently from the start to
the end and there was no alteration between scenarios when running the model.

4. Results

Our main findings were: (1) with no conservation subsidies, livestock grazing remains the main
land use type on dry, normal and wet years across all land tenure scenarios; (2) agriculture levels
increase on subdivided and privatised land on all rainfall years; (3) provision of conservation subsidies
heightens livestock grazing with conservation land use and; (4) livestock numbers, wildlife numbers
and pastoralist income go up with higher conservation subsidies and decline with low conservation
subsidies. Broadly, our findings were consistent across both Amboseli and Mara, and so we focus on
Amboseli here, highlighting any differences with Mara throughout. For further details on the results
for Mara please see the supplementary information.

4.1. Land Use Change in Normal Rainfall Year

Our model assumed the normal rainfall year formed the baseline conditions in the rangeland.
The levels of irrigated agropastoralism land use under all the different scenarios was negligible while
livestock grazing with conservation was not practiced when there were no conservation subsidies.

In a normal rainfall year, the three land tenure scenarios are dominated by livestock grazing
when there is no budget to support conservation initiatives. When the conservation budget increases,
livestock grazing with conservation becomes the predominant land use type followed by agriculture,
livestock grazing and built-up land uses (Figure 2). Compared to communal and government land
tenure scenarios, the private land tenure scenario had higher levels of agriculture.

Figure 2. Comparison of land use types at different levels of conservation subsidies in Amboseli. In (A)
there is no conservation subsidy, in (B) the conservation subsidy ranges from 10 to 100 $ year−1 while
in (C,D), the conservation subsidy ranges from 110 to 200 $ year−1 and 210 to 1000 $ year−1. In all
the graphs, the three land tenure scenarios are labelled as ‘Tenure’. The error bars represent 95%
confidence interval.
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4.2. Land Use Change in Dry and Wet Rainfall Years

Land use trends during the dry rainfall year are mainly similar to the normal rainfall year apart
from the private land tenure scenario where increase in agriculture levels is higher (Figure 2). One key
difference between Amboseli and Mara in a dry rainfall year is that in Mara, under the private land
tenure scenario, livestock grazing decreases as agriculture increases while in Amboseli livestock
grazing does not decline as agriculture increases.

In a wet rainfall year, livestock grazing is the main land use type in communal and government
land tenure scenarios. However, under the private land tenure scenario, both livestock grazing and
agriculture levels are high.

4.3. Land Use Change over Different Conservation Budgets

In a normal rainfall year, as the conservation budget increases, livestock grazing with conservation
dominates and all other land uses decline leading a wide margin between the levels of livestock grazing
with conservation land use and other land use types. Under the private land tenure scenario, between
10 and 90 $ year−1 of conservation budget, agriculture is the main land use type after which livestock
grazing with conservation dominates as the conservation budget increases.

In a dry rainfall year, under communal and government land tenure scenarios, livestock grazing
is the predominant land use type at conservation budget of 10 $ year−1. However, when the budget
increases to 20 $ year−1, livestock grazing with conservation becomes the main land use type followed
by agriculture, livestock grazing and built-up in that order with the built-up areas surpassing livestock
grazing as the conservation budget continues to rise. Similar trends are observed in the Mara. However,
unlike Amboseli, overall trends in the Mara show agriculture levels declining faster as conservation
budget increases. During a wet year, under the communal land tenure scenario, a provision
of 10–20 $ year−1 of conservation budget raises the level of livestock grazing with conservation.
Similar trends are observed under the government land tenure scenarios. However, land use trends
differ between Amboseli and Mara under the private land tenure scenario. In Amboseli, below a
conservation budget of 150 $ year−1, the private land tenure scenario has high levels of agriculture
and livestock grazing with conservation and low levels of the built-up and livestock grazing land
use. At 160 $ year−1, livestock grazing with conservation and agriculture are practiced in somewhat
equal levels after which agriculture decreases as the conservation budget increases. In Mara, when a
small budget (<20 $ year−1) is available for conservation, agriculture increases as livestock grazing
diminishes and at 30 $ year−1 of conservation budget, livestock grazing with conservation land use
overtakes agriculture and increases proportionally with increasing conservation budget.

