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Abstract Severdand degradatioroccurredn northerrhighlandsof Ethiopiadueto its complextopographyrainfall, and
variousanthropogeni@ctivities. Soil erosionin the Megechriver catchmentpne of the major catchment®f Lake Tana
subbasin of the Abbay River basin using Remotesensing,and GIS basedUniversal Soil Loss Equation(USLE) was
quantified.Thestudywasconductedy estimatingheimportantfactorsthataffectsoil erosionnamely rainfall erosivity (R),
topography(LS), soil erodibility (K), croppingmanagemenpractice(C), andsupportpractice(P). The resultsshowedthat
the annualsoil lossin the total catchments 8,43,736tonswith anaveragesoil erosionrateof 41.54 75.92tonsha’yr* of
which the soil loss from the uppercatchmenis 6,86,705tons (36.63 64.2 tons ha'yr™) while from the lower catchment
1,57,031tons(32.68 57.41tonsha’yr?). In 3.1%o0f thetotal catchmentreathe soil erosionis extremewith therategreater
than50tonsha'yr?; in 20.5%of theareait is greatetthan10tonsha® yr; andin 50.5%of theareait is very low, lessthan
1tonha'yr. Soil erosiorratesvariedfrom variouslandusesn agiventopographicondition,andfrom aparticularanduse
type in different topographicconditions. Soil conservation neglectedpostharvestedand is erodedby small rainfall
intensities Substantiaboil erosionoccursfrom degradedandsanddecreasetiegetativecoverslmplementatiorof scientific
measuresf landusemanagemenggriculture andrestoratiorof degradedandswould controlsoil erosion.

Keywords Soil eroson, Megechriver catchmentEthiopia,UniversalSoil LossEquation RemotesensingGeographical
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degradatiorof naturalresource$3] thathaveputthew o r |

1. Introduction

Soil erosionand degradatiorof land resourcesare very
significantproblens in manycountries. Land degradatioris
the most seriousgrowing threatto food production,food
security,and naturalresourceconservationparticularly for
the poor and vulnerable populationin the dry lands of
developingcountriesin Africa andAsiaandconsequentlyo
global security since it has been seriously threatening
p e o p livelibowds, soils and landscapes[1,2]. Land
degradatioris definedasthe lossof productioncapacityof
landin termsof loss of soil fertility, soil biodiversity,and
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ecosystemaunder intensepressure[4]. Globally, about 2
billion hectaresverealreadydegradedandtheaverageates
of soil erosionwere estimatedbetween12 and 15 tons
ha'yr?[5]. Landdegradatiotis causedy soil watererosion
(46%), wind erosion(36%),lossof nutrients(9%), physical
deterioration (4%), salinization (3%) [6], and in rural
areasby overgrazing(49%), agricultural activities (24%),
deforestation(14%), and overexplotation of vegetative
cover(13%)[7].

Ethiopiaexperiencednoderatdo severdanddegradation
problems Very severedegradationoccurredin northern
Ethiopia [8]. Soil erosionis one of the most dangerous
hazardsn high land regions.In the highlandareasof north
Gondardistrictin Amhararegion, soil erosionratesmainly
dependon the intenserainfalls, erodible soils, topography,
slope gradient,land use types etc. Excessivesoil erosion
with a resultanthigh rate of sedimentationn the reservoirs
and decreased soil fertility has become solemn
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environmental problem for the country with disastrous
economicconsequenceslhe estimatedtotal meanannual
sedimentoadin the Megechreservoirin north Gondarwas
496,066tons thatcorrespondso 1,170tons km?yr™ [9].

A gquantitativeassessmeris neededo infer on the extent
and magnitude of soil erosion problems so that sound
managemerstrategiecanbe developedn a regionalbasis
with the help of field measurementfd 0]. Researcherbave
developedmany tools for estimatingsoil loss, suchasthe
Soil and Water AssessmentTool (SWAT), the Water
ErosionPredictionProject(WEPP),the UniversalSoil Loss
Equation(USLE), the RevisedUniversalSoil LossEquation
(RUSLE), etc. [11]. Amongthem,USLE is widely usedfor
the study of soil erosionby waterbecausef its simplicity,
despite some inconveniences due to its extensive
requirementfor input data [12,13] The USLE method
predictsthe long term averageamual rate of erosionon a
field-based rainfall pattern, soil type, topography, crop
systemandmanagemerpracticesThe majorpurposeof the
soil lossequationis to guidemethodicaldecisionmakingin
conservationplanningon a site basis.Using conventional
methodsto assessoil erosionrisk is expersive and time
consumingHunri (1985 [14] conductedtonventionaktudy
on soil erosionfor the highestareasin Ethiopiafocusingon
varioussoil erosionfactors.

