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Abstract: Water is life. It is an important element of the social and economic well-being of society.
Kenya is a water-scarce country, ranked as 21st globally for the worst levels of water accessibility.
The town of Eldoret is currently experiencing rapid population growth, resulting in ever-growing
water demand. On the other hand, climate variability, land cover, and land use changes have altered
the hydrologic response of the Kaptagat catchment, one of the major sources of water for Eldoret.
This study uses the SWAT model in seeking to evaluate the impact of land use change and climate
variability on the catchment yield, resulting in high variations in river flows and storage reservoir
levels, and suggests possible mitigation measures to improve the yield. The model was customized
for the study area, calibrated, and validated, and simulations were done to establish the changes in
yield and river flow over time. This study observes that with time, land use changed due to in-
creased settlement in the catchment, resulting in a decrease in forest cover (natural and planted)
from approximately 37% in 1989 to 26% in 2019. Rainfall events also decreased but became more
intense. The results of the changing land use and climate variability were changes in the catchment
hydrologic response, occasioned by increased surface runoff and decreased baseflow and ground-
water recharge, hence the high variations in water levels at the Elegirini and Two Rivers dams in
the catchment during the dry and wet seasons, as modeled. The modeling of the catchment man-
agement scenarios indicates groundwater recharge increased by 17% and surface runoff decreased
by 9%. Therefore, if the ongoing afforestation, reafforestation, and terracing practices by farmers
(although small-scale) increasing vegetation cover in the catchment are adhered to, the catchment
response regime will improve significantly with time, despite the increasing climatic variability.

Keywords: catchment yield; climate variability; discharge; land use change; SWAT

1. Introduction

Kenya is a water-scarce country with an estimated freshwater supply of 647 cubic
meters per capita per year, in contrast to the United Nation’s recommended benchmark
of 1000 cubic meters per capita per year. In terms of accessibility to clean water, Kenya
ranks as the 21st worst, globally [1]. Approximately 41% of the Kenyan population does
not have access to clean water, which contributes to 10% of deaths. These national figures
trickle down to the villages. Therefore, there is a need for an improvement in accessibility
to clean water.

The town of Eldoret, the capital of Uasin Gishu County, is in the western part of
Kenya. It has a population of about 300,000, with a water demand of approximately 55,000
m?/day. The Eldoret Water and Sanitation (ELDOWAS) company is the sole supplier of
water, with an approximate capacity of 36,400 m3/day [1]. The huge gap between demand
and supply of clean water has made the commodity scarce and, hence, is a limiting factor
towards sustainable development in the region. This situation has been made dire due to
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the little appreciation and efforts made towards the management of this important re-
source. ELDOWAS has been continuously poorly funded, hence weakening its capacity,
while the population has been continuously ballooning. The result is an inaccessibility to
clean water, especially by the residents of the informal settlements in the urban area.

Apart from the current gap between the water required and that supplied, land use,
land cover, and climate variability have also impacted the water resources of the region.
Forest cover in the catchment has greatly diminished because of human activities, result-
ing in a change in rainfall-runoff response. The rapid change in land cover of the Kaptagat
catchment from natural and planted forests to settlements and small-scale agricultural
farms has greatly altered the catchment hydrologic response, as also observed by [2]. This
has resulted in high flows during the wet seasons and extremely low flows during the dry
seasons, greatly impacting the water levels of the Elegirini and Two Rivers water storage
reservoirs and, hence, inadequate water supply to Eldoret. Furthermore, climate variabil-
ity, with increased rainfall intensities during the wet seasons—resulting in increased sur-
face runoff —and extremely dry seasons causing low flows, has contributed to change in
flow regimes [3]. While several studies have researched the impact of extreme weather [4]
and watershed disturbance [5] on catchment hydrologic response, this study does not at-
tempt to separate the two but notes a tendency of increased vegetation cover to offset the
effects of climatic variability.

Changes of forest land to agricultural and settlement usage often impact the integrity
of the soil, and its nutrients and profile. The results of these changes are alterations in
interception, infiltration, evapotranspiration, and groundwater recharge. This, in turn,
changes the timing and amount of surface runoff and river flows [3], as is already being
experienced at the Kaptagat catchment [6], complementing this observation by noting that
the clearing of forests for land use that compacts the soil and exposes it to erosion results
in decreased infiltration and percolation to groundwater. However, [7] argues that forest
cover reduces baseflow due to increased evapotranspiration because of increasing tem-
peratures and, subsequently, groundwater recharge is reduced.