Under all three land tenure scenarios, in a wet rainfall year, the level of livestock grazing with
conservation in Mara is higher than in Amboseli while the levels of agriculture and built-up land are
higher in Amboseli than in the Mara.

4.4. Impact of Land Use Change on Wildlife, Livestock and Pastoralist Income

Overall, wildlife density was higher in a wet rainfall year compared to normal and dry rainfall
years (Table S1). It was also higher under communal and government land tenure scenarios than under
the private land tenure scenario. In all rainfall and land tenure scenarios, as the conservation budget
goes up, livestock grazing with conservation land use predominates leading to higher wildlife density
(Figure 3 and Figure S2). The highest wildlife density was recorded in a wet rainfall year under the
communal land tenure scenario while the lowest wildlife density was recorded in a dry rainfall year
under the private land tenure scenario (Table S1).
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Figure 3. Trends in the relationship between land use types, wildlife and livestock density (TLU)
in Amboseli. Figure (A,B) show dry and wet year trends under the communal land tenure scenario
while figures (C,D) show dry and wet year trends under the private land tenure scenario. In all
the figures, the grey zones represent the 95% confidence interval. From the figures, animal density
increases with conservation subsidies though at different levels under different rainfall years and land
tenure scenarios.

For all rainfall and land tenure scenarios, when there is no support for conservation, livestock
grazing is the main land use type leading to higher livestock density relative to wildlife (Figure 3 and
Figure S2). Livestock density follows similar trends to wildlife where livestock density is higher in the
wet rainfall year compared to the normal and dry years and private land tenure scenarios have less
livestock density when compared to communal and government land tenure scenarios.

Income earned by pastoralists from different land use types was higher during the wet year and
under private land tenure scenario. Income increased as the conservation budget increased since land
use types such as agriculture and livestock grazing with conservation earned pastoralists more income
than livestock grazing or urbanization.

5. Discussion

By combining LPJ-GUESS with the land use change ABM, we aimed to integrate the impact of
natural and social factors in pastoral land use decisions. Other studies in southern Kenyan rangelands
that have integrated ABMs and biophysical models have been used to study: (1) the well-being of
pastoralists in response to drought by simulating scenarios of lack of access to grazing resources and
compensation for loss of grazing resource [34]; (2) to explore the possibility of payment for ecosystem
services to pastoralists whose land use types are compatible with wildlife conservation [82] and;
(3) to quantify the impact of land subdivision to livestock numbers and food security of households in
Kajiado [83]. Our modelling work has shown the feedbacks between pastoral land use change decisions,
their well-being and animal densities. With trends in land use, droughts and rainfall seasonality in East
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Africa expected to change in the future these land use change insights will improve our understanding
of potential impacts of land use change on ecosystem services in East African rangelands.

The relative importance of livestock grazing, as the dominant land use type across southern
Kenyan rangelands, change as rainfall, land tenure and conservation benefits change. Although land
use changes have been attributed to multiple interactions between bio-physical and socio-economic
factors, these interactions are complex, non-linear and difficult to include in land use analysis [84].
Livestock grazing is the most viable land use type in arid and semi-arid savannahs as it allows seasonal
movement of livestock between dry and wet season grazing reserves [39,85,86]. It is also compatible to
wildlife conservation [17], promotes cultural diversity [86] and supports many livelihoods thus making
a significant contribution to the gross domestic product (GDP) of many East African countries [87].
However, climatic variability, manifested as delayed/failed rains, unreliable intensity of rainfall and
increased frequency of droughts, drives rangeland conditions and impact on fodder available for
livestock [88–90]. There is an increase in livestock grazing and agriculture during wet years in both
Amboseli and Mara (Appendix B). This is because when adequate forage and water is available for
livestock during wet years, pastoralists tend to maintain their livelihoods. Pastoralists also tend to
practice agriculture where irrigated or rain-fed agriculture can be supported [88] leading to agricultural
expansion in wet years and contraction in droughts or when there is intensified competition with
wildlife [40].