Theintegrationof existingsoil erosionmodels field data
and data provided by remote sensing(RS) technologies
through the use of geographicinformation systems(GIS)
appeargo be an asseffor further studies[15-17]. Recently
developedRUSLE thathasa similar structureasthat of the
USLE containsseveralimprovementsin identifying input
factorsbasedon the updateddatabasén the United States.
We chosethe USLE model due to its wider use, relative
simplicity to assesssoil loss, and most importantly its
easinesdo comparewith other studieson soil erosionin
variousriver catchmentareas.RS and GIS are capableof
handlingeasilyandefficiently largeamountof spatialdata
ForthisreasonmanyresearcheraseGIS asmainapproach
to estimatesoil erosionat all scales.Therefore,this study,
conductedin the Megechriver catchmentarea, aims to
utilize the USLE modelwith RS andArc GIS to determine
the soil erosionrates.

2. The Study Area

TheMegechRiveris oneof themajorriver catchmentof
LakeTanasubrbasinof the AbbayRiver,amajorriver basin
in Ethiopia. The Megechriver and its tributaries namely
Angereb Shinta,Keha,Dimaza,Gilgel MegechandWizaba
that rise on the Ethiopian highlandsin North Gondarin
Amhararegionareconcentratedtelevationsof 3000meters
meanabovesealevel (m.a.s.l.)havinga high andperennial,
but highly seasonaih their runoff (Figurel). Theupperand
lower catchmentarea of MegechRiver encompassbout
80757hawith anannualrunoff of 350x10° m® which is half
of thetotal northernriver catchmentef LakeTanaincluding
Garno, Arno, Dirma, and Gabi Kura rivers. [18]. A well

developedierdritic drainagepatternis observedat the area
with a chainof ridgesborderingthe catchmentrea(Figure
2). Theelevationof thetotal catchmentreafluctuatesfrom
1755mto 2974m m.a.s.l anddecreasefom northto south.
Theupperriver catchmentreais notflat like the lower one
but very brokenand hilly ragged terrain containinggrassy
uplandsswampvalleys,scatteredegetationandoccasional
rocky peakswvhichareof volcanicorigin consising of varied
range of altitudes (Figure 3). The upper catchmentarea
fluctuates from 1900 m to 2974 m m.a.s.l, whereasit
decreasefom thenorthto southto 1755m m.a.s.l.Slope of
the terrainis complexand variesfrom nearlylevel to very
steepslopewith arangeof 0.3°to 63°. The northernpart of
thecatchmentreahasa characteristiof gentleto very steep
slope, while the southernpart has gentle slopesand plain
surfaceghataremostly nearthe outletof the MegechRiver
to LakeTana.

Theclimatein thecatchmenareashowstropicalmonsoon
characteristicavith an annualrainy seasonfrom Juneto
SeptemberThealtitudinal variationswithin a shortdistance
that allow the researchsite into different climates are
classified into: Humid subtropical climate (Cwa),
Subtropicalhighland oceanicclimate, (Cwb) and Tropical
savannaclimate (Aw) respectively[19,20] The two main
seasonsare mostly wet (monthly precipitations above
150mm) during May to October,while mostly dry during
Novembetto April (below30mm).It hasavariedlandscape,
dominantly coveredwith raggedhills and plateaubasalts
which impart varations in temperaturesargely favoring a
wide rangeof rainfall. Accordingto statisticsof a decadeof
2009 2018,theaverageannualprecipitationfluctuatedfrom
1038to 2187mm dueto highly variedandcomplexterrain,
while an exceptionakain fall about3259mm wasrecorded
at the Binchenarea(Figure 4). The averageminimum and
maximumdaily temperaturesanged betweenl12-18°C and
19-28°C respectively. The highesttemperatureseach in
April (>30°C), while the lowest temperaturesn August
(about15°C). Theannualmeanmaximum,mean,andmean
minimumtemperaturesvere25,19,and13°C respectively.

