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Abstract: The failing ecosystem services in Thika-Chania catchment is manifested in the deterioration
of water quality, sedimentation of reservoirs, and subsequent increase in water treatment costs due to
high turbidity. The services can be restored by implementing relevant soil and water conservation
practices to enhance flow regulation and control sediment yield. The impacts of contour farming
and filter strips on water and sediment yield were evaluated using Soil Water and Assessment
Tool (SWAT), Texas A&M University, USA. Sediment calibration and validation was achieved
using data obtained from a bathymetric survey. Model parameters were adjusted to simulate the
conservation impacts of contour farming and filter strips. Results indicated the average annual
sediment yield as 22 t/ha at the outlet of the catchment and average annual surface runoff of 202 mm.
The simulation results showed that filter strips of 5 m width would reduce the average annual
sediment yield from the catchment by 54%. The efficacy of filter strips in reducing sediment yield
was observed to increase with increasing filter width. Three-meter filter strips and contour farming
reduced the average annual sediment yield at catchment outlet by 46% and 36%, respectively. It was
concluded that the implementation of contour farming and filters strips reduced sediments by 63%
from the base value. Water yield at the sub-basin level was only influenced by contour farming.
The total water yield at the catchment outlet experienced no significant change.
Keywords: Thika-Chania catchment; sedimentation; SWAT; calibration; validation; Kenya

1. Introduction
Human beings benefit from a wide range of ecosystem services provided by nature around the
world, including fresh water, firewood, flood regulation, purification of water, and creation of an
aesthetic ecosystem. These services, however, are affected by the unsustainable use of those ecosystems.
About 50% of the arable land in the world has been affected by soil erosion, leading to deterioration of
ecosystem services from which people derive their livelihoods [1]. Approximately 5 t/ha of productive
soil is eroded for water resources annually in Africa [2]. When soil is transported in surface runoff
it causes sedimentation of reservoirs, enhances algae growth in watercourses, and creates a risk of
flooding in low-lying areas, besides deteriorating the quality of water.
Modeling water resources is considered one of the most important tools in assessing water
resources issues at the catchment level [3–6], avoiding spreadsheet calculations to predict assumptions
and factors [7,8]. Hydrology in a catchment is divided into two phases: the land phase and
the routing phase [9]. Across the globe, studies have been conducted on ecosystem services,
mainly focused on more than one service provided by the watersheds and catchment ecosystems.
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Most of the studies concentrate on economic valuation of the ecosystem services and studying their
biophysical processes [10], such as one that assessed the provisioning and cultural ecosystem services
in natural wetlands and rice fields in Kenya. The services evaluated include fiber, building materials,
and foodstuffs that were quantified as biophysical quantities and monetary value. The provisioning
services have declined in the past decades, while sustainable utilization of the systems is crucial in
livelihood enhancement [10]. Contour farming is an agronomic conservation method whereby farming
activities are done across a slope as opposed to up and down it [11]. The practice reduces soil erosion
down the slope by creating crop row ridges that act as barriers to surface runoff, thus reducing
flow velocity and enhancing infiltration in the small depressions formed. Contour cultivation
has been adopted across the world as an effective way of controlling soil erosion and preventing
sedimentation [12–14]. The main purpose of filter strips is to reduce the amount of suspended
materials and sediments on runoff water [15]. Research has been conducted assessing the effectiveness
of filter strips in reducing sedimentation and siltation in water bodies through modeling or the use of
experimental plots [16–20]. Evaluation using experimental methods, however, takes a relatively long
time as compared to simulation using models. SWAT estimates sediment deposition and the amount
of sediment from a catchment as a function of water volume from the stream segment [17].
In Thika-Chania catchment, soil erosion and subsequent sedimentation of reservoirs
have increased sedimentation and subsequent loss of water storage volume in downstream
reservoirs [21–23]. Most of the inhabitants in the catchment derive their livelihoods from
agriculture [17]. In a baseline survey carried out in the catchment, 77% of people said that erosion
occurs on their farms and 54% of the inhabitants had less than 25% of their land under soil conservation
methods [24]. Most people (53%) noted a declining vegetation cover on their land, while 79% observed
a greater deterioration in water quality in rainy seasons compared to half a decade ago. This implies
that soil erosion continues to increase as vegetation cover on the land decreases.
Previous studies have highlighted the need to implement soil and water conservation measures
in the catchment [24,25]. However, before their implementation, the effectiveness of each conservation
method needs to be established as the effectiveness of any management practice varies from
one region to another and from one sub-catchment to another due to different land uses, slope,
and climatic conditions. This research aims at evaluating the impacts of conservation measures on
sediment and water yield, which are the regulating and provisioning services of the ecosystem, using a
SWAT model.
2. Materials and Methods
2.1. Study Area
Thika-Chania catchment spans over four counties in Kenya and lies between latitude 36.58◦ and
37.58◦ E and 0.58◦ and 1.17◦ S. Hydrologically, the catchment is located in the Upper Tana Catchment
and has a total area of 840 km2 (Figure 1). Thika and Chania rivers are the main drainage systems in
the catchment. At the outlet of the catchment, the two rivers join and then drain into Masinga reservoir.
Slopes in the study area vary from gently sloping to very steep with the predominant slopes in the
range of 0–20%. This represents 70% of the total catchment area. The major land use is agriculture,
which includes coffee, tea, and cultivation of horticultural crops. In the upper parts of the catchment is
a forest cover that aids in filtration of water from the cultivated areas upstream. Distribution of rainfall
is bimodal, with high peaks from March to May and short rains coming in October to December.
Rainfall varies from 800 mm in low-altitude areas (1525 m a.s.l.) to 2200 mm in high-altitude areas of
the catchment. The dominant soils in the catchment include mollic andosol and humic nitisols.
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Figure 1. Thika-Chania catchment area.
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where:
where:
SWt : the final soil water content (mm),
SWt: the final soil water content (mm),
SW0: the initial water content in day i (mm),
R: the amount of precipitation in day i (mm),
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SW 0 : the initial water content in day i (mm),
R: the amount of precipitation in day i (mm),
Qs : the amount of surface runoff in day i (mm),
Ea : the amount of evaporation in day i (mm),
Wseep : the amount of water entering the vadose zone in day i (mm),
Qqw : the amount of return flow in day i (mm).
Erosion calculation and sediment yield calculation in SWAT uses the Modified Universal Soil
Loss Equation (MUSLE), which is a modified form of the USLE. MUSLE predicts sediment yield
based on runoff factor, while USLE predicts sediment yield based on rainfall energy factor [28].
MUSLE therefore accounts for the antecedent soil moisture and estimates of sediment from a single
storm can be determined.
Sed = 11.8 Q × q p × A

