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Abstract

The changing patterns of land cover and land use in the tropical river basin
over time are critical. The hydrological phenomena at basin and sub basin
scale are affected positively or negatively by dynamics of the land cover and
land use patterns. Hence identifying causes and driving factors aid in taking
appropriate measures to avert the impacts. This study determined the influ-
ences of sub basins dominated by tea plantations, forests and agricultural
land uses in terms of streamflow and sediment flux variability in Sondu Miriu
River Basin in Kenya, East Africa. Field-based investigations were conducted
through sampling of flow velocities, turbidity and TSSC obtained from exist-
ing River Gauging Stations established within the three sub basins. The sub
basin dominated by mixed farming land cover exhibits high turbidity approx-
imately 620 NTU and high levels of total suspended sediment concentration
(TSSC) of the order of 630 mg/l in wet seasons. The turbidity levels and TSSC
were low in sub basins dominated by forest and tea plantations with approx-
imately mean value of 17 - 29 NTU and 0.019 g/l. The sediment loads in sub
basin dominated by mixed farming in the pre planting season in January to
February were about 900 tonnes/day higher than that in crop growing season.
In sub basins dominated by forest cover and tea plantations, sediment loads
were low ranging between 2 - 7 tonnes/day. The relationship between stream
flows and area under tea plantations, forests and mixed farming ranged be-
tween R? of 0.025 and 0.16. Tea plantations and forests influence the stream
flows and sediment yields in long term duration while in mixed farming varia-
tions were observed seasonally. The strong relationships between rainfall and
stream flows at the sub basins ranging between R? of 0.84 and 0.97 revealed the
significance of rainfall in hydrologic response of the Sondu Miriu River Basin.
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1. Introduction

Land cover and land use changes have been increasing with demands of social
and economic growth. The dynamics of the hydrologic responses in a tropical
river basin has been related to the changes occurring in the land covers and land
uses in the sub basins. Forest land cover has been known to be important factor
in the regulation of the hydrologic components of the river basins [1]. Existing
theory indicates that forest land cover promotes sustainability of water accessi-
bility by enhancing perennial flows in the sub basins. Conversion of forest land
cover into other land uses affects the natural balance of the hydrologic compo-
nents in the river basins [2]. At the same time challenges which are being faced
as a result of decline in water quantity and quality have been linked to changes in
the land cover and land uses [3]. Knowledge on the effect of land cover changes on
stream flows and sediment yields is limited in the tropics compared to the tem-
perate region. For example, study conducted in Western Europe, Southwest China
and upper Yellow River showed that deforestation at the catchment level in-
creases sediment flows and reduces stream flows [4] [5] [6] [7]. Most studies
conducted in tropical river basins have not considered the effects of deforesta-
tion on river discharges and sediment yields. Therefore, conservation of forests
has not been taken into account the important role forests play in the sustaina-
bility of the river discharges [8] [9].

The demands for socio-economic development in the tropical river basins
such as Sondu Miriu in Western Kenya have led to expansion of the lands under
tea plantations as the lucrative cash crops with reasonable returns. In the Sondu
Miriu River Basin, the area under tea plantations has been increasing and this
has led to significant reduction of the area of land forest cover in the upper and
middle sub basins of the river basin. Similarity in canopy cover between tea
plantations and forest cover has led to the assumptions that there are no signifi-
cant differences in the hydrologic response of the two land covers. However, de-
termination of the hydrologic response of river basins dominated by tea planta-
tions and tropical forests has been limited due to lack of studies focused in Afri-
ca. The previous study conducted in East Usambara Mountain, Tanzania re-
vealed that tea plants have effect on water quality especially in relation to oxygen
levels affecting aquatic ecosystem [10] [11]. The dominance of tea plantations
and tropical forests in the upper reaches of Sondu Miriu River Basin provided an
opportunity to determine the relative impacts of tea plantations and tropical fo-
rests on stream flows and sediment discharges.

Studies conducted elsewhere have shown that deforestation of river basins
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leads to increased variability and or seasonality of stream flows and low water
quality [12] [13] [14] [15] [16]. However, the conversion of forest land cover in-
to other different land use has not been studied in Kenya to determine the possi-
ble effects of the land cover and land use change on the hydrologic response of
the river basin. In the case of the Sondu Miriu River Basin deforested areas were
replaced mostly by agricultural fields and settlements. The agricultural fields
consist of different crops which have diverse effects on hydrological components.
In this study all crop fields except tea plantations were considered into one clus-
ter of mixed farming land cover. Now talk about what is known about influence
of mixed farming on hydrologic response of river basins.