Rock units existing in this study area are Cenozoic
grouped into four major categories: (i) Alluvial and
lacustrine deposits (quaternary), (i) Tarmaber Gussa
formation (oligocené&miocene): akaline to transitional
basaltsoften forming shield volcanoeswith minor trachyte
and phonolite flows, (iii) Aiba basalts (middi€ late
oligocene): flood basaltswith rare basic tuff, and (iv)
Ashangiformation (eocene).deeplyweatheredalkalineand
transitionalbasaltflows with rareintercalationf tuff often
tilted. The greatvariability of Ethiopianhighlandsgivesrise
to the formation of different physicallandscapesvhich in
turn causethe variationsin soil parentmaterials.Similarly,
the physiographic position, parent materials, drainage
characteristicand soil deptharethe key factorsto classify
thesoilsin thestudyarea Surfacesoil depthsarebetweer25
cmto 200cm (average 70 cm) coveredby black,red,brown
and grey colored soils Lithic leptosolsare the dominant
soil typesin the uppercatchmentareafollowed by Eutric



Fluvisols, Humic Nitisols, Eutric leptosols and Chromic
Luvisols, whereasHaplic Luvisols and Eutric Vertisols are
dominantin thelower catchmenthatalsois associatedavith
Eutric cambisols[21]. The dominanttexturesidentified in
this areaaresilt clay loamandsilt clay. The Lithic leptosols
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asthechiefcategoriegFigure7).

soils are shallow underlinel by unconsolidatedmedium
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Figure 1. Locationof thestudyarea
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sizedgravelswith loosejoints which in turn underlinel by
watertightrocky layers[22]. Therearevariouslandusetypes
in the catchmentareawith plantation,denseforest, barren
land, cropland grasslandbuilt-up land andimperviousrock
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3. Methods

3.1.Universal Soil LossEquation (USEL)

The USLE is an erosion model designedto compute
longtime averagesoil lossesin runoff from sheetand rill
eroson under specified conditions[23]. It was appliedin
manyareasworldwide. It calculateserosionasa productof
five factors:rainfall erosivity, soil erodibility, slopelength
and steepnessland cover and managementand support
practice,and the resourcedor identifying their valuesare
rainfall, soil propertiesterraindataand,land use.The soil
lossequationis:

A=RxXxKXxLSxCxP 1)

wherg o

A is theaverageannualsoil loss(tonshd 'yr' %),

Ris therainfall erosivity(MImmhd *h'yr'%),

K is the soil erodibility factor (tonshah hd *MJ' ‘mm' %),

LS is thetopographidactor (dimensionless),

C is the cropping managemenftactors (dimensionless),
and

Pis thepracticesupportfactor (dimensionless)

The USLE wasappliedto the MegechRiver catchmenby
representingthe basin as a grid of squ~ -~ ~nd b
calculatingsoil erosionfor eachcell which:
five levels namely, very low, low, moderate,high and
extremeerosionlevels.

3.1.1.Rainfall Erosivity Factor(R)

R-factoris anindexof rainfall erosivitythatestimateshe
erosiveforcesof therainfall andits directly associatedunoff.
Rainfall erosivity (R) is definedasthe productof total storm
kinetic energy (E) times the maximum 30-minute rainfall

intensity (I39) for a given rain storm (Elzg) (Wischmeier
& Smith 1978) [23]. According to the definition, the
detailedcontinuousprecipitationdatawith 30-minute time
resolutionandthe rainfall kinetic energymeasuremerthat
derived from drop-size, drop-velocity, and drop-volume
measurementaswell asdrop-sizedistribuion arerequired
to calculate the R-factor. Moreover, the calculation of
R-factoris a complexprocessand,dataon the natureof the
distribution of thosesizesand intensitiesof the individual
rainstormsare rarely available. However, there are other
methodssuggestedy variousresearcherso calculatethe
annualR-factor.Hurni (1985)developeda methodof USLE
adaptedor Ethiopianconditionsto measureR-factor based
on meanannualprecipitationby analyzingthe rainfall data
asgivenin thefollowing equation
R=0.55*P 71 4.7

where,P is themeanannualprecipitation(mm).