0.56

× K × C × P × LS × CFRG,

(2)

where,
Sed: Sediment yield from a given Hydrologic Response Unit HRU on storm event basis (t/ha),
Q: Surface runoff volume (mm/ha),
qp : Peak runoff (m3 /s),
K: Soil erodibility (Mg MJ−1 mm−1 ),
C: Crop management factor (Dimensionless)
P: Soil erosion control practice (Dimensionless)
LS: Topographic factor (L: slope length, S: slope steepness) (Dimensionless),
A: Hydrologic Response Unit (HRU) (ha),
CFRG: Coarse fragment factor (Dimensionless).
The digital elevation model, soil map, and land use maps were projected to the same
coordinate system. A user-defined critical source area of 1200 ha was adopted as the average sub-basin
area fell within the recommended range of 2–5% of the total catchment area [29]. The projected land
use map was uploaded into the model and reclassified to align with SWAT land-use types. In order to
reclassify the land use type, a user look-up table was made to identify the SWAT land use codes that
correspond to the land use map (Figure 2).
Key parameters lacking in the SOTER soil database are the saturated hydraulic conductivity and
USLE soil erodibility factor (K) for each soil type and layer. The saturated hydraulic conductivity (KS)
was estimated using the Jabro method [30], which was used by [22]:
Log (KS) = 9.56 − 0.81 log(% silt) − 1.09 log(% clay) − 4.64 (bulk density).