Groundwater is an important resource throughout rural Kenya, with approximately
80% of the population relying on it as the primary source and, in some cases, as the only
source of water. Groundwater has, for a long time, been a reliable source of water, even
in arid areas where rivers dry up during the dry seasons. This is because groundwater
storage has always been greater than the annual recharge [6,8]. In catchments such as
Kaptagat forest, with natural springs and river sources, groundwater and streamflow are
linked, so that changes impacting the surface flow will have significant consequences on
groundwater (and vice versa), changing the hydrologic response of the river and poten-
tially affecting its ecology and the human population depending on it.

The Kaptagat catchment is the source of the Sosiani River. Along the river are two
reservoirs, Elegirini and Two Rivers, which are abstraction points for two of the
ELDOWAS water supply treatment plants. Over the years, decreasing forest cover has
been a major cause of concern, with the government at one point introducing “Nyayo tea
zones” along its borders to protect it from encroachment. However, a sizeable portion has
been converted to small-scale agricultural farms, settlements, and institutions serving the
community. Whereas there have been efforts to restore forest land through afforestation
and resettlement programs, the reduction of forest cover continues. Statistics from the
Kaptagat forest station indicate that at least 20% of forest land has been encroached upon.
Evidence from field visits had the residents suggesting the timing, duration, and overall
discharge of the streams in the forest feeding the Sosiani River have changed, and there-
fore, so has the main river. During the past few years, very low flows have been experi-
enced during the dry season, with the reservoirs recording very low storage levels. The
quality of water abstracted from the reservoir deteriorated and the water treatment plant
almost shut down, precipitating an acute water shortage in Eldoret in 2017.

This study, therefore, seeks to understand the impact of land-use change and climate
variability on the Kaptagat catchment hydrologic response through modeling, using the
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Soil and Water Assessment Tool (SWAT). SWAT was selected because it has already been
applied successfully to various water quality and quantity issues regionally and globally,
such as those specified in [9-16]. Flexibility is a key strength of SWAT, allowing for the
simulation of a wide variety of soil and water conservation practices [17]. Although there
are few long-term datasets for river flows, this study uses the available land use data,
rainfall, and temperatures to simulate flows for various scenarios in the catchment and
suggests various management measures to improve water yield in the catchment.

2. Materials and Methods
2.1. Study Area

The Kaptagat forest catchment is in the Eastern part of the town of Eldoret. It is the
source of the Sosiani River, which is important for supplying water to Eldoret. The river
is fed by two main tributaries, the Elegerini and the Endoroto. The Kaptagat catchment
lies between latitude 00° 17" N and 00° 30" N and longitude 35° 20" E and 35° 37’ E and has
an area of about 269 km? (Figure 1). The altitude of the catchment varies between 2600 m
and 2184 m above mean sea level (Figure 2).
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Figure 1. Map of the Kaptagat catchment, Uasin Gishu Kenya.
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Figure 2. Digital Elevation Model (DEM) for the Kaptagat catchment, Uasin Gishu, Kenya.

The Kaptagat forest catchment receives heavy precipitation in the form of rainfall.
The average annual rainfall ranges from 624.9 mm to 1560.4 mm, with two distinct peaks
occurring in March-June and August-September; temperatures range between 7 °C and
29 °C [18]. According to [18], the catchment has a dominant (60%) land use of farming
(both livestock and crop cultivation). Forest covers 30%, and grassland and urban devel-
opment cover the remaining (10%) sections. The soils comprise loam soils, red clay soils,
and brown loam soils which support farming.

Streamflow in the catchment has been changing due to climate variability and land-
use change, having significant consequences for the water management of the reservoirs
in the catchment [19]. Environmental factors, such as pollution from agricultural activities
and erosion, also influence the quality and quantity of streamflow. To propose adequate
management measures to improve the water yield in the catchment, it is important to
model the hydrological cycle for the catchment. SWAT has been shown to be a useful tool
for achieving this goal from various studies. The SWAT model was set up for the Kaptagat
catchment, with 4 subbasins and 32 hydrologic response units and flow simulated for the
past 40 years, starting from 1980.