Trends in the levels of irrigated agropastoralism, conservation and built-up land use are not
different across the three rainfall years. This is probably because our model only considers three
representative (dry, normal, and wet) rainfall years and not rarer extreme events. Also, despite rainfall
being a key determinant of the main land use types in rangelands [35], and pastoralists using different
adaptive strategies to droughts, it is extreme droughts that lead to rapid pastoral land use change and
sedentarization [1]. This means that even the best land management techniques used to mitigate the
effects of drought can fail under extreme droughts [91].

The influence of land fragmentation is modelled through land tenure scenarios in which the
communal and government land tenures scenarios are largely un-subdivided and are used jointly
by community members. On the other hand, the private land tenure scenario is largely divided into
individual titled parcels of land and land use decisions are individual-based. Our model results show
that the levels of livestock grazing land use were high under communal and government land tenure
scenarios compared to private land tenure scenarios. In contrast, agriculture levels were higher under
private land tenure scenarios compared to the other land tenures. These trends are synonymous
to the increasing smallholder agriculture and sedentarization levels that have occurred in pastoral
areas in southern Kenya following land subdivision [38,43,92,93]. Agriculture compartmentalizes
rangelands components by introducing fences and water canals and utilizing dry season grazing
lands as farms [88]. Changes in land tenure are driven by internal and external factors and lead to
different land use change choices. Pastoralists, sometimes, encourage land subdivision when they are
interested in controlling their land by keeping off agriculturalists and conservationists from gaining
access to their lands [88]. Other times, when there is uncertainty over the leadership and effectiveness
of communal land tenure, land privatization is encouraged, and pastoralists decide how to use their
land. The outcome of land privatization is a decline in exclusive pastoralism, increased sedentarization
and livelihood diversification [22].

Though our results show livestock grazing and agriculture levels increasing in the wet years,
agricultural expansion during wet years under private land tenure scenarios is higher than the expansion
of livestock grazing. As opposed to mechanized agriculture which is driven by land suitability
and economic factors such as market accessibility; smallholder agriculture is driven by changes in
demographic and socio-economic factors [27]. The goal of government policies that supported the
privatization of communal lands was to promote intensive livestock production [25,31,94]. However,
privatization promoted land fragmentation that discouraged pastoral mobility [1,25,94] and encouraged
agriculture and settlements expansion, land privatization and sedentarization [1,42,95].
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Besides rainfall and land tenure, the impact of external drivers such as conservation investors
and politics are equally important in shaping pastoral land use change decisions [96]. Our results
show the potential impact of conservation subsidies. In our model, conservation land use is
not practiced when there is no conservation budget but increases with the conservation support
provided. This is because pastoralists view conservation as a livelihood that complements pastoralism,
rather than as a main livelihood [17]. When they receive wildlife related economic benefits,
their perception towards conservation is positive consequently leading to an increase in wildlife
numbers [24,97]. Wildlife and livestock densities from the model are also correlated with conservation
support. National parks and game reserves in Kenya cover 8% of the land surface and account
for 35% of wildlife [14,98]. However, between 65% and 70% of wildlife is found in communal
lands surrounding protected areas [14,99]. Thus, it is important that income from conservation is
extended to pastoralists nearby protected areas to encourage a more permeable matrix outside of
protected areas [82]. Such conservation-orientated income could provide an important safety-net for
pastoralists, especially during dry years [3,17,76]. To help manage this matrix, fragmented rangelands
across Kenya are being merged and managed together in form of wildlife conservancies [3,100].
Conservancies are lands set aside for wildlife and tourism with controlled livestock grazing to promote
wildlife conservation and pastoral well-being through partnerships between tourism operators and
landowners [17,29,40,101]. The tourism operators manage the conservancy and pay landowners fixed
land lease payments (maximum of 50 dollars per hectare per year) to voluntary vacate their land
and refrain from putting up settlements, overgrazing and practicing agriculture [17,102]. As the
conservancies discourage agriculture, due to its unsustainability and the human wildlife conflicts it
brings [22,103], they encourage controlled livestock grazing which is seen to be compatible to wildlife
conservation [82,103] leading to higher livestock grazing levels and no agriculture in conservancies.
These community-based wildlife conservancies have been documented as successful in enhancing
wildlife populations compared to other non-community-based wildlife zones [24]. For instance,
formation of Nakuru Wildlife Conservancy, in central Kenya, is attributed to increasing the numbers
of 32 wildlife species [99].