(3)

The structure of the soil is influenced by the percent clay, silt, or organic matter present.
The information on the properties of these soils was found in the soil terrain database. From the
analysis of different soils in the catchment area, it was noted that the texture of the soil influenced
its saturated hydraulic conductivity. That is, the higher the percentage of silt and clay, the lower the
saturated hydraulic conductivity.
The USLE erodibility factor was estimated using the method explained in [31].
The Hydrologic Response Unit (HRU), which represents an area of similar soil and land use,
was then established. Multiple HRUs were used in this study to generate HRUs that are convenient
to work with. The daily weather input parameters obtained from the meteorological stations
were uploaded to the model. The Soil Conservation Service SCS curve number was used to
compute the surface runoff and flow routing through the stream was achieved using the Muskingum
routing method. To determine the evapotranspiration rate, the Penman-Monteith formula was
employed in this study.
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of the catchment area. The slopes in the upper parts of the catchment are relatively flat but are prone to
soil erosion and flash floods [33]. In the middle parts of the catchment, the slopes are steep and have
high erosion rates, while towards the outlet of the catchment the slope is comparatively flat.
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Water 2018, 10, 1312

7 of 14

2.6. Simulating Filter Strips
A combination of filter strips and contour farming was simulated to evaluate the effectiveness
of the conservation measures when they are implemented at the same time. Sediments and water
yield were simulated when a 5 m filter strip is used on land where contour farming is implemented.
This was achieved by adjusting the filter strip width parameter in SWAT, Universal Soil Loss Equation
support Practice factor (USLE-P) and the SCS curve number. The results obtained were compared to
those achieved when one soil and water conservation method is used.
The effectiveness of integrating different conservation methods was computed by finding
the percent change in the model outputs when such measures are implemented, as illustrated in
Equation (4):
x − x2
E= 1
× 100,
(4)
x1
where E is the effectiveness of the conservation method(s) implemented, and x1 and
x2 are model simulation results at the base scenario and after implementation of the
conservation method(s), respectively.
3. Results and Discussion
3.1. Calibration and Validation of Streamflow and Sediments
The objective function was achieved after five iterations of 500 simulations in each run.
The observed data were incorporated within 70% of the 95% prediction uncertainty (95PPU)).
Calibration results showed that p and r factors were about 0.7. According to [36], a p-factor
greater than 0.70 and r-factor less than 1.5 show that the model is accurate in simulating streamflow.
Thus, the results show that the model accurately simulated the biophysical processes influencing flow
in the study area.
The statistical parameters, Nash Sutcliffe (NS), coefficient of determination (R2 ), and percent bias
(PBIAS) were found to be 0.66, 0.69, and 10.3, respectively. Studies have shown that NS and R2 values
close to 1 indicate a good fit between the observed and model results [37]. Other research indicated
that the SWAT model can be judged as satisfactory if the NS value is greater than 0.5 and PBIAS is
within ±25% during calibration for stream flow [37]. Therefore, in the present study, the model was
considered to accurately predict stream flow in the catchment area.
Figure 4 illustrates the monthly observed and simulated streamflow between 1998 and 2005.
The model closely matched the low flows well but, at some points, underestimated the high flows.
Similar observations were reported in other studies using the SWAT-CUP model [38,39]. Other research
indicated that the model does not accurately predict high flows and hence the simulated high flow
events are underestimated [40].
The calibrated parameters and their uncertainty range were used for the validation of streamflow
between 2006 and 2013, as shown in Figure 5. The validation was considered satisfactory after one
iteration of 500 simulations. The NS, R2 , and PBIAS were found to be 0.7, 0.8, and 7, respectively.
The p-factor and r-factor for the validation period were 0.6 and 0.5, respectively. The NS, R2 , and PBIAS
improved after the validation, but the p-factor was reduced by 9%. However, the p-value was greater
than 0.5, which implies that 61% have been incorporated by the 95PPU. The calibration results also show
that the low flows have higher calibration uncertainty than the high flows, as shown by the 95PPU.
A scatter plot of the observed and predicted streamflow using the calibrated parameters was
plotted and an R2 of 0.6 was obtained, which was not very high but implied that the model was
able to simulate streamflow correctly, both spatially and temporally (Figure 6). Similar studies have
also recommended the use of observed data not considered in calibration processes in order to make
simulations more representative and realistic and also ensure reliable performance of the hydrological
process within the catchment.
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downstream Masinga reservoir is 5 Mt/year. Thika-Chania catchment contributes 1.8 Mt/year.
(21 t/ha/year), which represents 36% of sediment inflow into Masinga reservoir [22]. Calibration of
sediments involved adjusting the parameters that were found to be sensitive to sediment variation.
The mean annual sediment outflow from the catchment was compared with the simulated
sediment yield. The model simulated annual sediment yield from the entire catchment of 22 t/ha.
These results closely matched the observed sediment yield (21 t/ha/year) at the outlet of the catchment.
Validation of the model was conducted at the upstream reservoirs (Thika and Sasumua dam).
It was found that the average annual sediment yield in Sasumua and Ndakaini dam was 0.6 and
0.7 t/ha, respectively. According to the bathymetric survey, the two reservoirs were found to have an
approximate annual sedimentation rate of 0 Mt/ha [29]. The model was further compared with the
results obtained from a sediment yield study in Sasumua catchment [41]. The latter found that the
average annual sediment yield from Sasumua (sub-basin 1, 2, 3, 4, 5, 6, 10, 11) is 10 t/ha.
The model simulated an annual sediment yield of 11 t/ha, which closely matched that observed at
Sasumua sub-basin. Therefore, the model was considered satisfactory in terms of simulating sediment
across the catchment. This methodology had been applied elsewhere in data-scarce regions to calibrate
the SWAT model for sediment [16,41].
The base scenario showed that the average sediment yield from the catchment was 22 t/ha/year.
Agricultural and bare areas were observed to have the highest sediment yield and were classified
between high and very severe [42]. Tea-growing zones had relatively smaller sediment yield. This could
be attributed to the extensive ground cover in tea zones. Those areas with the largest percentage of
forest had slight sediment yield. It was observed that the high sediment yield from different sub-basins
could be attributed to the type of land use, soil type, and high slopes. Other research conducted in a
similar region has shown that coffee- and corn-growing zones have the highest sediment yield [32].
The model results showed that the base annual total water yield was 922 mm, where surface and
baseflow were 202 mm and 638 mm, respectively. These results formed the base scenario for evaluating
the impacts of soil conservation methods on water and sediment yield.
3.2. Contour Farming Impact on Sediment and Water Yield
Contour farming reduced sediments by 35.8% from the base scenario value of 22 t/ha/year.
Figure 7 shows a map of the percent sediment reduction after contour farming simulation. It shows
that sub-catchments 1, 6, 8, and 7 indicated sediment yield reduction between 50% and 60%.
According to [41], the sub-catchments are characterized by intensive farming of horticultural crops
at a small scale, thus practicing contour farming would be effective in improving regulatory and
provisioning ecosystem services. Similarly, sub-catchments 35, 36, and 37 that grow coffee, showed a
high percent of reduction in sediment yield from the baseline simulation values.
The surface runoff generated from the catchment reduced by 16% from 202 mm, while the
baseflow increased by 3%. The shallow groundwater aquifers increased by 8% from a mean of 77 mm.
While surface runoff was decreased, the total water yield decreased by only 0.6%. This shows that
contour farming is able to reduce the runoff generated from the fields by increasing the amount of
water infiltrating into the soil layers.
Increased baseflow implies an increment of water in the shallow aquifer that would gradually be
released to the streams during the dry season. Increased water infiltration would prevent fertilizers
and pesticides from being washed into the water bodies, thus increasing water quality and crop
production since fertilizers are retained in the agricultural land. Contour farming is not labor-intensive,
and the cost of implementation is also low compared to structural practices [43]. Evaluation of
contour farming by [15] showed a reduction of sediment yield from Bosque River catchment by
28% to 67%. Contour farming would reduce sediment yield at the outlet of Sasumua sub-basin by
49% [41]. Studies done in Northeast Iowa indicated that contour farming reduced flow by 4% and
sediment yield by 34% [44]. These studies agree with the finding of this research that contour farming
is effective at reducing surface runoff and sediments yielded from the uplands area.

