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Abstract: Inappropriate land management leads to soil loss with destruction of the land’s resource
and sediment input into the receiving river. Part of the sediment budget of a catchment is the
estimation of soil loss. In the Ruzizi catchment in the Eastern Democratic Republic of the Congo
(DRC), only limited research has been conducted on soil loss mainly dealing with local observations
on geomorphological forms or river load measurements; a regional quantification of soil loss is
missing so far. Such quantifications can be calculated using the Universal Soil Loss Equation (USLE).
It is composed of four factors: precipitation (R), soil (K), topography (LS), and vegetation cover (C).
The factors can be calculated in different ways according to the characteristics of the study area.
In this paper, different approaches for calculating the single factors are reviewed and validated with
field work in two sub-catchments of Ruzizi River supplying the water for the reservoirs of Ruzizi
I and II hydroelectric dams. It became obvious that the (R)USLE model provides the best results
with revised R and LS factors. C factor calculations required to conduct a supervised classification
using the Maximum Likelihood Procedure. Different C factor values were assigned to the land cover
classes. The calculations resulted in a soil loss rate for the predominantly occurring Ferralsols and
Leptosols of around 576 kt/yr in both catchments, when 2016 landcover and precipitation are used.
This represents an area-normalized value of 40.4 t/ha/yr for Ruzizi I and 50.5 t/ha/yr for Ruzizi II
due to different landcover in the two sub-catchments. The mean value for the whole study area is
47.8 t/ha/yr or even 27.1 t/ha/yr when considering land management techniques like terracing on
the slopes (P factor). This work has shown that the (R)USLE model can serve as an easy to handle
tool for soil loss quantification when comprehensive field work results are sparse. The model can be
implemented in Geographic Information Systems (GIS) with free data; hence, a validation is crucial.
It becomes apparent that the use of high resolution Sentinel 2a MSI data as the basis for C factor
calculations is an appropriate method for considering heterogeneous Land Use Land Cover (LULC)
patterns. To transfer the approach to other regions, the calculation of factor R needs to be modified.

Keywords: revised universal soil loss equation; GIS; erosion; sediment budget; Democratic Republic
of the Congo
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1. Introduction

Even if soil erosion can be easily defined as the displacement of soil particles from one location to
another, its quantification in terms of soil loss for a respective area could be very complex due to five
characteristics: the intensity of rainfall (erosivity), the soil type (erodibility), the land cover, the slope
length and the slope steepness [1-3]. In the tropics, soil erosion mainly occurs as sheet and rill erosion
triggered by overland flow [4].

Usually, soil erosion can be calculated by field measurements. Based on erosion plots at sites of
different land use, soil patterns, and slope angles, precipitation and the amount of eroded material is
measured over a minimum period of two years (for an example of an experimental setup at sites in
Southern Cameroon, see Ambassa-Kiki and Nill [5]; for a detailed overview of erosion in the humid
tropics, see Labriére et al. [6]). The measured erosion rates are extrapolated to catchment size using
models based on high resolution soil maps, Digital Elevation Models (DEMs) and precipitation data [7].

A broad number of such models exist which model soil erosion as a whole or as a part of more
complex models which are the Universal Soil Loss Equation (USLE; [1]) and its variations (Revised
[RJUSLE, Modified [MJUSLE), the Agricultural Non-Point Source model (AGNPS), the Areal Non-point
Source Watershed Environment Response System (ANSWERS) and the Chemicals, Runoff and Erosion
from Agricultural Management Systems (CREAMS), both of which were discussed by Wu et al. [8];
the Groundwater Loading Effects of Agricultural Management Systems (GLEAMS), the Erosion
Productivity Impact Calculator (EPIC) and the Water Erosion Prediction Project (WEPP), which were
compared with RUSLE by Reyes et al. [9]. Chandramohan et al. [10] tested the Unit Sediment Graph
(USG), the WEPP, and the RUSLE on small-scale Indian catchments of around 40 km? each. Their main
objective was to predict the soil loss for six different extreme events with the respective parameters
measured in the field. Four further events were measured to validate the model. As a result they
recommend the USG model which fits best into their set up. However, the more general approach
with freely available (global) data was not considered by them. Hrissanthou [11] figured out that the
MUSLE is the best indicator for predicting the sediment yield and the Agriculture Research Service of
the US (ARS) have recommended the RUSLE to assist public policy development all over the world [12].
It seems that USLE and its related concepts are powerful but controversially discussed tools.