Our model results also highlight the impact of climate on wildlife and livestock, both of which
show an increase in their densities during a wet year. Herbivore biomass has been associated with
rainfall and food availability implying that it goes up in wet seasons and declines during droughts [99].
Simulation of wildlife and livestock densities across different land tenure scenarios showed both their
densities were higher on communal and government land tenure scenarios compared to private land
tenure scenario. This is because land subdivision and sedentarization disrupts the distribution and
mobility of wildlife and livestock and may lead to their decline [15,24,104]. Over the late twentieth
century and early twenty first century, wildlife densities in East African savannahs have declined [15].
Initial wildlife declines were recorded on wet pastoral areas where agriculture had expanded while
drier pastoral areas where land was communally owned and not subdivided recorded relatively
high wildlife density [24]. Similar wildlife trends have also been observed in southern Kenya
where subdivided group ranches have lower wildlife densities compared to ecologically similar
un-subdivided group ranches [24,104].

With increasing pastoral sedentarization, livestock density has also been declining in East African
rangelands. To a great extent the wealth of Maasai pastoralists is associated with livestock and the
number of TLU per person is used for estimating the wealth of households [78]. Per capita number of
TLU needed by a pastoral family for subsistence and survival during droughts is six [77]. With per
capita livestock numbers in East African rangelands having reduced from 10 in the 1960s to four in
the 1980s [10], the ability of pastoral communities to depend entirely on livestock grazing for their
subsistence is declining leading to diversification and intensification of pastoral livelihood strategies on
and off the land [40,92]. However, our model shows that provision of conservation subsidies increases
livestock density, particularly under the private land tenure scenario. It also shows that the influence
of conservation subsidies in driving livestock density is key when subsidies are <200 $ year−1 and
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further increases in the subsidies maintains wildlife and livestock density levels. This means that
average conservation subsidies of 200 $ year−1 for 1 km2 grazing land can allow pastoralists to practice
livestock grazing, thus maintaining their cultural heritage, and promote wildlife conservation.

Though our model simulations provide useful trends on land use change, pastoral well-being,
and animal densities, it has some limitations. Firstly, it was not spatially explicit and the location of
pastoralists land, though randomly assigned, could not be linked to environmental and socio-economic
conditions. A spatially explicit ABM would have enabled the agents to make decisions based on the
prevailing environmental and socio-economic conditions [34]. Secondly, to reduce the complexity
of interpreting the model output, our model did not use time series data of changing rainfall and
biomass amounts. Instead, we used three representative rainfall years and biomass available for
animals was related to these years. Utilizing time-series data would provide detailed information
that is useful for predicting the behavior of the system [105,106]. Thirdly, our model is sensitive to
conservation subsidies because pastoral land use change decisions are primarily driven by income.
Thus, as the subsidies increase, more pastoralists change to livestock grazing with conservation land
use because it gives them higher income. However, our model shows that pastoralists will rely on
conservation income only when conservation subsidies supplement their livestock grazing income.
Similar trends have been documented in southern Kenyan rangelands where conservancy payment is
ranked second or third income earner and is an important source of cash that prevents pastoralists
from selling their herds when they need cash [17]. With rainfall variability in Africa expected to
increase [89,107], how pastoralists respond to harsh weather patterns and ecosystem changes will
challenge the resilience of rangelands and their ability to adapt to fast, slow, broad scale or fine
scaled drivers of change [11]. Previous studies [17,88,108] have demonstrated the resilience and
adaptive capacity of pastoral social-ecological systems in East Africa, and insights from modelling
studies complement and inform the potential behavior of pastoral systems under changing climates,
development and political factors. These insights not only help in understanding the sustainable
management of other rangelands across East Africa but can be used to inform appropriate policy and
practice. Based on our model results, we recommend the use of stakeholders’ perceptions in informing
land use change modelling studies. The results from modelling studies can then be shared with the
stakeholders who should also be involved in developing future scenarios of sustainable land use policy
and practices. Furthermore, we recommend the development of policies that support and manage
the provision of conservation subsides in rangelands as this provides adaptation strategies to climate
change as well as prevents land fragmentation and consequently, land use change in rangelands.