The equilibrium between sustainable water resources availability and growth
in socio economic is critical especially in river basins with continuous popula-
tion growth. Lack of data and knowledge on the impacts of the forest, tea planta-
tion and mixed farming land covers on current and future state of water re-
sources makes planning and decision-making difficult. Understanding the hy-
drologic response in the sub basins of the Sondu Miriu River Basin is also critical
in identifying seasonal variations and long-term behaviour of stream flows and
sediment fluxes in the Lake Victoria. The main objective of this study is there-
fore to determine the hydrologic responses of the tropical sub basins that are
characterised by tea plantations, forests and mixed farming. The hydrologic re-
sponse was determined in terms of changes in stream flows and sediment fluxes

in tropical river basins of Africa.

2. Materials and Methods
2.1. Materials

2.1.1. Description of the Study Area

The Sondu Miriu River Basin is located in western region of Kenya with most of
the headwaters are situated in Nakuru and Kericho Counties (Figure 1). The ba-
sin is situated within the latitude 0°17' and 0°53' South and longitude 34°45' and
35°45' East. It covers a surface area of about 3470 km?* with an altitude ranging
from 3000 m above sea level at the Mau Complex to about 1100 m above sea lev-
el at the shores of Lake Victoria [17].

2.1.2. Land Use and Climate
The Sondu Miriu River Basin is characterized by presence of various land covers
and land uses. The main land covers in the basin are natural forest, man-made
forest, tea plantations, scrubs, mixed farming. Prior to 1970s, the total area un-
der forest in the Mau complex within the basin was approximately 420,000 hec-
tares [18]. However following invasion of the basin for settlement and farming
since 1970s and especially in the year 2000, the forest canopy has reduced by ap-
proximately 32% and the small patches of forest cover are now left in the central
upper part of the basin [17].

The climate of the Sondu Miriu River Basin is characterized by bimodal rain-

fall within a given year hence by humid and semi humid climatic zones. The
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Figure 1. The location of sub basins in the Sondu Miriu River Basin in Kenya.

long rains occurs in the periods between April and July and short rains occurs in
the period between October and December [19]. The upland zones receive mean
annual rainfall of approximately 1800 mm per annum while lowland zones re-

ceive about 1500 mm per annum [16].

2.1.3. Hydrology and Drainage

In the Sondu Miriu River Basin, there are two main tributaries in the upper zone
of the basin namely Kipsonoi and Yurith (Figure 1). The Kipsonoi tributary has
its headwaters in Kuresoi in Nakuru County. The Timbilil sub tributary origi-
nates from Kuresoi and Mau forest in Kericho and flows through Kabianga area.
The Kiptiget and Itare-Chemosit sub tributaries originates from Kuresoi and
Mau forest and flows through Jamji area. The three tributaries converge at Ka-
bianga tea estate to form Yurith tributary. The Kipsonoi and Yurith tributaries
converge at Tkonge tea plantation. The total length of the Sondu Miriu River is
approximately 190 km from its head to the shores of the Lake Victoria [17].
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2.1.4. Topography and Soils

Sondu River Basin comprises of uplands at the upper catchments and low lands
towards the shores of Lake Victoria. Mau Escarpment that occurred due to for-
mation of the rift valley characterizes the upstream part of the basin. The maxi-
mum altitude of the river basin is about 3000 m above sea level. The lowest ele-
vation in the downstream zone of the basin is about 1100 m above sea level [16].
The main soil type found in sub basins of the Sondu Miriu River Basin are niti-
sols, andosols, lithosols, greyzems, cambisols, arenosols, phaeozems, planosols,

rankers, regosols, vertisols, xerosols and luvisols [20].

2.1.5. Location of Stations and Sampling

The primary data collected comprises of river discharges, TSSC, sediment loads
and turbidity from July 2020 to June 2021. These data were obtained from the
field in the sub basins dominated by tea plantations, forests and mixed farming
land covers. Sampling stations were River Gauging Stations RGS 1JA02 located
at —0.55480 S, 35.25844 E in the Kiptiget sub basin, RGS 1JC02 located at
—0.46250 S, 35.17917 E in the Timbilil sub basin, RGS 1JF08 located at —0.51463
S, 35.08010 E in the Kipsonoi and RGS 1JGO05 located at —0.39664 S, 35.01698 E
near Sondu Market at the downstream of the Sondu Miriu River Basin. Spatial
land use and land cover data was obtained for the 1975 to 2020 from USGS da-

tabase.