Figure 7 shows a map of the percent sediment reduction after contour farming simulation. It shows
that sub-catchments 1, 6, 8, and 7 indicated sediment yield reduction between 50% and 60%.
According to [41], the sub-catchments are characterized by intensive farming of horticultural crops
at a small scale, thus practicing contour farming would be effective in improving regulatory and
provisioning
ecosystem services. Similarly, sub-catchments 35, 36, and 37 that grow coffee, showed
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a high percent of reduction in sediment yield from the baseline simulation values.
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by 46%. A 10-m strip, on the other hand, reduced sediment yield by 66%, while a 30-m strip reduced
it by 88%. Similar trends in sediment removal efficiency have been observed in other studies [45].
Moriasi et al. observed that the rate of removal of sediment from a 3-m filter strip removed more
than 70% of sediment [37], while a 10-m strip trapped more than 85% from the surface runoff in
northeast Iowa. Similar to the findings of [46], this study found that, when increasing the width of
buffer strips beyond 30 m, the annual average sediment reduction would be insignificant compared to
the narrower strips.
Results showed that the effectiveness of reducing sediment yield from the catchment increases
with the increase in width of the filter strip. However, the amount of sediment trapped does not
increase by bigger percentages beyond the 10-m filter strip. Similar trends in sediment removal
efficiency were observed in other studies [45]. Another study [47] reported that most of the soil
particles greater than 40 micrometers in diameter are removed within the first 5 m of the filter strips.
This can be attributed to the high sediment reduction within the first 3 m of filter strip width in
the current study. According to [34], the filter width of a vegetative strip determines the trapping
efficiency for sediment removal from surface runoff. Sediment characteristics, slope of the filter,
and the underlying soil characteristics also influence the trapping efficiency.
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88%. Similar trends in sediment removal efficiency have been observed in other studies [45]. Moriasi
et al. observed that the rate of removal of sediment from a 3-m filter strip removed more than 70% of
sediment [37], while a 10-m strip trapped more than 85% from the surface runoff in northeast Iowa.
Similar to the findings of [46], this study found that, when increasing the width of buffer strips
beyond
m, the annual average sediment reduction would be insignificant compared to
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Figure 8. Simulation of annual sediment yield and sediment reduction at different filter
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yield at the outlet of the catchment by 63%. This is an increment of 27% compared to implementing
contour farming individually. A 3-m filter strip would reduce 46% of sediments produced in the
catchment but, when combined with contour farming, a further 17% reduction in sediment yield
was achieved. This shows that the combination of two conservation practices can significantly increase
sediment yield reduction. However, after integrating the conservation method, the total water yield
for either practice remains unchanged.
The land use guidelines in the study area further stipulate that a minimum of 10 m filter strip
should be left between quarries and rivers. As such, 5-m and 10-m combinations of contour farming
and grass strips were evaluated. Results indicated that a 5-m grass strip-contour farming combination
reduced sediment yield at the catchment outlet by 67%, while a 10-m grass strip combination reduced
sediment by 74%. This shows that increasing the filter width beyond 10 m and integrating it with
contour farming, can reduce sediment yield by more than 70%. Similar results have been observed in
other studies where contour farming was implemented together with 5-m filter strips and reduced
sediment loading by 73% from the baseline value [27]. Mwangi et al. [33] evaluated the impact of
a 10-m filter strip combined with contour farming and reported sediment reduction of 41% on a
catchment of 110 km2 . Therefore, from this analysis, contour farming and filter strips can effectively be
used to restore and improve ecosystem services.
4. Conclusions
Intensive land cultivation and increased surface runoff from degraded areas have increased
soil erosion and subsequent sedimentation in reservoirs in Kenya. Therefore, specific conservation