6. Conclusions

In this study, we combine a process-based model to an agent-based model to understand the
impact of interacting biophysical and socio-economic factors in driving land use patterns across two
rangelands in southern Kenya. By using grass biomass estimates, simulated by LPJ-GUESS dynamic
global vegetation model, as input to the agent-based model, we show how biophysical and agent-based
models can be integrated. From the model outputs we discuss the implication of land use change
on pastoral well-being, by simulating changes in pastoralist income and livestock density, and on
rangeland ecology, by simulating changing trends in wildlife density. We show the role of conservation
subsidies, in form of annual income, in enhancing livestock grazing and conservation land use type
across the rangelands. Our model shows that this land use type not only increases pastoralists’ income,
livestock, and wildlife density, but also promotes rangeland connectivity across fragmented rangelands
as it emerged the main land use type when conservation subsidies are provided under the private
land tenure scenario. By simulating land use trends across two study areas, our model was able
to simulate similarities and differences in land use trends across two ecological similar rangelands.
It also showed changing landscapes and livelihoods patterns in Kenyan rangelands and the factors
that drive these changes. These insights are useful in highlighting the impact of multiple, interacting
climatic, socio-economic, and political factors in shaping livelihood strategies and ecological responses
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across semi-arid rangelands in East Africa. They can also be used to better understand the changes
and the challenges faced by these social-ecological systems. Thus, providing ways of developing
practical solutions that will enhance environmental sustainability and human well-being, particularly
in addressing questions on the longevity of pastoralism and the trade-offs between land use types.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-445X/7/2/47/s1.
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Appendix A. ODD Protocol

The ODD protocol used to simulate the model is described below.

Appendix A.1. Overview

Appendix A.1.1. Purpose

The ABM seeks to understand the feedback between pastoral land use change and the ecology of
southern Kenya by exploring the role of rainfall, socio-economic and governance factors in driving
land use types and the impact of adopted land use types on livestock densities, wildlife densities
and pastoralists’ annual income. Land use change by pastoralists means changes from livestock
grazing to other land use types such as agricultural expansion and urbanization because of shifting
livelihood strategies.

This model is developed for researchers and decision makers to improve understanding of the
influence of climate change, government policy and socio-economic development on pastoral land use
decisions and the impact of land use change on pastoral well-being and wildlife.

Appendix A.1.2. Entities, State Variables and Scales

The model has one agent; ”cells”, which represents areas of land that can be used. The state variables
for cells are listed in Table 1. Climatic variability, social-economic and political factors are the main
reasons pastoralists in semi-arid rangelands change to other land use types [1,10,22,38,85,92,96,109].

From our field observations and literature, the main land use changes and livelihood
diversification in the study areas are expansion of agriculture, urbanization and ecotourism [40,93].
Consequently, our model distinguished five land use types and for each 1 km2 “cell” more than one
land use could be practiced. Our model only simulates small-holder agriculture that is dependent on
rainfall and is practiced in wildlife dispersal communal grazing lands. We do not simulate mechanized
agriculture as it was rare in our study areas.

The environment is composed of amount of rainfall per year (low, normal, and high) and budget
available to pastoralists from investors and non-governmental conservation organizations to support
wildlife conservation. The temporal setting for the model simulations is based on biophysical and
socio-economic conditions from the 1950s and is simulated on an annual time step over 200 model
runs. The spatial resolution for a single cell is 1 km2 and a single cell can have multiple households,
land tenure and land ownership types.

http://www.mdpi.com/2073-445X/7/2/47/s1
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Appendix A.1.3. Process Overview and Scheduling

The processes in the model are simulated in five steps related to natural and social-economic
events that influence land use change decisions by pastoralists. Changes in rainfall influence the grass
biomass available for livestock and wildlife to graze on. The density of livestock and wildlife, together
with other socio-economic factors, drives the income pastoralists can earn from different land use
types. In turn, the land use types that pastoralists choose have implications on their income and the
density of livestock and wildlife.

