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Abstract

This study modeled soil erosion between January 2016 and September 2018
for land management in Golole catchment. The Revised Universal Soil Loss
Equation (RUSLE) constituting the main agents of soil erosion was modeled
in a Geographical Information System (GIS) environment. The objective of
this study was to model soil erosion for land management in the ungauged
Golole catchment. The Golole catchment soil erosion map reveals that within
the catchment the soil loss was not homogeneous and erosion risk was not
the same. The catchment experiences an annual mean score soil loss rate of
279 t/ha that is above the recommended maximum allowable annual soil loss
rate of 4 t/ha. The catchment’s soil loss rate is described as high and severe
representing 70% and 30% of landmass respectively. This study found the
need to decelerate the above soil loss rates to moderate and low levels by
adopting soil erosion mitigation measures such as stone contour ridges, ma-
nure, strip cropping, and terracing in the cultivated areas and controlled
grazing in the lowland rangeland. The study strongly felt the need to protect
the forest reserve from tree cutting and further human encroachment. This
study concludes that there is the need for further research 1) in the forest re-
serve areas that showed the greatest rates of soil erosion menace to determine
the underlying causes, and 2) to assess the temporal trends of the soil erosion
hazard using high-resolution data.
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1. Introduction

Golole catchment located in Marsabit County, Kenya is prone to soil erosion
menace that is accelerated by intensive and extensive farming, overgrazing and
deforestation. Rill and sheet erosion by water occurring in undisturbed lands like
pasturelands and rangelands was accelerated by overgrazing [1]. Globally soil
erosion is a common natural disaster that leads to the decline of soil fertility,
water quality and hence unsustainable agricultural production [2].

Soil erosion and degradation of land resources are highly significant spa-
tio-temporal phenomena in many countries [3]. Soil erosion remains a key socio
economic and ecological problem in Kenya affecting all sectors of the economy;
agriculture, hydropower, fisheries and tourism [3] [4]. Soil is a limited and ir-
replaceable resource and its loss renders fertile lands barren [5]. The ability to
quantify soil loss contributes to effective soil erosion control though the com-
plexity of the variables involved makes prediction of soil loss rate difficult [5]
[6].

Scientific planning for soil and water conservation requires the knowledge of
factors that either cause or reduce soil and water loss respectively; leading to
specific guidelines that are needed for selecting the control practices best suited
to the particular needs of each site [7]. Severe erosion prone areas can be deli-
neated and prioritized for erosion mitigation [8]. Effective soil erosion control
requires prediction of the amount of soil loss [5] [9].

The soil erosion models used to quantify soil loss include; the Revised Soil
Loss Equation (RUSLE), European Soil Erosion Model (EUROSEM), the Lim-
berg Soil Erosion Model (LISEM) and the Chemical Runoff and Erosion from
Agricultural Management Systems (CREAMYS) to name but a few. The Universal
Soil Loss Equation (USLE), a precursor to RUSLE was revised to incorporate
evolving technology since 1998 to more accurately estimate soil loss from both
cropped and rangeland areas [7] [10].

RUSLE is used to predict erosion rate of an ungauged catchment [11]. RUSLE
constitutes the main factors causing soil erosion: rainfall erosivity, soil erodibili-
ty, slope length, steepness, cover management and support practice [12]. The
choice and use of RUSLE model in this study to quantify soil was informed by its
all-inclusive representation of the main factors that cause soil erosion [9].
RUSLE in GIS allows use and analysis of vast amounts of data that would other-
wise not be feasible manually [13]. RUSLE was the official tool used for conser-
vation planning in United States of America (USA) and in many other countries
[14].

The magnitude of soil loss was predominantly determined by erosivity and
erodibility [15]. Erosivity is associated with the rainfall, being a measure of
forces applied to the soil causing soil detachment and transportation while ero-
dibility is dependent on the soil physical chemical characteristics, being a meas-
ure of the susceptibility of the soil to erode. Soil erosion is highly dependent on

the land gradient while anthropogenic activities aggravate soil erosion through
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the alteration of land cover and use [2].