2.2. Methods

2.2.1. Stream Flow and Rainfall Data

River discharges were measured in the period between July 2020 and June 2021.
Velocity measurements were carried out using Acoustic Doppler Current Profi-
ler (ADCP) device (Sontek ®Argonaut SW) and propeller current meter Seba
model. The current meter was placed in the vertical depths along river cross sec-
tions to measure velocities [21]. The velocities were measured in two-point depth
of the vertical such as 20% and 80% from the water surface towards the stream
bed average velocity was used to determine the stream flows using Equation 1.
Secondary stream flow and rainfall data from 1960 to 2020 was obtained from
Government of Kenya such as Water Resources Authority, Ministry of Water,
Sanitation and Irrigation and Kenya Meteorological Services.

Q = {(ql =Van (%jdavlj+"'+[qn =Van [%)davn J} (1)

Q the stream discharge (m*/s), g discharge in stream cross section (m?/s), vy
the average measured velocity at 20%, 60% and 80% depths (m/s), wthe width of
the sub section between verticals of stream cross section (m) and d,, the average

where:

measured percentage depths of the verticals within the sub section of stream

cross section (m).

2.2.2. Turbidity and TSSC Measurements

The water samples obtained at different sub sections of the stream cross section
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were collected to turbidity at each sub basin using calibrated multiprobe meter.
Also, water samples were collected in 1 litre sampling bottles and placed inside
the sample storage box and transferred to Kenya government water quality la-

boratory for analysis [22].

2.2.3. Laboratory Analysis

In the laboratory collected water samples were analysed in the laboratory using
American Public Health Association (APHA) standard water quality procedures
[22]. Whatman GF filters was weighed using a digital scale (W) and activated to
check tears and holes before using for filtering the samples. The sampled water
from each sub basin collected from different width segments were mixed to ob-
tain the total volume (V). The filters were attached into a funnel cup and the
water samples were filtered. The retained residues in the filters were placed in 8"
x 8" glass pan and dried in an oven for at least 24 hours at temperature of 103°C
- 105°C [22]. The dried sediments in a filter were weighed using a digital balance
(W) and the total weight of the sediments per sampling site at a given period of
time was determined. The 755C was obtained by determining the difference
between weight of filter with dried debris and weight of empty filter (Equation
(2)). The annual sediment loads were computed at monthly temporal scale using

Equations (3) and (4).
Wce —Wf

TSSC = x10° (2)
S, ={((TSSC, xQ,)x8.46)+--+((TSSC, xQ, ) x8.46)| (3)
S, = (zi”Tssc:i xQ, )><8.46 (4)

where:
TSSC: the total suspended solids Concentration (mg/1),
We the weight of debris and filter (mg),
WE the weight of the filter (mg) and
V: the volume of the water sample (litres),
St the annual sediment yield (tonnes/annum),
TSSC;: the monthly TSSC data in mg/l,
1 the nth month of the data collected and
Q: the average monthly stream discharges (m?/s),
A: the area of the sub basin (Hectares) [23].

2.2.4. Data Analysis

The discharge, sediment load, TSSC, turbidity and rainfall data collected from
the sub basins dominated by tea plantation, forest and mixed farming land cov-
ers and land uses were processed and analysed using statistical approaches. Time
series, graphs, maps and tables were used to present visualized data for interpre-
tation [24] [25].
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3. Results and Discussion
3.1. Results

3.1.1. Effects of Sub Basins with Dominant Land Uses on Stream Flows

1) Effects of Timbilil sub basin dominated with tea plantations on stream
flows

The long-term trends of stream discharges in the sub basin dominated by tea
plantations showed that changes in the area under tea plantations affects the riv-
er discharges. For example, in the period between 1988 and 1998, the area under
tea plantations increased by 11.1 km? and the increase of river discharges by 10.3
m?®/s was observed. In the period between 2008 and 2017, similar trend was ob-
served with reduction of area under tea plantation by 2 km?* and decrease of
stream discharges by 6 m?/s (Figure 2). The relationship between stream flows
and area under tea plantations was positive with R* = 0.075 and correlation r of
0.27. Further strong positive relationship between rainfall and stream flows were
observed with R* of 0.96 and r value of 0.98. These confirmed that the rainfall
has significant influence on the changes in the stream discharges in the sub basin
apart from the land cover changes. The flow duration analysis revealed that the
stream discharge that equalled or exceeded 70% of the time was 8.1 m?/s while at
95% was 5.7 m*/s indicating that Timbilil River is perennial. The mean discharge
was 10.8 m>/s (Table 1).

