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Abstract: Woody alien plant species have been deliberately introduced globally in many arid and
semi-arid regions, as they can provide services and goods to the rural poor. However, some of these
alien trees and shrubs have become invasive over time, with important impacts on biodiversity,
ecosystem services, and human well-being. Prosopis was introduced in Baringo County, Kenya, in the
1980s, but since then, it has spread rapidly from the original plantations to new areas. To assess
land-use and land-cover (LULC) changes and dynamics in Baringo, we used a combination of dry
and wet season Landsat satellite data acquired over a seven-year time interval between 1988–2016,
and performed a supervised Random Forest classification. For each time interval, we calculated the
extent of Prosopis invasion, rates of spread, gains and losses of specific LULC classes, and the relative
importance of Prosopis invasion on LULC changes. The overall accuracy and kappa coefficients of the
LULC classifications ranged between 98.1–98.5% and 0.93–0.96, respectively. We found that Prosopis
coverage increased from 882 ha in 1988 to 18,792 ha in 2016. The highest negative changes in LULC
classes were found for grasslands (−6252 ha; −86%), irrigated cropland (−849 ha; −57%), Vachellia
tortilis-dominated vegetation (−3602 ha; −42%), and rainfed cropland (−1432 ha; −37%). Prosopis
invasion alone directly accounted for over 30% of these negative changes, suggesting that Prosopis
invasion is a key driver of the observed LULC changes in Baringo County. Although the management
of Prosopis by utilization has been promoted in Baringo for 10–15 years, the spread of Prosopis has not
stopped or slowed down. This suggests that Prosopis management in Baringo and other invaded
areas in East Africa needs to be based on a more integrated approach.

Keywords: biological invasion; prosopis; landsat; random forest; land use land cover change; Kenya

1. Introduction

Woody alien plant species have been deliberately introduced in many arid and semi-arid regions
of the world, as they can provide services and goods to the rural poor. Many of these have become
invasive and continue to invade new regions at an unprecedented rate, exerting strong impacts on
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ecosystems and human welfare [1,2]. These species are a major threat to the environment, because
they can: (1) suppress or replace native biodiversity, (2) alter ecosystem functions and services, and (3)
cause significant economic damage, costing economies millions of dollars [3].

African arid and semi-arid lands (ASALs) were severely degraded by the prolonged Sahelian
drought of the 1970s [4–6], which prompted the prioritization of tree planting. In Kenya, species from
the South and Central American genus Prosopis were selected for screening because they had shown
potential in the rehabilitation of quarries [7,8]. Prosopis spp., also known as Mesquite and locally as
‘Mathenge’ or ‘Promi’, are perennial, multi-stemmed shrubby or single-canopy trees [9] which are
nitrogen-fixing and tolerant to arid conditions [10]. In the 1980s, Prosopis juliflora (Sw.) DC., Prosopis
pallida (Willd.), and Prosopis chilensis (Molina) Stuntz were planted in Baringo County [11]. The planted
Prosopis trees were initially appreciated due to their ability to grow in degraded and barren landscapes
where native vegetation could not grow, thus reducing soil erosion and dust storms, while providing
shade and pods that served as fodder for livestock [12,13]. However, over time, trees of the evergreen
Prosopis juliflora–Prosopis pallida complex [9] (hereafter called Prosopis) escaped cultivation and became
unmanageable due to their fast proliferation and ability to survive cutting by coppicing [14].

Recently, the analysis of plant invasions at the landscape level has received considerable attention
because the spatial and temporal invasion patterns can be correlated to proximate causes [15,16]. This
has allowed the quantification of rates and patterns of spread and the assessment of efficiency of different
management practices [17,18]. The early detection and mapping of invasive species are essential to
formulating effective management strategies and preventing further spread into non-invaded lands [19].
As such, remote sensing (RS) offers cost-efficient means to assess the distribution of alien plant species
and monitor their spread [20] while allowing monitoring areas that are inaccessible.