Identifying high-risk areas of soil erosion increases the effectiveness of soil
mitigation measures while at the same time reduces soil erosion mitigation cost
[13]. The effects of soil erosion in Golole catchment was the rapid siltation of
water reservoirs due to high amount of soil brought from the upper parts of the
catchment. The objective of this study was to model soil erosion for land man-
agement in the ungauged Golole catchment through simulation of the spatial
soil loss, delineation of risky areas of soil erosion as well as suggesting mitigation
measures of soil erosion on risk areas delineate.

This research successfully modeled the spatial rate of soil loss within Golole
catchment using remote sensed data, digital data in a digital environment as well
as ground truthing. The use of digital environment allowed delineation of soil
loss severity areas with ease. The digital soil loss map of the catchment demon-
strated use in suggesting targeted, appropriate and economical soil erosion mi-

tigation measures that could be used by farmers, policy makers and researchers.

2. Methodology
2.1. Study Area

The study area is located on the Eastern slopes of Mt. Marsabit within the Mar-
sabit volcanic zone and administratively in the central region of Marsabit Coun-
ty (Figure 1). Mt. Marsabit lying about 1500 m above mean sea level is centrally
located. The study area exhibits undulating terrain with isolated steep slopes and
hills occupying an area of 1886 Square km lying between latitude 2°0'0" and
2°24'47" North and longitude 37°53'17" and 38°28'8" East as shown in the map of
Marsabit County (Figure 1). The area stretches 67 km with the widest section
measuring 35 km. According to Kenya ecological zones (Appendix I, Table Al),
the study area ecologically varies from semi-humid to semi-arid with a mean
annual rainfall of 875 mm.

The study area soils can be described as well drained, moderately deep, dark
reddish, brown to dark red friable clay textured as detailed in Appendix VI, the
major soil properties of the study area (Table A2). According to FAO soil classi-
fication, the study area soils varied geographically comprising of lithosols,
chromic cambisols, pellic vertisaols, eutric nitosols, mollic andosols, calcic xero-
sols/yermosols and calcic fluvisols. The area land cover includes woody trees,
low shrubs and herbaceous plants. The area boasts of herbaceous crops and a

dendritic drainage pattern of ephemeral rivers.

2.2. Simulating Soil Loss Using RUSLE

In this study the RUSLE algorithms shown in Table 1 were used to derive the
five RUSLE thematic layers (factors). The layers were combined to derive the
study area soil erosion map. The steps followed to derive RUSLE thematic layers
are outlined below.

Rainfall factor. The Kenya rainfall grid was used to derive the study area
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Figure 1. Map showing the study area in Marsabit county, Kenya.
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Table 1. RUSLE factors algorithms.

Factor

Algorithms

Rainfall factor

Soil erodibility factor

Slope length factor

Land cover factor

Practice factor

Soil loss

R=-8.12+(0.56x P)

Ris the rainfall factor and Pis the mean annual rainfall [17]

K =27.66m""* x10 x (12 —a)+0.0043 x (b —2) +0.0033x (c - 3)
K = Soil erodability factor (ton-hr"ha™'-MJ-mm), m = (Silt% + Sand%) X
(100 - clay%), a = % organic matter, b = structure code: 1) very structured or
particulate, 2) fairly structured, 3) slightly structured, and 4) solid, ¢ = profile
Permeability code: 1) rapid, 2) moderate to rapid, 3) moderate, 4) moderate

to slow, 5) slow, 6) very slow [7]

Equation used to derive soil organic matter
SOM =1.72x0C

SOM is the soil organic matter and OC'is the soil percentage organic carbon
content [20]

LS = ([Flow accumulation ] x[cellsize]/ 22.1)"4

x [sin (localslope(degrees)) x 0.0896/0.0896}1'3

LS is the length slope factor; flow accumulation is the number of cells
contributing to flow into a given cell. Cell size is the ground resolution of 30
meters [22] [23]