2.2. SWAT Model

The SWAT model is a comprehensive, time-continuous, semi-distributed, process-
based model developed by the Agricultural Research Service of the United States Depart-
ment of Agriculture [20]. SWAT can model changes in the hydrologic response of the
catchment, water quality, and erosion, and is also good at estimating the effects of land
use changes and climate variability on a catchment [21]. The model works by dividing the
catchment into subbasins and further into Hydrologic Response Units (HRUs). These sub-
divisions are characterized by the different combinations of land use, soil characteristics,
slope, and the different catchment management practices applied. The SWAT model uses
a hydrological cycle based on the water balance approach [16]. The hydrological cycle is
controlled by climatic variables such as rainfall, temperature, wind speed, solar radiation,
and relative humidity. SWAT uses daily time series inputs from climatic variables to sim-
ulate daily, monthly, and annual catchment hydrologic responses. SWAT documentation
gives detailed literature on how the model works [22].
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2.3. Model Setup

ArcSWAT (Arc GIS-SWAT) is the latest available version used as an interface be-
tween ArcGIS and the SWAT model. Arc SWAT version 10.5.24, an extension of ArcMap
10.5, was used in this study. Spatial data (Digital Elevation Model (DEM), soil, and land
use), used in the processing phase, were fed into the SWAT model through the interface.
Soil and land cover made important responding units, which the SWAT model used in
subdividing the catchment into HRUs, having unique land use—soil combinations during
the process of runoff generation. For the model setup and watershed simulations, SWAT
requires an assortment of input data layers. The Digital Elevation Model (DEM) defines
the topography of the watershed. It is used to calculate sub-basin parameters, such as
slope, and to define the stream network. The soil data define soil characteristics while the
land use data provide vegetation information. The climatic data and streamflow data were
sourced according to SWAT input requirements.

2.3.1. Digital Elevation Model (DEM)

An ASTERDEM of 30 m resolution was downloaded from the United States Geolog-
ical Survey (USGS) website, projected, clipped, and used to extract flow direction, flow
accumulation, and generation of the stream network. This provided the delineation of the
watershed and subbasins, as illustrated in Figure 2. Topographic parameters, such as ter-
rain slope and channel slope, were also derived from the DEM.

2.3.2. Land Use/Land Cover maps

A Sentinel land use map (2016) from the Regional Centre for Mapping and Resources
for Development (RCMRD) geoportal and Landsat images (1989, 2000, 2009, and 2019)
from the USGS website were downloaded (Figure 3). The 2016 Sentinel land use map was
used in training for the supervised land use classification of the Landsat images. The clas-
sified land use images were thereafter projected, clipped, and overlayed on the catchment.
Eight main land use categories were identified, and ground-truthing was conducted, re-
sulting in three main classes: agricultural lands, forest, and grassland. Settlements, water,
and riverine land cover formed small pockets of land cover in the study area.

1989

2009 2019

Figure 3. Landsat Images used for land use classification.
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2.3.3. Soil Map

A Kensorter soil map was downloaded from the United Nations Food and Agricul-
ture Organization (FAO) website. The map was projected, clipped, and overlayed on the
catchment. Three main soils, KE69, KE95, and KE97, were found to be dominant. A data-
base on Microsoft Access was developed to define the soil parameters, such as texture,
hydrologic soil group, available water content, soil depth, and so forth, that were neces-
sary to run the SWAT model.

2.3.4. Meteorological Data

Precipitation and temperature data required to run the SWAT were obtained from
the Kenya Meteorological Department (KMD), Eldoret. The rainfall observation stations
used were the Kaptagat Forest Station, the Sabor Forest Station, the Kipkabus Forest Sta-
tion, and the Eldoret Meteorological Station (Figure 1). The daily rainfall data obtained
were from the years 1970-2019. Data quality analysis (gross error checking, tolerance tests,
and an internal consistency test) was performed, expunging anomalous values, and iden-
tifying gaps, which were then filled using CHIRPS datasets, a combination of satellite and
observed rainfall data. Temperature data (max and min) from the Eldoret Meteorological
Station for the same period were used. To mitigate the effects of initial conditions, the
period of 1970-1980 was used as a warm-up period. A ten-year record of rainfall, 1981-
1990, corresponding to the period for which streamflow data was available, was selected
for model calibration and validation.