The annualprecipitationvaluesfrom minimum 10 years
(2009-2018) to maximum40 years(after 1978) of rainfall
that 28 meteorological stations recorded were used to
estimatethe R-factor in the presentstudy. The R-factor
values were also predicted by using the other mostly
acceptednethodsof erosivityindexesto evaluatethe effect
of rainfall on soil erosion.Six methodsof rainfall erosivity
wereselectedn the presentstudy: Modified Fournierindex
(MFI) [24], Precipitation Concentrationindex (PCI) [25],
Fournier Index (FI) [26], Total annualrainfall (P) and a
regressiorequatiorprovidedby the Deregeetal. (2016)[27]
in the Ethiopianregion.

@)

12

Totalannualrainfall P = Na
i1

(3)

BIZ, %,
Modified Fournier Index MFI = "T 4

where, o= themonthlyrainfall depth(mm)in i month,and
p = theannualrainfall (mm).

r‘]z
Fournier Index F = —

(5
where p is theprecipitationin thewettestmonthandP is the
total annualrainfall.
Precipitation Concentrationindex PCI
B2, p2
a1

= 100—;

(6)

where, pi is the monthly rainfall and P is the total annual
rainfall.

Deregeet al. (2016) proposedthe following powerlaw
equationto estimatethe rainfal erosivity factor in the
EthiopianRegion:

R =0.366* D*%®*(R*=0.99) (7

whererainfall R is the erosivity and D is the rainfall depth
(maX. |30).
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The annualvaluesfor the periodcoveredby eachrainfall
stationwerecalculatedisingthemonthlyrainfall datafor the
six methodsusingEgs.2, 3,4, 5, 6 & 7 andthenaveraged.
Figure 5a showsthe valuesof erosivity indexesof each
method and averagemonthly rainfall at 28 stations.The
effect of rainfall length on eachmethodwas studiedwith
these values.R-factor valuesobtainedfrom thesemethods
were comparedand found that their correlation was not
satisfactorybecausesperthe USLE the two mostrelevant
parameterst a i n Kireetic Engrgyand intensity were not
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involved in thesemethodsexceptthe powerlaw equation
which was provided by Derege et al. R-values were
estimatedrom the Deregeetal., methodwith afew available
rainfall intensity datafor two stationsnamely Azezo and
Gondar by usingthe Eq.7. TheseR-valueswere correlated
with the R-valuesof other methods.The resultsshoweda

bettercorrelation(R?=0.95,p=0.014 with the R-valuesfrom

theH u n rrmiodel{Figure 5b). Thereforewe usedH u n r
modelin our studyto determinethe R-valuesfor estimation
of the soil erosion.
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3.1.2.Soil Erodibility Fador (K)

The soil erodibility factor, K, is the rate of soil loss per
rainfall erosivity for a specified soil, which reflects the
combinedeffect of all the soil propertiesand soil profile
characteristics. K-factor in the soil loss equation is
experimentallydeterminedjuantitativevalue Measurement
of theK-factorrequiresseveraphysicalparametergor each
soil type suchassoil texture,soil organicmatter,percentof
sandgsilt, andclay in the soil, soil structurecode,andprofile
permeability. Therefore,K is one of the most challenging
factors, requiring substantialtime, cost, resources field
surveys and analyses[28]. Hurni, (1985 usedmethodsof
Bono & Sheller (1984 and Weigel (1985 [29,30] to
estimateK-factor values basedon the color for soils in
Ethiopia.However,in the currentstudy,the K is estimated
basedon soil texture and organic material content This
relationshipwas usedby many researcherto estimateK
valuesfor their soil sampleq31]. The soil information for
our study was obtainedfrom the HarmonizedWorld Soll
Databas¢HWSD) v.1.21. (2013)[32], jointly developeddy
Food and Agriculture Organizationof the United Nations
(FAO), Internationallinstitutefor Applied SystemsAnalysis
(IIASA), ISRIC-World Soil Information,the EuropearSoil
BureauNetwork, and the Institute of Soil Science,China.
The percentageof organic material was estimated by
multiplication of organic carbonwith a factor value 1.72
The mean K-values were obtained basedon percenage
organicmaterialin associatiorwith the sand,silt and clay
percentagef soil compositionby using the United States
Departmeniof Agriculture (USDA) [33] soil textural class
fields at <2 andO Drganicmattervalues TheK values soil
type andsoil classesverederivedfor the presenttudysite
by following theaboveprocedure.