Equation used to calculate landsat image reflectance value:

pA =M pQcal + Ap
Where pA is the TOA planetary reflectance, Mp is band multiplicative
rescaling factor, Qcal is quantized and calibrated standard product pixel

values (DN) and Ap is the band specific additive rescaling factor

Equation used to correct reflectance for the sun angle:
pA = pA[cos®SZ = pl[sin DSE

where pA is the Top of Atmosphere (TOA) planetary reflectance, @SE is the
local sun elevation angle (Sun Elevation), @SZ is the local solar zenith angle
(@SZ =90° — ISE)

Equation used to calculate the Normalized Difference Vegetation Index
(NDVI)

Band5 — Band4
Band5 + Band4

Where band 4 is the red band while band 5 is the infra-red band
Equation used to estimate the land cover factor

c- K—NDVH%H

where C. is the land cover factor [24] [25]

NDVI =

This was derived through a process outlined below

The five RUSLE factors were overlaid to derive the soil loss
A=RxKxLSxCxP

where A is the soil loss, R is the rainfall, Kis the soil, LSis the slope length, C
is the crop and Pis the practice factors
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rainfall grid map [16]. The Hurni’s empirical equation shown in the RUSLE fac-
tors algorithms (Table 1), was used to derive the rainfall factor [17]. The rainfall
data for Marsabit meteorological station located within the study area was used
to validate the rainfall grid data [18].

Soil factor (K-factor). The digital soil map used to derive the K-factor maps
was the revised soil map of Kenya [19]. The K-factor was derived using the soil
factor equations shown in the RUSLE factors algorithms (Table 1) [7] [10]. The
soil organic matter parameter was indirectly derived from the digital soil map
[20]. The K factor was based on a scale from 0 to 1, where 0 refers to soils with
least susceptibility to erosion and 1 to soils which are highly susceptible to ero-
sion by water.

Slope length (LS) factor. The digital elevation model (DEM) with a ground
resolution of 30 metres was derived from the Advanced Spaceborne Thermal
Emission and Reflection (ASTER) [21]. The LS-factor parameter maps: DEM
sink filled, flow direction, flow accumulation and slope gradient maps were de-
rived independently using equation shown in the RUSLE factors algorithms
(Table 1) [22] [23].

Land cover factor (C). The C-factor is a relation between erosion on bare soil
and a land cover type and density, adopting a value of 1 for bare soils and less
that one for more reducing erosion land cover. The Normalized Difference Ve-
getation Index (NDVI) map was derived from Landsat image of the study area
and processed for reflectance value, reflectance correction and NDVI and finally
the land cover factor using equations shown in the RUSLE factors algorithms
(Table 1) [19] [24] [25].

Practice factor. The percentage slope and major land use concept was
adopted in this study. The practice factor was influenced by slope and two cate-
gories of landuse that is agriculture and non-agricultural [7]. The practice factor
values range from 0 to 1 with the lower values indicating better practice for con-
trolling soil erosion. The Africover landcover map of 2014 produced from the
Enhanced LANDSAT TM images was used to derive the major land uses in the
study area. The slope categories were derived from the DEM of the study area
[19].

The two major land uses (agricultural and non-agricultural) and the DEM
percentage polygon map were overlaid in arcGIS to produce the study area map
with the two major land uses flagged by their respective percentage slope as
shown in the conservation practice factors (Table 2). The agricultural lands were
classified into six slope categories and assigned p-values respectively while all
non-agricultural lands were assigned a p-value of 1 as shown in the conservation
practice (Table 2). Several GPS points were used to validate the landuse type as
shown by the control points map in Figure 2.

Soil loss. The five RUSLE thematic layers were overlaid to derive the soil ero-
sion map using RUSLE equation shown in the RUSLE factors algorithms (Table
1). The risky areas of soil erosion were identified by reclassification of the soil

erosion map into five classes. The soil loss was compared with the tolerable soil
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Table 2. Conservation practice factors [7]

Land use Percentage slope P-factor
0.00 - 5.00 0.10
5.00 - 10.00 0.12
10.00 - 20.00 0.14
Agriculture
20.00 - 30.00 0.19
30.00 - 50.00 0.25
50.00 - 100.00 0.33
Other land All 1.00

Golole 2 laga
Golole 1 Ia.ga

Hula-Hula
° g ucntion Dirb

Sagarge well
° Fatima Children Home

Sore
© " Badasa dam

: llpusgri
L .
Bonggle Creatom Y3e Leyai Chief Office

Land cover & use
data validation
areas

o Settlement areas
[ ] Study area

0 5 10 20 Kilometers
I Y T T T T |

Figure 2. Control points used to validate the land cover and land use.
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loss recommended for the area in order to determine the type of erosion risk.