2.3.5. Parameter Sensitivity

Sensitivity analysis was performed as an important step towards understanding the
model performance before calibration. Four parameters were chosen to test surface runoff
sensitivity; curve number (CN), baseflow recession constant (ALPHA_BF), groundwater
delay time (GW_DELAY), and the depth of the shallow aquifer required to return flow
(GWQMN). Each parameter was independently increased while observing the response
of the direct runoff. It was observed that the baseflow recession constant was very sensi-
tive. However, due to the unavailability of groundwater data, the focus was put on CN,
where its modification would result in a non-linear change in the hydrologic response of
the catchment. The catchment runoff was observed to be more sensitive to an increase in
CN compared to a decrease.

2.3.6. Model Performance

The efficiency of the model and the accuracy of the results produced were carried out
based on the line of best fit, to arrive at a coefficient of determination R2, Bias, and Nash-
Sutcliffe Efficiency (NSE). The methods are good at signifying the consistency between
observed and simulated streamflow. The R?, Bias, and NSE have values ranging from 0 to
1. A value of 20.5 is acceptable, while 20.7 indicates the model to be a good predictor of
runoff [10,12,21]. The model was therefore calibrated manually and automatically, using
the SWAT CUP, SUFI-2 program, which is linked to SWAT. Several simulation runs were
done to achieve a satisfactory R? of 0.99 (Figure 4), a Bias of 0.32, and an NSE of 0.9 for
calibrated monthly flows. The calibration period was 1981-1985 and the validation period
was 1986-1990.
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Figure 4. Scatter plot of observed versus calibrated average monthly flow.

2.4. Analysis of Rainfall Data

The 1970-2019 rainfall data obtained for the stations in the catchment were divided
into decades (D1-D5). Statistical analyses, linear trend line distributions, time lag compar-
ison, and moving average analysis were applied to the daily rainfall events and amounts.
A rainfall event was defined by rainfall > 1 mm [18]. Rainfall events were computed at a
daily time step and the same statistical analyses were performed. The last 30 years (1989-
2019), with available land use maps, formed the critical part of rainfall data analysis.

2.5. Management Practices

The calibrated model was used for scenario analysis. Each scenario was defined
based on land use change or management operations, such as land use management, im-
pounding water on agricultural farms, and soil water conservation practices for analysis.
The simulation period using rainfall for selected years was maintained and the catchment
yield, groundwater, and river flows were observed for comparison purposes.

2.6. Stakeholder Engagement

The main stakeholders in the catchment are Kenya Forest Services (KFS), the Ministry
of Agriculture, ELDOWAS, administration (local and county), and the community. The
stakeholders were consulted during field visits and it was noted that efforts were being
made to conserve the catchment. Some of the initiatives undertaken include athletic com-
petitions (marathons) to raise funds for planting trees and creating awareness of forest
conservation, the “shamba/taungya system”, commercial bamboo farming, afforestation,
and reafforestation programs, amongst others.

3. Results
3.1. Querview

The use of the SWAT model was beneficial because of its original design to assess the
role of climate, topography, soil, and land use in the hydrologic response of a catchment.
This has played a significant role in modeling and simulating flow from ungauged catch-
ments in developing countries like Kenya, with little input data. This made the modeling
of the Kaptagat catchment possible.

3.2. Model Calibration
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After performing several iterations with modifications to the parameters in Table 1,
the model was observed to have a good fit between the observed and simulated flows.
This is illustrated in Figure 5 for the calibration period of 1981-1985. Although the model
had an acceptable fit, the performance of the model was not optimal because of the paucity
and quality of the observed streamflow data. The observed streamflow data therefore may
have not given a good representation of the catchment, as the bias can be seen in Figure

4.