Water 2018, 10, 1312

12 of 14

measures are needed to tackle these problems. This paper aimed at evaluating the impacts of
contour farming, grass strips, and filter strips on sediment and water yield at Thika-Chania catchment
using a SWAT model. Calibration and validation of the model were conducted using SWAT-CUP
model and obtained good results. However, there were limited observed data to calibrate the model
for sediment. Contour farming and grass strip implementation in 50% of the catchment resulted in
a significant reduction of sediment yield in the catchment. Filter strips with a width of 3 m were
assumed to be implemented in the catchment. Results showed that 46% of sediments would be reduced
from the base annual average simulation value of 22 t/ha. More sediment reduction was observed to
increase with an increase in filter widths. However, reduction beyond 10 m width was small compared
to the first 5 m. Implementation of contour farming resulted in a decline of sediment yield by 36%.
Contour farming resulted in a decline of stream flow by 16.4%, while the baseflow increased by 3%.
The total water yield decreased by 0.6% for contour farming. Moreover, contour farming together with
3-m filter strips reduced sediment yield by 63%. Integration of the two conservation methods resulted
in more sediment reduction than when individual practices were implemented. It was also noted that
filter strips had no significant impact on water yield, whether implemented individually or integrated
with contour farming. The paper concluded that good management practices are necessary for the
sustainability of the ecosystem services and to enhance agricultural production levels in the catchment;
however, the effectiveness of a given soil and water management method differs from one area to
the other due to variability in different parameters like weather, soil, extent of the implementation,
and topography.
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