3. Results

3.1. Simulated Spatial Soil Loss

Rainfall factor. The Marsabit weather station rainfall amount for the year 1998
was 893 mm that corresponded to the grid with annual rainfall amount of 806
mm shown in the rainfall grid of the study area (Figure 3) translated into a per-
centage difference of 9.7%. The high and low rainfall was in high and low parts
of the catchment respectively. The highest and lowest rainfall factors were 460
and 201 respectively shown in the rainfall factor map Figure 4.

Soil erodibility factor. The maps representing the soil factor equation shown
in RUSLE factors algorithms (Table 1) are described in the soil factor parameter
(Table 3) and presented in the soil erodibility factor maps (Appendix II) [7].

The study area showed that the soil erodibility factor (K) ranged between
0.004 and 0.058 with a mean score of 0.045 and standard deviation of 0.015 as
shown in the soil erodibility factor map (Figure 5). The soil structure and profile
permeability were categorized under three structural codes (2, 3 and 4) and (2, 3
and 5) respectively [7] [10]. The predominant soil structure was code 3 and 4
described as fairly to slightly structured soil while the profile permeability pre-
dominantly was coded as 3 and 5 described as moderate to slow. The soil organic
matter was below 1%. The major soil properties of the study area are described
in Appendix VI.

Length slope factor (LS-factor). The maps representing the length slope
factor equation shown in the RUSLE factors algorithms (Table 1) are described
in the LS factor parameters (Table 4) and presented in the LS factor parameters
(Appendix III) [22].

The LS mean score was 1 with a standard deviation of 5 while the minimum
and maximum was 0 and 231 respectively as shown in the slope length factor
map Figure 6.

Land cover factor (C.). The maps representing the C-factor equations shown
in the RUSLE factors algorithms (Table 1) are described in the C-factor para-
meters (Table 5) and presented in the c-factor parameters maps (Appendix IV)
[24] [25].

The study area C-factor values ranged between —0.045 and 0.58 with a mean
score of 0.366 and standard deviation of 0.08 as shown in the land cover factor
map (Figure 7).

Modified practice factor (P). The land use map showing agricultural and
non-agricultural areas and reclassified slope map of the study area (Figure A12)
and (Figure A14) respectively are shown in the P-factor maps (Figure A13).
P-factor ranged from 0.10 to 1 with a mean value of 0.94 and standard deviation
of 0.22 as shown in the practice factor map (Figure 8).

Study area soil loss. The maximum and minimum spatial distribution of
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annual soil loss rate within the catchment was 494 t/ha and 203 t/ha respectively

as shown in the soil loss map (Figure 9).