Table 1. SWAT groundwater parameters modified, and calibration values used.

librati
Parameter Description Default Calibration
Range
GW_Revap.gw  Groundwater “revap” coefficient 0.05 0.05-0.02
Alpha_BF.gw Baseflow alpha factor (days) 0.048 0-1
Threshold depth of water in shallow
GWQMN.gw aquifer required for return flow to 1000 500-1000
occur (mm)
Soil layer—
Sol_K ().sol  Soil hydraulic conductivity (mm/h)  ~ 0 Yo ~10/10
specific
600
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T 400 \
8}
= |
= 300 |
=
e Ob d
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Figure 5. Outflow graph for observed versus simulated flow for the calibrated model.

3.3. Model Validation

Figure 6 shows the outflow graph for the observed and simulated flows during the
model validation period of 1986-1990. The validated model gave a good prediction of
monthly flow with an R? of 0.71, as illustrated in Figure 7. However, the calibrated model
slightly underestimated the observed flows. Further, the R? for >95 and <5 percentile flows
for the entirety of the calibration and validation period were determined to be 0.81 and
0.11, respectively, as illustrated by Figures 8 and 9. The model was therefore noted to be
a good estimator of high flows in comparison to low flows.
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Figure 6. Outflow graph for observed versus simulated flow for the validated model.
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Figure 7. Scatter diagram for simulated versus observed flow for the validated model.
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Figure 9. Scatter diagram for simulated versus observed <5 percentile flows (1981-1990).

3.4. Land Use/Land Cover Change

The parameter settings identified during the model calibration and validation were
used to parameterize the SWAT model for the different land use changes for the 30-year
period (1989-2019). The effects of the land use change were modeled at intervals of 10
years. Forest cover decreased while agricultural land increased gradually (Figures 10 and
11, Table 2). However, during the period of 2010-2019, an increase in planted forest was
observed (Figure 10d). These changes in land use over the years affected the catchment
yield, as illustrated in Table 3 and Figure 12.
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Figure 10. Land use maps (a) 1989, (b) 2000, (c) 2009, and (d) 2019) from Landsat images.
Table 2. Summary of land use change (1989-2019).
Percentages of Area Covered (%)
Land
and Use 1989 2000 2009 2019
Natural Forest 16.21 7.59 7.37 6.94
Planted Forest 20.86 16.20 15.95 18.18
Range Bush 11.42 30.27 32.88 21.56
Grassland 11.02 4.30 3.03 2.70
Mixed Farming 19.42 24.67 26.73 29.98
Planted Trees 8.32 4.62 2.65 6.52
Maize 7.25 7.89 8.21 10.15
Wheat 5.50 4.46 3.18 3.97
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Figure 11. Graphical illustrations of land use changes in 1989-2019.

3.5. Calibrated Model Results

The results of the runoff simulation at the outlet of the Kaptagat catchment at the
Two Rivers dam show great variability with land use change over the years, as illustrated
in Figure 13. While the watershed showed an increase in surface runoff in 2019, this is in
line with the observed increased rainfall lately. The low flows, especially in 2016, are con-
sistent with the views of the local community gathered during field visits. High fluctua-
tions in water levels reported could also be noted for 2000, 2009, and 2019 flows (Figures
12 and 13), an indication of a change in the timing of river flows.
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Figure 13. Simulated flows for the Kaptagat catchment with land use maps for different years.

3.6. Scenario Analysis for Land Use Change and Management Practices

The Kaptagat catchment has eight main land use areas: natural forest and wetlands
(6.94%), planted forest (18.18%), open space and bushes (21.56%), mixed farming (29.98%),
grassland (2.7%), planted trees (6.52%), maize (10.15%), and wheat (3.97%) (Table 2). Sce-
nario analysis was performed and observed based on the decreasing percentage of open
spaces and bushes by 25%, from a max of 100% to 0%, in anticipation of the conversion of
bushes to forest cover through afforestation and reafforestation initiatives. Agricultural
land was also anticipated to decrease by 10% through afforestation initiatives, where
farmers plant bamboo and other trees for commercial purposes. Further, terracing and the
planting of strips of tea plantations on steep agricultural land, with slopes > 25%, was also
anticipated, based on the Agricultural Act of Kenya, CAP 318, restricting cultivation on

slopes exceeding 35% and, therefore, intended to be converted into forests. The scenarios
were the following:
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The average flows, groundwater recharge, and surface runoff determined for the dif-
ferent land use scenarios were summarized in Table 3; the yield and runoff gradually in-
crease with an increase in forest cover. Groundwater recharge increases gradually with
an increase in forest cover. A conversion of 10% of agricultural land into forest results in
a decrease in runoff and an increase in groundwater recharge. Further, the introduction
of terraces on steep agricultural lands of the catchment decreases runoff and increases
groundwater recharge significantly. The two latter management practices improve the
catchment response significantly (Table 4 and Figure 15).