2) Effects of the Kiptiget sub basin dominated by forest land cover on the
stream flows

The time series of the stream discharges in the sub basin dominated by the
forest were compared changes in the area of forest land cover in the period
1975-2020. In the period between 1975 and 1986, the area under forest cover in-
creased by 7.6 km?, the stream discharges decreased by 4.6 m*/s and rainfall de-
creased by 280 mm. In the period between 1988 and 2001 an increase in the

stream discharges by 4.5 m’/s, rainfall increased by 340 mm while area under

Table 1. The magnitude of stream flows in the sub basins with dominant land cover and land use.

Maximum Minimum Mean River Relationship
Sub basins River River river discharges  between area of Remarks
Discharge Discharges discharges in50% flow  land cover and
(m3/s) (m3/s) (m?/s) duration  river discharge (r)
Sub basin Moderate water yield,
dominated by 17.4 5.7 10.8 10.7 0.27 low runoff generated,
Tea Plantations moderate variability
Sub basin Low water yield, low surface
dominated 7.5 2.1 4.5 4.5 -0.41 runoff, high infiltration,
by forest cover low variability
Sub basin
u' High water yield,
dominated by .
. . 57.2 10.9 32.4 30.2 0.16 high surface runoffs,
mixed farming hich variabilit
igh variabili
land use & ¥
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Figure 2. Stream flow, rainfall and tea plantation in the Timbilil sub basin in the period
between 1975 and 2020.

forest cover decreased by 10.8 km? (Figure 3). Despite changes of the area under
forest cover with stream flows occurred in similar periods, it was an insignificant
influence. The relationship between stream discharges and area under forest
land cover was negative with rvalue of —0.41 and R?* value of 0.16. The negative
relation was due to increase of stream discharges as the land under forest cover
decreases through deforestation and vice versa. The response of rainfall event in
the deforested land is surface runoffs and reduced infiltration leading to increase
in the stream flows during rainy days. While the relationship between rainfall
and stream flows were strong with R* of 0.94 and r of 0.97. This led to assump-
tion that rainfall is the main factor influence the stream flows in the sub basin.
The flow duration curve has gentle slope which is typical of perennial river sys-
tems. The river discharges in 90% of the time in the sub basin are approximately
2.8 m*/s. The 70% of the time are about 3.5 m’/s. The maximum stream dis-
charge was 7.48 m*/s and minimum stream discharge was 2.02 m?*/s. The mean
stream discharge was 4.48 m*/s (Table 1).

3) Effects of the Kipsonoi sub basin dominated by mixed farming on stream
flows

The area under mixed farming in the sub basin dominated by mixed farming
showed direct relationship with stream discharges. The relationship between
river discharges and area under mixed farming was positive but weak with coef-
ficient of determination R* of 0.025 and correlation coefficient r value of 0.15.
This indicated that changes in the area under mixed farming contribute to only
15% of the variations of river discharges. The decline in the area under mixed
farming by 101 km? decreased stream discharges by about 6 m?*/s in the period
between 1975 and 1986. In the same period the rainfall decreased by 142 mm.
Sequentially in the period between 2001 and 2013, the area under mixed farming
decreased by 17 km? while the stream discharges and rainfall reduced by 44.7
m?’/s and 167 mm respectively (Figure 4). In this period 2001-2013, a significant
change in the stream flows were observed without major changes in the area
under mixed farming. This showed that other factors contribute to changes in

stream flows such as rainfall. The relationship between rainfall and stream flow
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Figure 3. Stream discharges and forest land cover in the Kiptiget sub basin in the pe-
riod1975-2021.
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Figure 4. Mixed farming and stream discharges in the Kipsonoi subbasin in the period
1975-2020.

was R? of 0.84 and r of 0.96. The peak stream discharges return period was ap-
proximately 10 years. The maximum stream discharge in the sub basin was 57.2
m?*/s, minimum stream discharge of 10.9 m*/s and the mean stream discharge of
32.4 m*/s was experienced in the period between 1960 to 2020 (Table 1).

3.1.2. Effects of the Sub Basins with Dominant Land Covers and Land
Uses on Sediment Flux

1) Effects of Timbilil sub basin dominated by tea plantations on sediment flux

Turbidity: The turbidity in the sub basin dominated by tea plantation was
high during the short rainy seasons and was low during dry seasons. During the
rainy season (short rains) turbidity levels ranged between 36.17 and 95 NTU
while during the long rains turbidity were relatively lower ranging between 18.5
and 21.5 NTU (see Figure 5). The average turbidity level in the sub basin was
approximately 29.5 NTU (see Table 2). The relationship between the turbidity
and river discharges was positive but very weak with R? of 0.0036 and r value of

—0.06. This shows that river discharges do not have significant effects on water
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Table 2. Magnitudes of TSSC, turbidity and sediment yield in sub basins dominated by different land uses.