The five processes and the order they are modelled in are listed below. The state variables are
updated in each process.

i. Grass is assigned to every cell. The grass biomass depends on the rainfall year. A wet year
produces more grass and a dry year produces less grass.

ii. Animal grazing: The current land use type and grass biomass on each cell is checked and used to
simulate the livestock and wildlife density that can graze that given cell.

iii. Income calculation: For each cell, the income earned for each land use type was calculated.
This depends on: the number of households on that cell, the rainfall year, available grass biomass
for animals, probability of irrigation, land tenure, household density and distance to the road.

iv. Land use change: In each cell, the land use type with the highest income is selected as the
preferred land use type by pastoralists.

v. In each cell, the number of selected land use type, the income, the mean wildlife and livestock
density is calculated and updated for every time step.

Appendix A.2. Design Concepts

Appendix A.2.1. Basic Concepts

The basic principles principles underlying the model design are based on real world patterns
observed in the study area. Land use change choices by pastoralists are based on what is most
rewarding financially at each time step. The potential income for each land use type in each cell is
calculated and the land use that gives the highest income is selected.

Appendix A.2.2. Emergence

Feedback between social-economic and biophysical variables emerge from the interactions
between grass biomass, animal density and land use types. Land use change to agriculture mainly
occurs in wet rainfall years among pastoralists with private land ownership. Change to irrigated
agropastoralism largely occurs near permanent water bodies while livestock grazing with conservation
activities is preferred in areas where pastoralists derive monetary benefits, mainly through land rents,
from investors or organizations supporting wildlife conservation initiatives.

Appendix A.2.3. Adaptation

The land use type with the highest income is adopted.

Appendix A.2.4. Objectives

In each cell, the objective is to select the land use type that maximizes profitability by using
available natural resources and favorable weather and socio-economic patterns. If this is impossible,
the land use and livelihood type that can easily be practiced based on existing infrastructure is selected.

Appendix A.2.5. Prediction

There is no foresight of rainfall or the trends in other socio-economic variables. In the cell,
if livestock grazing is hampered by low water availability, low income and high human population,
then it is likely that the land use will shift to a more profitable land use.
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Appendix A.2.6. Sensing

Before a different land use type is selected, the potential income of all land uses can be sensed
and are used to inform land use change decisions.

Appendix A.2.7. Interaction

None.

Appendix A.2.8. Stochasticity

The state variables for each cell are randomly assigned when the model starts.

Appendix A.2.9. Observation

Observed variables per annual time steps are: land use types, annual income, average livestock
(tropical livestock units) and wildlife density in each cell.

Appendix A.3. Details

Appendix A.3.1. Initialization

When the model begins, livestock grazing is the main land use type. The household density,
distance to road, grass biomass, livestock and wildlife density have a normal distribution centered
around the mean and standard deviation of each variable in Amboseli and Mara ecosystems (Table A1).
The probability of irrigation is randomly allocated to the cells and range between zero and one. Income
for each land use type is set to zero. For the land tenure scenarios:

• In the communal scenario, land tenure it is randomly allocated a 50% chance of being communal,
25% of being government and 25% of being private.

• In the government scenario, land tenure is randomly given a chance of being 50% government,
25% communal and 25% private.

• In the private scenario, land tenure is randomly allocated a 50% chance of being private, 25% of
being communal and 25% being government.

Table A1. Initialization state variable values.

Variable Amboseli Mara Source

Mean household density 13.18/km2 15.55/km2 [74]
Mean distance to road 9.4 km 9.4 km [73]
Mean grass biomass 93,000 kg/km2 2958 kg/km2 LPJGUESS DGVM

Mean TLU 61.3/km2 71.06/km2 [40]
Mean wildlife density 33.33/km2 138.94/km2 [39]

Appendix A.3.2. Submodels

Animal Grazing

The amount of grass grazed is a function of available grass biomass and the annual amount of dry
matter (kg) grazed by one TLU of livestock per year. The model assumes wildlife grazing habits are
similar to those of livestock hence their annual grass offtake amounts are similar. One TLU feeds on
2500 kg/km2 of dry matter per year [72] thus the formulas used for calculating livestock and wildlife
density that can graze on a given cell in the three land use type are as follows: Note: agricultural and
urban land use types have no livestock or wildlife grazing.
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i. Livestock grazing land use where all the land is exclusively used for livestock grazing

TLU =

(
Grass biomass

2500

)
(A1)

ii. Irrigated agro-pastoralism where half of the land is grazed by livestock and the other half is used
for agriculture.