Table 3. SWAT output showing the consequences of land use change on the watershed.

Land Use Averag.e Annual Runoff Groundwater Yield % Change
Map Rainfall (mum) Recharge (mm) (Yield)
(1989-2019) (mm) (mm)
1989 1128.80 246.41 144.63 309.03 -
2000 1128.80 228.35 158.20 292.42 -5.37
2009 1128.80 205.81 149.61 271.05 -12.29
2019 1128.80 243.08 119.51 279.12 -9.68




Sustainability 2021, 13, 1802 16 of 20

Table 4. Summary of scenario analysis.

Scheme Yield  Runoff Gli({):;(ivr\;:er % Change
(mm) (mm) (Yield)
(mm)
25% of bushes converted into forest 326.00 288.15 131.53 -
50% of bushes converted into forest 326.46 288.91 131.54 +0.14
75% of bushes converted into forest 326.73 289.07 131.73 +0.22
100% of bushes converted into forest 326.77 289.07 131.78 +0.24
10% of agricultural land converted into 0519 282.39 138.30 095
forest
Terracing and the planting of strips of tea
plantations on agricultural lands with ~ 319.90  246.82 165.61 -1.85
slopes 2 25%
326.90 289.2
326.80
326.70 =
. 32660 2888 o
£ 326.50 E
S Bk
" 326.20 2884 o —e—Runoff
326.10 288.2
326.00
325.90 288
20 40 60 80 100

% Change of Bush and Open Space into Forest%

Figure 15. Graph of runoff (red) and yield (blue) versus the percent of change in range bush land.

3.7. Analysis of Rainfall Data

The general observation was a decrease in the number of rainfall events with an in-
crease in the amount of rainfall, suggesting increased rainfall intensities. The Kaptagat
Forest Station, at the center of the catchment, recorded an insignificant change in the num-
ber of rainfall events in comparison to the amount of rainfall received, as illustrated in
Figures 16 and 17. However, the Eldoret Meteorological Station, at the edge of the catch-
ment, experienced significant changes of approximately a 6% decrease in rainfall events,
with more than a 10% increase in the amount of rainfall during the last decade. This ob-
servation complements the work by [23].
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Figure 16. Graph of rainfall for the Kaptagat Forest Station (1989-2019).
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Figure 17. Graph of rainfall events for the Kaptagat Forest Station (1989-2019).

4. Discussion

The observed changes in catchment flows and yield are in line with land cover
changes where forest cover is converted into agricultural farms and the land is fragmented
into smaller sizes for mixed farming (Figure 11). The catchment yield decreases progres-
sively (Figure 12). During the early years, the catchment was observed to have a high yield
with continuous flows having a little variation. However, this changed with 2019 receiv-
ing heavy rains; the yield remained below that of 1989 (Figure 13). The low flows of 2016
could be observed (Figure 13), which impacted negatively on the storage of the two res-
ervoirs in the catchment, resulting in water levels dropping below the inlet point for water
treatment works. This further occasioned an acute shortage of water in Eldoret in late 2016
through to 2017. The land use for 2019 improved the catchment yield slightly in compari-
son to the previous years.

The change in hydrologic response of the Kaptagat catchment over time for the pe-
riod of 1989-2019 can be attributed to the change in forest cover. Decreased forest cover
from 1989-2009, because of charcoal burning and illegal logging, is most likely to have led
to the decrease in the infiltration and, hence, percolation because of decreased surface
roughness. Evapotranspiration also was likely to have been reduced and hence, affected
the hydrological cycle of the catchment. Therefore, the effect of these changes was likely
a reduction in precipitation, an increased proportion of the rainfall converted to runoff,
and decreased groundwater recharge.
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The occurrence of the described phenomenon is observed to have been gradual. At
first, when the forest cover decreased, groundwater increased due to decreased evapo-
transpiration, as can be seen in the year 2000 (Table 3). However, the groundwater con-
tinued to replenish streamflow for some time. However, because of the low levels of infil-
tration and the spaces available in the river networks in the catchment, resulting from
subsided flow levels, the replenishment of groundwater was low, and it started to deplete.
With little groundwater and variability in rainfall, combined with increased bare land,
surface streamflow in the catchment varied greatly, as observed by the community.