Very High Resolution (VHS) sensors, which collect data at metric or sub-metric resolution,
can provide very high accuracy data for landscape change analysis and can distinguish Prosopis from
native tree species, such as Vachellia tortilis [17,21–23]. However, these data can’t be used to study
historical changes of Prosopis cover, as the data are tasked, and the archives do not date back to early
introduction periods (e.g., to the 1980s). Therefore, we must rely on satellite data that have been
captured over a long time and in a consistent manner, such as the Landsat or the moderate-resolution
imaging spectroradiometer (MODIS) missions. Several studies have used such satellite data to
capture spatiotemporal Prosopis distribution in various regions in Africa. Van den Berg et al. [24]
assessed Prosopis invasion in South Africa by combining MODIS data with soil and terrain data.
Shiferaw et al. [16] used Landsat 8 Surface Reflectance, Climate Data, topographic, and landscape
structure data to assess Prosopis invasion over time in Afar, Ethiopia.

In Kenya, Kyuma [25] mapped the spatiotemporal changes in Prosopis distribution between
2000–2013 in the southern part of Kenya using MODIS NDVI and net primary productivity products
at 250m spatial resolution. Other studies, although not spatiotemporal in nature, mapped P. juliflora
using Landsat 8 imagery and ground information [26,27], and evaluated the effectiveness in Landsat 8
data to map Prosopis in Somaliland.

These examples show that the mapping and monitoring of Prosopis invasion has received increasing
attention in the last years in Africa. However, a reliable estimate of the spatial evolution and dynamics
of Prosopis invasion and its effects on the land-use/land-cover dynamics, and thus on rural livelihoods,
is currently lacking for Kenya and other parts of the invaded range. A better understanding of the
invasion process and the current distribution of Prosopis in Baringo would be particularly revealing,
as it would also help evaluate what extent the ‘management by utilization’ approach, which has
been promoted in this county for the last 10–15 years [28,29], has slowed down or even stopped
Prosopis invasion.

Thus, in this study, we aim at enhancing the understanding of the spatial evolution and dynamics
of Prosopis invasion in Marigat subregion, which is the most heavily invaded subregion in Baringo
County, by assessing its distribution in regular time intervals, calculating rates of spread, and analyzing
which LULC classes are the most affected. Our study builds on the work of [30], who assessed LULC
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changes in the same area. Besides assessing LULC changes, we investigated how an exotic woody plant
invaded, and the role that it played in fueling further LULC changes in the area. In order to achieve
these goals, we use a time-series of multispectral and bi-seasonal Landsat data in combination with
other important auxiliary data, and apply a novel machine learning classifier. A rigorous validation
procedure makes sure that the obtained classification results are of high accuracy and allow for an
accurate multi-temporal change analysis.

2. Materials and Methods

2.1. Study Area

This study was conducted in Baringo County, located along the Great Rift Valley system in Kenya
(large map, Figure 1). It is characterized by a unique combination of altitude, precipitation, soil,
and vegetation. The lowland “Njemps flats” are slightly undulating and dominated by rangeland,
with an average altitude of 700 m above sea level. They are surrounded by Laikipia Escarpment on the
east and Tugen Hills and Elgeyo Escarpment on the west, as well as the ridges and plateaus of the
Lake Baringo catchment with peaks of over 3000 m a.s.l. [31]. The Tugen Hills form a conspicuous
topographic feature which trends north–south and mainly consists of volcanic rocks. The steep slopes
on escarpments end down the valleys forming prominent gullies and very deep gorges. The total
annual precipitation is between 1000–1500 mm in the highlands [31] and between 300–700 mm in the
lowlands, and is characterized by a bimodal distribution with two peaks in April and November [32].
Temperatures range from 10 ◦C to 35 ◦C. Presently, the vegetation is predominantly a woody mixture
of indigenous and exotic species. It ranges from Vachellia-dominated deciduous shrubland on the
valley floor to the evergreen forests in the highlands [33]. Prosopis juliflora currently dominates the
lowland flats around the mid-east and mid-west of Lake Baringo and further stretching southwards up
the northern tip of Lake Bogoria [10,21,31,33]. Historically, the flat parts in the lowlands of Baringo
County consisted of a mosaic of grasslands and Vachellia-dominated shrubland [34,35].