Sub basins Parameter Maximum  Minimum Mean 50% Remarks
Sub basin TSSC (g/1) 0.04 0.01 0.019 0.0167 Low TSSC
dominated by Turbidity (NTU) 95 15.2 29.5 21.5 Moderate turbidity
tea plantations Sediment (tons/day) 14.5 1.02 7.05 6.52 Low sediment load
Sub basin TSSC (g/1) 0.028 0.007 0.019 0.02 Low TSSC
dominated by Turbidity (NTU) 27 4.3 17.4 18.2 Low turbidity levels
forest cover Sediment (tons/day) 8.3 0.4 4.02 2.8 Low sediment load
Sub basin TSSC (g/l) 0.62 0.056 0.164 0.1 High TSSC
dominated by Turbidity (NTU) 637 71 151.4 91 High turbidity levels
mixed farming Sediment (tons/day) 952 31.9 169.1 76.4 High sediment load
Combined land TSSC (g/1) 0.26 0.047 0.104 0.08 High TSSC
cover Sondu Turbidity (NTU) 231 60 85.1 68 High turbidity levels
Miriu Basin Sediment (tons/day) 631.5 75.5 227.1 170.4 High sediment load
-------- Discharge Turbidity — @ -TSSC
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Figure 5. Turbidity, TSSC and stream discharge in Timbilil sub basin dominated by tea
plantations (2020-2021).

turbidity in the sub-basin. This could be due to low surface runoffs and well
protected soil surface by tea plantations from soil erosion causing minimal changes
in turbidity during high flow periods.

Total Suspended Solids Concentrations (TSSC): The TSSC was high during
the rainy seasons especially in the period between October 2020 and January
2021 ranging between 0.020 g/l and 0.040 g/1. At the onset of the long rainy sea-
son particularly in March 2021 the TSSC value of 0.03 g/l was observed. Howev-
er, during dry and low flow seasons, TSSC ranging between 0.005 g/l and 0.015
g/l (Figure 5). The mean TSSC in the sub basin was 0.019 g/l (Table 2). The re-
lationship between TSSC and river discharges showed negative relationship with
correlation r of —0.093 and coefficient of determination R* of 0.0087. This
showed that tea plantations reduce sediment transport. The relationship between
TSSC and turbidity showed positive response with coefficient of determination
R? of 0.56 and correlation r of 0.74. This showed that about 56% of the sus-
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pended sediments interfere with water clarity. Hence the sub basin is characte-
rized by the water of low TSSC and turbidity.

Sediment loads: The sediment flux in the sub basin dominated by tea planta-
tion revealed that sediment loads increase in rainy seasons. During the rainy
season, the highest sediment load recorded was 14.5 tonnes/day while the lowest
sediment load of 1.02 tonnes/day was observed in dry season. The average sedi-
ment loads in the sub basin was 7.05 tonnes/day (Table 2). A positive relation-
ship with R? of 0.4 and r of 0.65 was observed between stream flows and sedi-
ment loads. This shows that the variations of sediment load were due to varia-
tions in stream flows in the sub basin. The low magnitude of sediment load in-
dicates that soil erosion within the tea plantations is minimal. The relationship
between turbidity and sediment loads had R? of 0.294 and correlation r of 0.54.
While the relationship between TSSC and sediment loads was positive relation
with coefficient of determination R> was 0.94 and correlation r of 0.97 (Figure
6). This showed that about 29% of the suspended sediments caused turbidity
while 71% are suspended sediments which interfere with the clarity of water
such as debris from logs and humus from leaves.

2) Effects of Kiptiget sub basin dominated by forest land cover on sediment
flux

Turbidity: The turbidity levels in the sub basin dominated by the forest land
cover were high in wet season and low in dry periods. In short rainy season
(September-December) turbidity ranged between 15 NTU and 27 NTU while in
long rainy season (May-July) it ranged between 18.2 NTU to 18.9 NTU. In dry
periods turbidity levels were generally low as they ranged between 4.3 NTU to
6.9 NTU (Figure 7). The mean turbidity observed was 17.4 NTU (see Table 2).
The relationship between turbidity and river discharges in the sub basin was
positive with coefficient of determination R* of 0.54. The high positive correla-
tion r of 0.73 showed that increase in stream flows raises the turbidity levels It
must be noted that the turbidity levels in the sub basin are much lower than
those reported in the Upper Athi river basin which reaches 1000 NTU [26].