TLU =

(
Grass biomass × 1

2
2500

)
(A2)

iii. Livestock grazing with conservation activities where one third of the land is used for livestock
grazing and two-thirds of the land is rented out for wildlife conservation.

TLU =

(
Grass biomass × 1

3
2500

)
(A3)

Wildli f e density =

(
Grass biomass × 2

3
2500

)
(A4)

Calculation of Income for Each Land use Type in Each Grazing Land

Income earned in each land use type differs. It depends on the interactions between social and
the biophysical components of the system. Though each land tenure scenario has varying proportions
of each land use type, livestock grazing is largely practiced in communal and government land
while irrigated agropastoralism, agriculture and built-up areas are largely found on private land.
The probability of irrigation is calculated as a ratio between irrigated area [75,110] and the total area
studied resulting in a probability of 0.013 and 0.1389 for Amboseli and Mara respectively.

In suitable areas, potential income for each land use type in each grazing land is calculated
as follows:

i. Income from livestock grazing =(
Grass biomass

2500

)
×
(

Cost ($) o f one TLU
households

)
(A5)

ii. Income from irrigated agropastoralism =

(

(
Mean household density

households

)
+

(
Grass biomass × 1

2
2500

)
×
(

Cost ($) o f one TLU
households

)
) (A6)

iii. Income from irrigated agriculture =

(Agriculture income f rom literature × Mean household density
households

) (A7)

iv. Income from livestock grazing and conservation =

(Amount o f conservation subsidy +

(
Grass biomass × 1

3
2500

)
×
(

Cost ($) o f one TLU
households

)
) (A8)

v. The only built-up areas that earn pastoralists income are those <2 km from all-weather roads
with the income earned based on the mean income earned from urban areas in the study sites.
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Appendix B. Comparison between Amboseli and Mara

In Amboseli, although land use types are a result of long term changes in physical and cultural
interactions, current trends of increasing sedentarization, agricultural expansion and development of
conservation-based initiatives are more recent [38]. These land use trends are a result of infrastructure
access, economic opportunities, land tenure changes and settlement patterns [40]. Access to physical
infrastructure such as roads, schools, markets and health centers vary considerable across Amboseli
and depend on the location of pastoral settlements [1]. Agriculture expanded on swamps and the
slopes of Mt. Kilimanjaro which are dry season animal grazing zones [38,111].

In Mara, subdivided group ranches that receive adequate rainfall that can support agriculture have
been converted to agriculture [40,92] leaving only 25–35% livestock available to maintain a nomadic
livelihood [45]. When pastoralists in Mara are selecting land use types, they consider trade-offs
between increasing the size of livestock or maintaining income from wildlife conservation activities
and between expanding land for small scale farming or leasing land for mechanized farming [92].
In areas close to the Maasai Mara National Reserve, residents are involved in wildlife related and
tourism activities. The national reserve accounts for 25% of the total national wildlife population in
Kenya [14]. This makes wildlife conservation initiatives an integral component of the land use systems
in Mara and contribution from wildlife conservation to most households is higher than livestock
and agriculture income [40,45]. However, livestock still supports many livelihoods as integrating
pastoralism with conservation has been challenging [92].

Wildlife declines in the rangelands have been attributed to agriculture expansion that results to
habitat loss and fragmented landscapes of wildlife dispersal areas [14]. From the model, general
wildlife trends show lower wildlife density in private land tenure compared to communal and
government land and higher wildlife density in wet years relative to dry years. In Amboseli, the
consequence of agricultural expansion in swamps in Amboseli has been fragmentation of wildlife
dispersal zones, decline in dry season pasture, loss of wildlife habitat and intense human-wildlife
conflicts [38,109]. The Mara rangelands have shown huge resilience in supporting large biomass of
resident and migratory herbivores for years [92]. However, conversion of large tracts of rangelands on
the Loita plains (north of the national reserve) to large scale commercial farms has led to habitat loss
for wildlife, and consequently their decline [27,44,92].
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