Prosopis was introduced at these lowland zones between 1982–1983 through the Fuelwood
Afforestation Extension Project [36,37]. The major objective of the project was to involve local
communities in tree planting for mitigating problems such as lack of firewood and desertification [36].
In total, more than 20 plantations were established, covering an area of over 250 ha [10].

Our study area (red polygon area, Figure 1) focuses on the Marigat subregion because a) it is the
zone where Prosopis was first introduced and invasion progress can be observed, b) Baringo County
has three distinct eco-regions, but Prosopis is predominantly found in the lowlands, and c) because the
most important LULC classes for local communities’ livelihoods are concentrated in this zone, while
the surrounding hilly and rocky escarpments are predominantly arid and have limited ecosystem
services to offer. To analyze the relevant LULC changes, we focused on the LULC classes that are
present in the invasion hotspot region around Lake Baringo and toward Lake Bogoria.
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2.2.1. Field Reference Data 

Field reference data were collected in the field between October 2015 and June 2016, which is a 
period that cuts across the dry and wet seasons. Reference points distributed across the study area 
were collected using a handheld GPS receiver. For the historical imagery, reference data was 
collected by the visual interpretation of VHR satellite imagery available via Google Earth Pro 
[38]—details are provided in supplementary materi al SI2—by visual interpretation of the Landsat 
satellite data itself in combination with field verification from local long-term residents familiar with 
the study area and its historic LULC. The selection of reference data was also highly informed by the 
distinct species occurrence characteristics such as along rivers, roads, vegetation differentiation 
because of elevation and soil types, homogeneity, and contiguity. Being a semi-arid zone, the 
vegetation is scanty; this is largely associated with historical degradation in the study area [30], 
which is a factor that enhanced identification. Additionally, the dominant vegetation is the generic 
species of Vachellia and Prosopis. Their identification was enhanced by seasonality as described in 
Section 2.2.2. For historical dates where VHR was not available, we heavily relied on local expert 
knowledge and vegetation occurrence characteristics to collect reference data. After the visual 
interpretation, we digitized small polygons, i.e. regions of interest (ROIs) for each LULC class 
(supplementary material SI2). We performed a classification on 13 LULC classes that were later 
aggregated to eight classes. ‘Mixed vegetation’, for example, is an aggregation of several landscape 

Figure 1. Overview of the study area (red box) covering the Marigat subregion, located in Baringo
County, Kenya.

2.2. Assessment of Land-Use and Land-Cover Changes

2.2.1. Field Reference Data

Field reference data were collected in the field between October 2015 and June 2016, which is a
period that cuts across the dry and wet seasons. Reference points distributed across the study area
were collected using a handheld GPS receiver. For the historical imagery, reference data was collected
by the visual interpretation of VHR satellite imagery available via Google Earth Pro [38]—details are
provided in Supplementary Materials SI2—by visual interpretation of the Landsat satellite data itself
in combination with field verification from local long-term residents familiar with the study area and
its historic LULC. The selection of reference data was also highly informed by the distinct species
occurrence characteristics such as along rivers, roads, vegetation differentiation because of elevation
and soil types, homogeneity, and contiguity. Being a semi-arid zone, the vegetation is scanty; this is
largely associated with historical degradation in the study area [30], which is a factor that enhanced
identification. Additionally, the dominant vegetation is the generic species of Vachellia and Prosopis.
Their identification was enhanced by seasonality as described in Section 2.2.2. For historical dates
where VHR was not available, we heavily relied on local expert knowledge and vegetation occurrence
characteristics to collect reference data. After the visual interpretation, we digitized small polygons,
i.e., regions of interest (ROIs) for each LULC class (Supplementary Materials SI2). We performed
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