There are also much lower than those reported in the Upper Tana Basin [27].
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Figure 6. Relationship between sediment load, turbidity and TSSC in the Timbilil sub ba-
sin dominated by tea plantations in the period 2020-2021.
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Figure 7. Turbidity, TSSC and stream discharges in Kiptiget sub basin in the period
2020-2021.

Total Suspended Solids Concentrations (TSSC): The TSSC in the sub basin
dominated by the forest cover showed similar pattern with the pattern of the
river discharges. During the short-rainy season, the TSSC observed in the sub
basin ranged between 0.01 g/l and 0.028 g/l. Further in long rainy season, the
TSSC ranged between 0.01 g/l and 0.025 g/l. During the dry periods, the TSSC in
the sub basin were relatively much lower as they ranged between 0.006 g/l and
0.01 g/I (Figure 7). The mean TSSC in the sub basin was 0.019 g/1 (see Table 2).
The TSSC levels obtained in the sub basin were much lower than 1.5 g/1to 2.3 g/l
recorded in the Upper Athi river and Upper Tana River basin [26] [27]. The re-
lationship between TSSC and river discharges showed positive correlation r of
0.54 and the coefficient of determination R* was 0.29. This confirmed that in dry
period very low suspended solids are transported in the river system in the sub
basin. The relationship between TSSC and turbidity showed positive relation
with correlation r of 0.56, and coefficient of determination R? of 0.3. Similar to
results obtained in the sub basin dominated by tea plantations, this sub basin
showed that not all suspended solids in water column in the streams causes’ tur-
bidity.

Sediment loads: Sediment loads in the sub basin dominated by forest land
cover showed that in long rainy season the sediment loads observed ranged be-
tween 5 tonnes/day to 8 tonnes/day. The sediment loads generated in short rainy
season ranged 1.9 tonnes/day and 5.6 tonnes/day. In dry months, the sediment
loads observed ranged between 0.4 tonnes/day and 1.9 tonnes/day. The mean
sediment load in the sub basin was 4.02 tonnes/day (Table 2). Comparing the
patterns of the sediment loads and the discharge in the sub basin, it showed that
sediment loads increase with the increase in the discharges. The total annual se-
diment load was 1.840 tonnes/annum. This was much lower than approximately
250 - 366 tonnes/year reported in the sub-basins draining the Upper Athi river
basin in eastern Kenya [26]. The low sediment loads in the sub basin was due to
reduced soil erosion in the forest land cover. The relationship between sediment
loads and the river discharges showed positive relation with the correlation r of
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0.86 and coefficient of determination R? of 0.74. The relationship between the
sediment loads and turbidity showed positive relation with correlation r of 0.67
and coefficient of determination R? of 0.44 (Figure 8). Further the relationship
between sediment loads and TSSC showed positive relation with correlation r of
0.85 and coefficient of determination R* of 0.73. This high positive correlation
between sediment loads and turbidity and TSSC showed that the surface runoffs
transport sediments into the water system in the sub basin. At the same time the
suspended sediments increase turbidity.

3) Effects of Kipsonoi sub basin dominated by mixed farming land uses on se-
diment yields

Turbidity: The seasonal variability in turbidity in the sub basin dominated by
mixed farming observed were the post-harvest period (September-December),
pre planting period (January-March) and crop growing season (April-August).
The turbidity in the post-harvest period ranged between minimum of 71 NTU
and maximum of 112 NTU (Figure 9). The mean turbidity for the post harvest
season was 85 NTU. In the pre planting season it was noted that the turbidity
levels ranged between minimum of 91 and maximum of 637 NTU. These varia-
tions were caused by short rains experienced in January and dry periods in
March and February. The mean value was 335 NTU. In the crop growing season
the turbidity levels ranged between minimum of 80 and maximum of 115 NTU
(see Table 2). In this period the stream flows were high due to long rainy season
while turbidity was low due to growing crops growing in the agricultural fields
which reduced soil erosion. The relationship between turbidity and river dis-
charge in the sub basin showed positive response with coefficient of determina-
tion R? of 0.08 and correlation r of 0.28. This showed that turbid water in the sub
basin is not only caused by surface runoffs but there could be instream activities

which generates turbid water during low flow periods.
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Figure 8. Relationship between sediment loads, turbidity and TSSC in the Kiptiget sub
basin in the period 2020-2021.
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Figure 9. Turbidity, TSSC and stream discharges in the Kipsonoi sub basin in the period
2020-2021.