30°0'0"E 35°0'0"E 40°0'0"E 45°0'0"E
| |
SOOVOHN, ,SOOlOIIN
N
000‘0" A 000'0"
Legend
[ IKenya rainfall grid
500'0"87 7500‘0"S
1 T
30°0'0"E 5°0'0"E 40°0'0"E 45°0'0"E
37°50'0"E 38°0'0"E 38°10'0"E °20'0"E
| |
/ <
N T
778 621
A Pt 614
806 776 665
Marsabit Meteorological station 567 531
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Figure 3. Rainfall grid of the study area.
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38°0'0"E 38°10'0"E 38°20'0"E
2°20'0"N 2°20'0"N
2°10'0"N 2°10'0"N
Rainfall factor
[ ]201-229
[ 230-258
I 250-313
2e0rN | (I 314 - 304 1 2°0'0"N
I 305 - 460 (IJ . ? [ 1|0 L ZIOKI ometers
38°0'0"E 38°10'0"E 38°20'0"E
Figure 4. Rainfall factor map.
Table 3. Soil factor parameters.
No. Soil parameter Description of the soil of parameter
1 Silt Figure Al 12.00% - 30.00%
2 Sand Figure A2 17.00% - 42.00%
3 Clay Figure A3 35.00% - 70.00%
4 Soil organic matter Figure A4 0.700% - 1.100%
5 Soil structure code Figure A5 2,3and 4
6 Soil permeability code Figure A6 2,3and 5
38°0'0"E 38°10'0"E 38°20'0"E
1 1 1
N
2°20'0"N-] [2°20'0"N
2°10'0"N- -2°100"N
Soil erodibility
factor
I 0.004-0.011
200r0mN- [ 0012 - 0.022 -2°0'0"N
[ 0023 -0.041 0 5 10 20 Kilometers
I 0.042-0.046 Lt 1] L
I 0.047 - 0.058
T T T
38°0'0"E 38°10'0"E 38°20'0"E

Figure 5. Soil erodibility factor map.
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Table 4. LS-factor parameters.

No. LS parameter Description of the LS parameter
1 Sink filled map—Figure A7 326 - 1681
2 Flow direction map—Figure A8 1-65
3 Flow accumulation—Figure A9 0 - 602,549 cells
4 Slope gradient—Figure A10 0 - 58 degrees

Table 5. C-factor parameters.

No. C-parameter Description of the C parameter
1 Regional NDVI—Figure A1l -1.00 to 1.00
2 Study area NDVI—Figure A12 -0.08 to 0.55
38°0|'0"E 38°1?’0"E 38°2?’O"E
2°30'0"N- N ~2°30'0"N
2°20'0"N- ~2°20'0"N
2°10'0"N- ~2°10'0"N
200lOIIN_ _200|0||N
- 9-20 0 5 10 20 Kilometers
I T N T I
B 21 - 231
T T T
38°0'0"E 38°10'0"E 38°20'0"E

Figure 6. Slope length factor map.

3.2.Zoned Erosion Risk Areas

The values of annual soil loss range within the study area are shown in Table 6.
The smallest value is 202.00 t/ha while the highest value is 493.00 t/ha eroded

from the area of 833.00 km” and 30.00 km? respectively.

The study adopted the soil loss severity classes (Table 7) [9] [26].

From Table 7, 70% of the study area was classified under high erosion level
while the remaining 30% was classified as severe.

Ground truthing. The vegetation cover in the cultivated area was not uni-

form ranging from thick vegetation cover to bare land. The upper part of the
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catchment above 1100 m a.s.l. occupied by the forest was covered by thick vege-

tation mainly shrubs and trees. The forest area was hilly, with undulating terrain

and home to wildlife (elephants, buffalos, monkeys, antelopes among others).

Deforestation (cutting of trees) as well as human encroachment on the forest

land was noted in areas bordering the forest.

38°0|'0"E 38°19‘0"E 38°29'0"E

2°30'0"N- ~2°30'0"N
}N\
2°20'0"N- —~2°20'0"N
2°10'0"N- -2°10'0"N
[ o017-027
200‘0"N_ _200V0"N
[ Jo2s-035
[ 0.36- 04 0 5 10 20 Kilometers
[ 0.41-058 [ |
T T T
38°0'0"E 38°10'0"E 38°20'0"E
Figure 7. Land cover factor map.
38°0|'0"E 38°1?‘0"E 38°2=)'0"E
N
2°20'0"N-] —~2°20'0"N
2°10'0"N- ~2°10'0"N
Practice
factor
B 0.1-0.2
[ 0.21-04
[]0.41-0.6
200’0"N_ _200!O|IN
[ 0.61-0.8 5 10 20 Kilometers
[o.81-1
T T T
38°0'0"E 38°10'0"E 38°20'0"E

Figure 8. Practice factor map.
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38°0'0"E 38°10'0"E 38°20'0"E 38°30'0"E
1 1 1
2°30'0"N- A ~2°30'0"N
2°20'0"N _BES ~2°20'0"N
2°10'0"N- ~2°10'0"N
Soil
loss
[ 1202-245
2°0'0"N— |:| 246 - 314 ~2°0'0"N
[ 1315-382
- 383 - 450 0 5 10 20 Kilometers
I
B 451 - 493
1°50'0"N T T T
38°0'0"E 38°10'0"E 38°20'0"E 38°30'0"E
Figure 9. Soil loss map.
Table 6. Range of area of annual soil loss values.