3.13. Topographid-ador (LS)

Topographidactor (LS) is the slopelengthgradientthat
reflectsthe effect of the topographyon erosionrates.Both
the length andthe steepnessf the land slopesubstantially
affecttherateof soil erosionby overlandflow particularlyin
complex terrain areas.Many researchersagree that the
amount of land lost dependson the threedimensional
distribution of the terrain [34,35] Various methodshave
beendevisedo calculateheLS for topographicall}complex
terrainthatrequireshigh resolutionDigital ElevationModel
(DEM) data. In the present study, we calculated the
combinedLS factor using the DEM data extractedfrom
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model
Version2 (GDEM V2), 2011 with a spatialresolutionof 30
m following anapproactdevelopedy Mitasovaetal. (1996
[34]:

4@ g _ ¢
0.0896

, oi
= +
oY= a +1 3213

(6)

where,
A is normalizedupslopeareathatis the contributingarea
percontourwidth (m),

dis theslopeanglein radiansand

m (0.4 0.7)andn (1.0/ 1.4) arecalibratingparameters.

The terrain of the catchmentis very complicatedwith
densestreamsystemgFigure2) resultingin dominatingrill ,
gully erosion.Therefore the calibratingparametergméand
dwererespectivelyassigned.5 and 1.3 asrecommended
by MitasovaandMitas (1999)andLiu, Nearing,Shi,andJia
(2000)[36,37]

LS canbecalculatedy theuseof therastercalculatortool
in Arc GIS asfollows:
o gQ °°

0"Y= "@EV Cuadd OUNEE x 2213

gy v 13
Y2 "¥ENQ —x0.01745
X
00896 15/100

@)

3.1.4.CroppingManagemenEactor (C)

Cropping managementactor (C) reflects the effect of
croppingandmanagemenpracticeson the soil erosionrate.
The vegetationcoverand managementactor is the ratio of
soil lossfrom anareawith specifiedvegetatiorcoverandits
managemento the soil lossfrom anidenticalareain tilled
continuoudallow. Remotesensingechnologyprovides alot
of information about the land surface through the
NormalizedDifference Vegetationindex (NDVI) which is
positively correlatedwith the amountof greenbiomassand
gives an indication of differencesin green vegetation
coverage[38]. Time seriesLandsat8 imageies data in
JanuaryApril, June SeptembeandDecembenf year2018
with a spatialresolutionof 30 m (path170;row 51) asgiven
in Tablewereusedfor our studyto calculateNDVI, anindex
of vegetationabundance.These months were chosento
maximize the ability to distinguishagriculturalland from
naturalvegetativecovers.A significantproportionof noises
were normalizedby convertingthe digital number(DN) to
at-satellite reflectancevalue. The DNs of NIR and RED
bandsfor Landsat8 were convertednto reflectanceby the
following equation:

= ®)

where,

" _ istruetop of atmospher€TOA) planetaryreflectance

" _#s TOA planetaryspectrareflectanceand

—is solar elevationangle(in Radians)

" _%is obtainedby thefollowing formula:

" _®= Nz Ocex+ 6N

where,

Mp is reflectancemultiplicative scaling factor for the
band

Qcalis level onepixel valuein DN, and

Apis reflectanceadditivescalingfactorfor theband

Thespectrareflectanceof NIR andRED bandswereused
to calculate NDVI for each image with the following
equation:
00 YOO
YOO+ 0 ‘&Y (9)
NDVI valueswere usedto calculateC factor that is the

0 OwGs
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averagevalue of the time seriesof NDVIs of 5 timesin
JanuaryApril, June SeptembeandDecembenf year2018
(Figure6) following the equationsuggestedyy Durigonetal
(2014)[39]:

6060 1

= (10)

0=

Table1l. Landsaimageriedata

Landsat8 Imageries Dataacquired Re(isr?lr:t)lon
LC08_L1TP_170051 20180111 Lljanuary
- — 2018
LCO8_L1TP_170051_20180417 17 April 2018
LCO8_L1TP_170051_2018062( 20June2018 30x 30,
LCO8_L1TP_170051_2018092¢ 24Sept2018 Panchromatic
LCO8 L1TP_170051 2018121 13Dec 2018 15x15
Landsat7 ETM+ Imagery
27 Janual
EPP170R051_7F20000127 5000 vy

Megech_NDVI (avg)