The above-observed phenomenon can be summarized to be because of the increased
proportion of rainfall being converted to runoff and the decline in evapotranspiration due
to reduced forest cover. It was observed that the SWAT model is sensitive to the shallow
aquifer threshold level in defining the relationship between streamflow and groundwater,
which is in line with the observed phenomenon [16]. The effect of land management prac-
tices, where farmers were encouraged to plant bamboo plantations and forest land was
reclaimed for reafforestation, hence increasing vegetation cover, could be observed by the
decreased runoff and groundwater recharge and increased catchment yield in 2019 (
Figure 12). However, the practice needs to be improved and sustained until the ground-
water aquifers are recharged to sustainable levels.

The increasing human settlement and agricultural activities in the catchment trans-
late to increasing water demand. With the high variability in river flows and reservoir
storage levels, flower farms and a few intensive agricultural farms and industries have
resorted to sinking boreholes. This further depletes the diminishing groundwater in the
catchment, hence the continuous decrease, as observed in Table 2. Inter-annual rainfall
variability remains high. With the decreasing rainfall events and increasing rainfall inten-
sity [24], there is a likelihood of increased water demand vis-a-viz the availability. There-
fore, there is a need to enact additional mitigation measures in addition to the simulated
measures already being enacted, such as planting trees in the open spaces and bush areas
that were previously forests and destroyed, and planting trees for commercial purposes
in agricultural land. Further mitigation measures, such as harvesting surface runoff (e.g.,
water pans), terracing and the planting of strips of tea plantations on agricultural land
with slopes 225% to recharge groundwater and for use in agricultural activities will hasten
the process of recharging the diminished aquifers in the catchment. To ensure sustaina-
bility, the cost of these mitigation measures should be offered by downstream users to the
upstream farming communities for their efforts in providing watershed protection eco-
system services.

5. Conclusions

To target and implement land use management practices in the Kaptagat catchment
to improve its yield, SWAT modeling is an important decision-making tool. However, the
availability of observed accurate streamflow data is necessary for the calibration and val-
idation of simulated streamflow. The availability of land use, climate, and flow data made
it possible for the modeling and understanding of the changing hydrologic response of
the Kaptagat catchment that has been taking place over time. However, the observed bias
between the observed data and the model output is attributed to inadequate observed
data, which limits the model’s ability for its application in day-day management deci-
sions, even though it may be sufficient to hypothetically examine the impacts of land use
and climate on river discharge. Furthermore, [25] a decline in monitoring networks was
noted, suggesting the adoption of short planning periods. However, it is a predicament
since long-term planning cannot be done.

The method applied involved obtaining the available climate and streamflow data
from the Meteorological Department and Water Resources Authority (WRA). Sentinel
land use data were used for the identification of dominant land use to be used for the
supervised classification of Landsat images. The model was calibrated and validated for
the simulation of land use change for at least the last three decades, 1989 to 2019. The
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study illustrated the effects of land use change on catchment yield, flow, and groundwa-
ter. The positive effects of management measures already in place were also observed.
The Kenya Forest Service, in collaboration with ELDOWAS, local administration, and the
Ministry of Agriculture at a county level, should continue working with the local commu-
nity within the catchment to realize an increase in forest cover, terracing and the planting
of tea plantation strips on agricultural lands with steep slopes and the protection of natu-
ral springs. Environmental conservation initiatives should also be implemented through
payments for environmental services by downstream users offering incentives to up-
stream farming communities, in exchange for managing their land and resources for
providing environmental services.

Further, there is a need for modeling of sediment transport and groundwater in the
catchment, as they play a role in the amount of water stored in the catchment reservoirs
and river flows. In the current state, the hydrologic response of the Kaptagat catchment is
significantly improving and management practices taking place should be sustained.
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