No Annual soil loss range value (t/ha) Area in Sq. km Areain %
1 202.00 - 245.00 833.00 45.00%
2 246.00 - 314.00 551.00 30.00%
3 315.00 - 382.00 293.00 15.00%
4 383.00 - 450.00 142.00 8.00%
5 451.00 - 493.00 30.00 2.00%

Table 7. Soil loss severity classes.

No  Annual soil loss range value (t/ha)

1 <10

2 10 - 50

3 50 - 150
4 150 - 300
5 >300

Soil loss severity classes
Nil
Low
Moderate
High

Severe

Areain Sq. km Areain %

0 0

0 0

0 0
1293 70%
556 30%

The surface water sources comprising of earth pans and dams were heavily
silted due to the high amount of soil brought from the upper reaches of the cat-
chment. Rills and gullies were observed on hilltops and on steep slope terrains.
In the cultivation areas few farms used stone contour ridges. The rangelands

occupying the lowland plains vegetation was depleted to bare land due to over-
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grazing.

4. Discussion

The derivation of RUSLE factors using appropriate algorithms, digital elevation
model (DEM), digital maps and remote sensed data in a GIS environment
yielded more accurate estimation of RUSLE factors particularly those derived
from 1) remote sensed data (land cover factor), and 2) digital elevation model
(slope length and practice factor). In this study the derived rainfall factor spatial
pattern showed a progressive rise in the rainfall factor from the lower to upper
parts of the catchment as shown in the rainfall factor map (Figure 4). Similar
pattern was exhibited on the overall soil loss rate. A similar trend was found for
rainfall factor for Kapingazi River catchment in Kenya [27].

The soils of the study area exhibited low erodibility as shown by soil erodibili-
ty factor map (Figure 5). It also reflected very low organic matter, slightly
structured and slow to moderate permeability class shown in the soil erodibility
factor maps (Appendix II and Appendix VI). As a result, this soil is prone to
high erodibility. The presence of soil organic matter in the soil in varying de-
grees increases soil porosity and capacity to hold water which in turn reduces
soil erodability [28]. While information on organic matter, soil structure and
profile permeability class add erodibility prediction accuracy, soil becomes less
erodible with decrease in silt fraction [7]. Sand, sandy loam, and loam soils are
less erodible than silt, very fine sand and certain clay soils [29]. The study area
soil texture can be described as predominantly loamy clayey (Appendix VI)
probably being the reason for its low erodibility due to increased soil cohesive-
ness. As clay fraction increases, erodibility decreases, a phenomenon probably
attributable to the increased cohesiveness [29].

The study observed that topography played a major role in influencing the
rate of soil erosion. This was noted due to the high spatial correlation observed
between the slope length factor and soil loss rate (Figure 6 and Figure 9 respec-
tively). In this case, the two were compared using similar coordinates and
showed similar trends where high or low slope length factor meant high or low
rate of soil loss. The severe erosion rates occurred in hilly, steep and undulating
terrains as shown by the slope length factor map and soil loss map (Figure 6 and
Figure 9 respectively). A similar correlation was noted using RUSLE and
geo-information technology in a small sub-watershed in Kerala, India [6].

The study observed minimal land cover in the cultivated areas that also exhi-
bited high soil loss shown by the land cover factor map and practice factor map
(Figure 7 and Figure 8 respectively). The research results showed high rate of
soil erosion in Marsabit mountain ecosystem (highlands) that occurred in areas
with less or no vegetation cover [30]. The results showed that land cover consti-
tuted the most important factor that could be economically manipulated
through management and conservation measures to greatly reduce soil loss [10].