B -0.063-0
[ o-o01

. ]01-0.2
~_10.2-0.3
B 0.3-0.74

Figure 6. AverageNormalizedDifferenceVegetationindex (NDVI) for
MegechRiver catchment

3.1.5SupportPracticeFador (P)

The support practice factor (P) representserosion
preventionpracticego reducethe amountof soil erosion.P
is definedasthe ratio of soil losswith supportpractices like
contouring,strip cropping,or terracingto the soil losswith
the practiceof straightrow farming up anddownthe slope.
If there are no conservationpractices,then the P-value
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should be 1.0. Determining the P-value is difficult as it
requiresdirect and long-term field observationf specific
land usetypes andfarming practicesat severalplacesin the
catchmentareathat are time-consumingand involve high
finances However,in orderto overcomethe constraintsof
more time and money, the P-values can be derived from
either image classifications using remote sensing data,
previous studies, or even expert knowledge [40]. Many
researcherause the information of slope inclination or
farming practicego calculateP-values. In the presenstudy,
theP-valueis determinedy the slopebasednlandusemap.
The landusemapof year2018wasgeneratedrom the pan
sharpenedLandsat8 image with a resolution of 15 m
(Figure7). Theareasof variousland usetypesweregivenin
Table 2. Inseparabilityof contiguoudand featuresresultin
pooraccuracyin unsupervisedndsupervisedlassifications
due to spectraland spatialresemblancgin VIS and NIR
bands.Thus, spectralresponsef different surfacefeatures
from all bandsof Landsatimagewasanalyzedln addtion,
the Googleearthdatawereusedto confirm the type of land
feature in generationof land use map. The researchers
focusedon identifying the land cover typesin areasthat
presented problematic spectral signatures in the
unsupervisedtlasses(e.g, sparselyvegetated)ava flows,
and emergingrow crops). Table 3 showsthe result of the
accuracyand error matrix estimationsfor such land use
classification Figure8 and Table4 showvariousdegreeof
slopecategoriesn the Megechcatchment.
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Table 2. Areaof landusetype

Land useType Area (ha) Area (%)
Built-up, Imperviousrock 10867 134
Barrenland 22662 28.0
Grasdand 20471 25.3
Cropfields, Perenniatashcrops 15085 186
Plantation Shrub 8096 10.0
Denseforest 2480 3.1
Water 1270 1.6

Table 3. Accuracyanderrormatrix estimations

. . Classified Number Users
Barren  Built-up & Dense Plantation/ Grand
ClassName land Impervious Cropland Forest Grassland Shrub Water Total Totals Correct Accuracy
i %) (%) (%)
Barren land 10 1 1 12 83 100 83.33
Built-up & Impervious 26 26 100 815 100
Cropland 1 1 100 100 100
DenseForest 1 1 2 84 89 50
Grassland 1 2 3 86.5 79.5 67
Plantation/Shrub 2 1 3 78 69.5 83
Water 2 1 3 100 85.5 89
Grand Total 10 31 1 2 3 2 1 50
Prod
roducers 100 83.87 100 50 66.67 50 100
Accuracy %
Total reference 42
Overall
Classification 85
Accuracy (%)
O Il K
verall Kappa 081

Statistics

Table 4. Areaof variousdegreeof slopecategoriesn the catchmentrea

Slope(degree) Terminology Area (%)
013 Nearleveli Very gentleslope 9.7
315 Gentleslope 34.5
51 8.5 Moderateslope 430

8.5T 24 Strongi Very strongslope 111
241 45 Extremei Steepslope 21
>45 Very steepslope 0.1

3.1.6 StreamPowerlndex(SPI)

SPlis a measureof the erosivepower of flowing water.
SPlis calculatedbaseduponslopegradientandcontributing
area[41]. As catchmentireaandslopegradientincreasethe
amount of water contributed by upslope areasand the
velocity of water flow increaseandhencethe SPlandthe
erosion risk increase.SPI can be used to describe the
potentialflow erosionat the given point of the topographic
surfaceandapproximatehelocationswheregulliesaremost
likely to form, and to identify suitable locationsfor soil
conservatiormeasuredo reducethe effect of concentrated
surface runoff. High SPI values represent locations

Figure 8. Slopein theMegechRiver Catchment o1 .
g P g vulnerability to gully erosionon the landscapevherevery