Total Suspended Solids Concentrations (TSSC): The TSSC in the sub ba-
sin dominated by mixed farming showed high variability in the post-harvest,
pre-harvest and active crop growing seasons. This variability had similar pattern
with the river discharges (Figure 9). In the post-harvest period, the TSSC ranged
between 0.056 g/l and 0.140 g/l. In the pre-planting period, the TSSC ranged
between of 0.07 g/l and 0.620 g/1. In the crop growing season the TSSC in the sub
basin ranged between 0.1 g/l and 0.175 g/1. The maximum TSSC observed in the
sub basin was 0.62 g/l and minimum of 0.056 g/l was observed. The mean ob-
served TSSC in the sub basin was 0.165 g/l (see Table 2). The relationship be-
tween TSSC and the river discharges was positive but weak with the coefficient
of determination R? value of 0.07 and correlation coefficient r value of 0.26. The
weak positive relation between TSSC and river discharges could be due to in-
stream activities which causes instream erosion. The relationship between TSSC
and turbidity showed high positive relation with coefficient of determination R?
of 0.97 and the correlation r of 0.98. This showed that the main cause of turbid
water in the sub basin was suspended sediments from the upper parts of the sub
basin. The TSSC duration curve (Figure 10) showed that at less than 5% of the
time, the TSSC was greater than 0.60 g/l. Further in the time greater than 95%
the TSSC was found to be less than 0.07 g/l.

Sediment loads: The sediment loads observed in the sub basin dominated by
mixed farming land use showed that the peak sediment yield occurred in pre
planting season. The sediment loads in the sub basin during pre-planting season
ranged between 190 tonnes/day and 952 tonnes/day. In the post harvesting sea-
son, the sediment loads ranged between 42 tonnes/day and 110 tonnes/day.
During crop growing periods sediment loads observed ranged from 31
tonnes/day to 113 tonnes/day. The maximum sediment loads observed in the
sub basin was 952 tonnes/day and minimum sediment load of 31 tonnes/day.
The mean sediment load in the sub basin observed was 169.1 tonnes/day (Table

2). It was also observed that stream discharges increased with the rise in the
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Figure 10. Turbidity duration curve in the Kipsonoi sub basin in the period 2020-2021.

sediment loads in the post harvesting and pre planting season while in the crop
growing season rise in the stream discharges to 27 m*/s could not increase sedi-
ment loads (Figure 9). The relationship between sediment loads and river dis-
charges in the sub basin showed positive relation with R? of 0.27 and the correla-
tion coefficient r of 0.52. Comparing the relationship between sediment loads
and TSSC showed that most suspended solids were sediments. This confirmed
with the high values of R* of 0.87 and correlation r of 0.93. Further high rela-
tionship between sediment load and turbidity showed high positive relation re-
sulting in R* of 0.904 and correlation r of 0.95. This showed that turbid water in
the Kipsonoi River more than 95% caused by suspended sediments. The sedi-
ment load duration curve (Figure 10) showed that in less than 5% of the time in
the sub basin the sediment loads were more than 950 tonnes/day. Also, the se-
diment loads at 50% and 70% were 76 tonnes/day and 50 tonnes/day respective-
ly. In more than 95% of the time in the sub basin the sediment loads were less

than 32 tonnes/day.

3.2. Discussion

The results of this study showed that changes in the land cover and land use
have impacts on stream flows and sediment flux in the long term. However, in
the short-term rainfall was observed to be the main contributor of seasonal vari-
ations in the stream flows in the sub basins dominated by tea plantations, forest
and mixed farming. Previous study conducted in East Africa Montane areas re-
ported that thick canopy vegetation reduces overland flows and increases vertical
movement of water through soil profile into the ground [18]. The observation
was similar to the observation of this study where the negative relationship was
established between forest cover and stream flows were observed. The low rela-
tionship between stream flows and sediment loads, turbidity and TSSC in the
sub basins under forest and tea plantations cover showed that lateral flows and
base flows contributes more to stream flows than the surface runoffs. This showed

that afforestation and reforestation in an integrated manner can bring positive
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response to stream discharges especially base flow component that sustains the
stream discharges both in wet and dry seasons. This is consistent with the find-
ings of the study conducted in upper Blue Nile sub basins that showed that ex-
pansion of tropical forest leads to positive response to stream flows [28]. These
revealed that tea plantations and forests cover increase stream flow and ensures
sustainable stream flows. On contrary, the sub basin under mixed farming por-
trayed high stream flows which were believed to be mainly contributed by sur-
face runoffs than base flows volumes especially during high rainfall periods
(Table 1). Immediate response of rainfall received was observed in the stream
networks of the Kipsonoi sub basin dominated by mixed farming with lagging
time of less than six hours. In Gojeb and upper Baro River Basins River Basin it
was noted that expansion of the area under mixed farming increase of stream
flows through surface runoffs [15] [29]. These results showed that mixed farm-
ing land covers in the river basins generates high surface runoffs and frequent
peak discharges hence raising annual average stream discharges. Therefore, de-
forested areas can be reinstated in an integrated manner for effective sustainable
management of water resources [30].