The findings in this study agree with the observation that the high rates of ero-
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sion in Ethiopia was caused by: deforestation, overgrazing, detrimental cultiva-
tion practices, poverty, land fragmentation and expansion of cropland [31].

This study found that the high and low soil loss rates occurred in the high-
lands and lowlands respectively as shown in the soil loss map (Figure 9). The
soil loss within the catchment was not homogeneous and varied significantly
from one area to another with an annual mean score of 272 t/ha. The estimated
soil loss rates are reliable and strongly indicate the urgency for soil conservation
in the study area. The other researchers using RUSLE in a GIS environment got
an annual average soil loss rate of 600 t/ha for Taita hills in Kenya [32], 93 t/ha
from Chemoga Blue Nile Basin, Ethiopia [8] and 42 t/ha from cultivated fields in
Ethiopia [33].

The study delineated risk areas of soil erosion according to soil loss severity
classes (Table 7) where 30% of the study area land mass experienced severe soil
loss rates. The study acknowledges that the entire catchment was prone to acce-
lerated erosion since the minimum annual soil loss rate of 202 t/ha was above
the recommended annual soil erosion tolerable level of 4.8 t/ha for the area [34].

This study found that lack of vegetation cover and type of land use (cultiva-
tion and grazing) were the main contributors to the severe and high rate of soil
loss in the study area. RUSLE factors can be classified into two categories; envi-
ronmental and management with the former remaining relatively constant over
time while the latter varies considerably [9]. This implies that the management
factors affecting both land cover and land use can be manipulated considerably
to reduce the rate of the soil loss. Therefore, cultivation on the eastern slopes of
Mt. Marsabit especially below 1300 m a.s.l. should be reduced due to soil erosion
hazard [35].

5. Conclusions

The study achieved its objectives having simulated the spatial soil loss, deli-
neated risky areas of soil erosion and suggested mitigation measures. The study
identified areas with severe annual soil loss rates as the cultivated forest reserve
and hilly areas. The study findings agree extensively with similar research un-
dertaken in other parts of the world as noted in the discussion section. The study
concludes that the high and severe erosion rates associated with the study area
should be addressed in order to scale down the rate of annual soil loss to mod-
erate and low levels.

This study recommends use of stone contour ridges, manure, strip cropping,
and terracing in the cultivated areas and controlled grazing in the lowland ran-
geland. The abundance of natural stones in the study area makes the use of stone
contour ridges feasible. Stone walls reduce slope length and hence reduce soil
erosion especially in hilly areas [36]. There is need to increase the soil organic
matter levels in order to build the soil nutrient buffer and improve soil water
holding capacity. This study also acknowledges the imperative need to protect

the forest area from tree cutting and further human encroachment. The local
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communities should adopt and prioritize soil conservation measures in the cul-
tivated lands by applying alternative soil protective methods as enumerated
above. The local planners and decision makers should also implement both short
term and long-term measures of curbing soil erosion including afforestation and
forest protection. This study recommends further research in the forest reserve
areas that showed the greatest rates of soil erosion menace to determine under-
lying causes and appropriate soil erosion mitigation measures. Further research

to assess the temporal trends of the soil erosion hazard uses high resolution data.
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Appendices
Appendix I. Kenya Ecological Zones

Kenya is divided into five altitude zones and seven moisture availability zones.
The annual rainfall divided by potential evaporation gives moisture availability.
The altitude zones are sea level to 200 m, 200 - 1500 m, 1500 - 2500 m, 2500 -
3000 m and >3000 m. The moisture availability zones include very arid (zone
VII), arid (Zone VI), semi-arid (zone V), semi-humid to semi-arid (zone IV),
semi-humid (zone III), sub-humid (zone II) and humid (zone I). Areas desig-
nated as I, II and IIT with a moisture index greater than 50% have a high poten-
tial for cropping (Sombroek, et al, 1982). The high agricultural potential areas
are located above 1200 m altitude with a mean annual temperature of below
18°C while 90% of the semi-arid and arid zones lie below 1200 m a.s.] with a

mean annual temperature ranging from 22°C to 40°C.

Table Al. Kenya’s ecological zones.

ZONE CLASSIFICATION MOISTURE% ANNUAL RAINFALL % OF KENYA’S AREA

1V Semi-humid to semi-arid 40 - 50 600 - 1100 5
v Semi-arid 25-50 450 - 900 22
VII Very arid <15 150 - 350 46

'Kenya’s four out of seven ecological zones whose moisture index falls below 50%. *Target research area
falls under semi humid to semi-arid. Source: Sombroek, et al, (1982).

Appendix II. Soil Erodibility Factor Maps
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Appendix III. LS Factor Parameters Maps

38°0'0"E 38°10'0"E
1 1

T
38°20'0"E

38°20'0"E
1

N

A .

2°20'0"N-

Sink
filled
B 326 - 485
[ ] 486 - 661
[ ]662-884
[ 885 - 1,150

2°10'0"N

2°0'0"N—

B 1,151-1,681 o441y

20 Kilometers

—2°20'0"N

—2°10'0"N

=2°0'0"N

T T
38°0'0"E 38°10'0"E

Figure A7. Sink filled map.

T
38°20'0"E

DOI: 10.4236/0jss.2018.811021

298

Open Journal of Soil Science


https://doi.org/10.4236/ojss.2018.811021

G. N. Njiru et al.

38°0I'O"E 38°1?‘0"E 38°2?‘O"E
N
2°20'0"N= —=2°20'0"N
2°10'0"N= =2°10'0"N
200'0"N_ ) & e _ZOOIOIIN
18-33
- 0 5 10 20 Kilometers
- 34 -65 T T T |
T T T
38°0'0"E 38°10'0"E 38°20'0"E
Figure A8. Flow direction map.
38°(=‘0"E 38°1?‘0"E 38°29'0"E
N
2°20'0"N= =2°20'0"N
2°10'0"N= —2°10'0"N
Flow accumulation
Bmo-100
[ 101 - 20,000
2°0'0"N- [_]20,001 - 50,000 =2°0'0"N
[ 50,001 - 300,000 O 5 10 20 Kilometers
I 300,001 - 602,549 1111 1]
. T | T
38°0'0"E 38°10'0"E 38°20'0"E

Figure A9. Flow accumulation map.

DOI: 10.4236/0jss.2018.811021 299 Open Journal of Soil Science


https://doi.org/10.4236/ojss.2018.811021

G. N. Njiru et al.

38°(='0"E 38°19‘0"E 38°2E)'0"E

2°20'0"N— ~2°20'0"N
2°10'0"N-{ Slope ~2°10'0"N
gradient
-3
46
m7-1
200|0||N_ -200'0"N
B 12-19 0 5 10 20 Kilometers
B 20 -58 Lot baaal
T T T
38°0'0"E 38°10'0"E 38°20'0"E
Figure A10. Slope gradient map.
Appendix IV. C Factor Parameters Maps
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Figure A12. Study area NDVI.
Appendix V. P-Factor Maps
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Figure A13. Land use map showing agricultural and non-agricultural areas of the study

area.
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Figure Al14. Reclassified slope map of the study area.
Appendix VI
Table A2. The major soil properties of the study area.
Structure Permeability ST Perm
Val FA il uni E T
alue O soil units CEC exture (ST) (Perm) code code
1 Lithosols 4 Loamy Blocky Moderate 3 3
2 Chromic Cambisols 4 Loamy Aggregate High 2 2
3 Pellic Vertisols 4 Clayey Massive Low 4 5
4 Eutric Nitosols 3 Clay Blocky Moderate 3 3
5 Mollic Andosols 4  Veryclayey Aggregated High 2 2
6 Calcic Xerosols/Yamosols 3 Clayey Massive Low 4 5
7 Calcic Xerosols/Yamosols 3 clayey Massive Low 4 5
8 Calcaric Fluvisols 7  Veryclayey  Massive Low 4 5
9 Luvo-Orthic Solonetz 4 Clayey Massive Low 4 5
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