Seasonal variations in the stream discharges, turbidity, TSSC and sediment
loads were observed in the sub basin dominated by tea plantations, forests and
mixed farming land covers and land uses. During dry periods the turbidity and
TSSC recorded low values while high turbidity and TSSC rates observed during
the rainy seasons. The seasonal variations in turbidity levels and sediment con-
centrations in wet and dry seasons showed that inflow of turbid water enters the
river system through surface runoffs. At the onset of rainy season and during
short rainy days suspended sediments transported into the river system increases
but as rainy days prolong the quantity of sediments transported into the river
system reduced. This clearly showed that soil erosion is minimal in tea planta-
tions areas and most likely humus from the base of the tea trees and other loose
soils and debris on the riparian lands constitute the suspected sediments trans-
ported in the Timbilil sub basin. This was confirmed by negative relationship
between turbidity levels and stream discharges mostly in short rainy season.
During long rainy periods it was suspected to result in dissolving decayed hu-
mus, soluble fertilizers, herbicides and pesticides. This assumption was sup-
ported by the low relationship obtained between turbidity and sediment loads in
the sub basin. The difference between the relationship in turbidity with stream
discharges in the Timbilil and Kiptiget sub basins was attributed to the upstream
farming activities in the Kiptiget sub basin that increases transfer of suspended
sediments from farms into the stream networks. Further it was noted that sedi-
ment loads observed in the sub basins dominated by tea plantations and forests
cover was low and agreed with the previous study conducted in some fields in
Kabianga that forest cover generates low total suspended sediments [23]. The
relationship between turbidity and TSSC observed in the sub basin dominated
by mixed farming was high and significant compared to the sub basins domi-

nated by tea plantations and forests. This is in consistent with previous studies
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which showed significant relationship between turbidity and TSSC in mixed
farming fields [26] [31] [32] [33].

The seasonal variability in turbidity, TSSC and sediment generation was ob-
served in the Kipsonoi sub basin dominated by mixed farming. High turbidity
levels, TSSC and sediment loads occurred during pre-planting season when
fields were being prepared through ploughing exposing soils to erosion by sur-
face run offs. In the planting season low turbidity, TSSC and sediment loads
were observed due to soil protection by crops growing in the fields. This was
observed in the months of April to July. These observations are in consistent
with previous studies done in Gilgel Gibe River Basin where high turbidity,
TSSC and sediment flux occurred mixed farming areas [34]. The post harvesting
season showed turbidity, TSSC and sediment loads lower than pre planting sea-
son. This was attributed to the farm residues which protects the soils and reduc-
es soil erosion. The seasonal variability in the sub basins dominated by different
land uses showed that pre planting season (January to February) the sub basins
experience high levels of turbidity and TSSC. These observations were in consis-
tent with previous studies conducted in Tana River Basin, Kabianga and Itare
sub basins [18] [23] [35] [36] [37]. Comparison between upper zones and lower
zones of the Sondu Miriu River Basin showed that high sediment loads occurred
in all parts of the river basin during pre-planting season. This was in consistent
with the results reported in Upper zones of Athi River where significant rela-
tionship between stream discharges and sediment loads was observed [26]. The
different land uses and land covers in the upper zone of the Sondu Miriu River
Basin showed that turbidity, TSSC and sediment yields were low in the sub ba-
sins dominated by the forest cover and tea plantations compare to levels in the
sub basin dominated by mixed farming. This variation was attributed to the

ability of the land cover to protect sediment transport from the catchment areas.

4. Conclusion

Land cover and land use changes in Sondu Miriu River Basin have impacts on
the hydrologic responses. Expansion of tea plantations and forests land cover
increases base flows, reduces surface runoffs and enhances sustainable stream
flows. But in the mixed farming land cover high surface runoffs were observed
which in turn might cause perennial rivers to be seasonal by significantly affect-
ing the base flow. This study also showed the seasonal variations in the sediment
loads generated in the Timbilil, Kiptiget and Kipsonoi sub basins. During rain
periods especially onset days the turbidity, TSSC and sediment loads observed
were high in sub basin dominated by tea plantations and forest cover while in
mixed farming land cover was high during rainy and pre planting seasons. The
tea plantations and forest cover were found to be suitable land covers which en-

hance good water quality and sustainable flows in the river basin.
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