Since 1978, USLE has been used by several researchers to estimate soil erosion and sediment
yield [13] “because of its simplicity” as stated by Sotiropoulou et al. [14], although it considers also
the “spatial heterogeneity of soil erosion” [15]. It is an equation that considers the main parameters
influencing erosion, such as rainfall (R factor), soil (K factor), topography (LS factor), land cover
(C factor), and land management (P factor), and was developed by Wischmeier and Smith [1].
Due to the complexity of the data incorporated in the model, different approaches are used for
factor calculations: e.g., the R factor can be based on mean annual precipitation [16-19], mean
monthly precipitation [15,20], or single daily events [13], though the use of mean annual precipitation
probably leads to under-estimations of soil loss when there are distinct differences between rainy
and dry season; the K factor uses predefined values according to soil types and/or colors [17,21] or
on detailed grain size and carbon amount data [16,20]; or the C factor can be based on calculations
of the Normalized Difference Vegetation Index (NDVI) [16,22] or again based on predefined values
matched with land cover classes [17,21,23-25] (see Tables A1-A3 for selected calculations and [3] for
a (R)USLE review). The differences between USLE, RUSLE, and MUSLE depend on the calculation
of the single factors, which have to be adapted to different climate, topography, and also research
objectives [3]. For example in MUSLE, the rainfall factor is replaced by a runoff factor reflecting the
“variability of deliver ratio” and therefore detailed precipitation data and outflow measurements
are necessary [13]. Unfortunately, in most developing countries, erosion plot data are missing and
weather or sediment load measurements are inconsistently dependent on the political situation in
those countries and budget decisions, respectively. Considering that the recent history of the study
area in Eastern Congo / the South Kivu Province is characterized by civil war and atrocities (e.g., the
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genocide in Rwanda and its following conflicts at the border to the DRC) bad data availability from
these areas is understandable.

In this context, Karamage et al. [16] used USLE to model soil erosion for Lake Kivu catchment
without any plot measurements in the field. According to the high relief energy, they modified the
original equation for the topography (LS) developed by Desmet and Govers [26] to also consider the
upstream contribution area for complex slopes. For the slope steepness factor, they used the formula
based on McCool et al. [27], who differentiated between slope angles that were less and more than 9%
to also consider steep angles along the East African Rift. For validation, they compared their results
with a work of Bewket and Teferi [17], who used the model in an Ethiopian catchment in the upper
Nile Basin. Karamage et al. [16] tested the model to examine different conservation practices along the
steep slopes of Lake Kivu. They calculated a mean annual erosion risk of 3 kt/km? (30 t/ha) and only
33% of their study area has a tolerable soil loss of < 1 kt/km?2. The main contributor to soil loss in this
area is the cropland; therefore, they suggested adjusting the land use techniques to consider terracing,
strip-cropping, and contouring.

For the Bukavu region, mainly gray literature deals with soil erosion (e.g., [28]) and its
anthropogenic impacts (e.g., [29]) conducted for short periods in the framework of student projects.
An area-wide quantification of soil erosion does not currently exist.

The main goal of this paper is therefore to (15) quantify the potential soil loss in the Ruzizi
sub-catchments of hydropower plants Ruzizi I and II. In addition to the rates of loss, (2) the main
sources of sediment input will be identified. We decided to use the (R)USLE model with K, LS, and P
factors based on Karamage et al. [16] but modified R and C factors adjusted to the seasonality [15,20]
and the heterogeneous and small scale land use practices in the region [16,17,23]. The study area of
Karamage et al. [16] also covers small areas of the Ruzizi catchment directly at the outlet of Lake Kivu;
therefore, it could be used for validation. Additionally, (3) aims to prove whether there are possibilities
to validate the model beyond their work.

The results of soil loss quantification will be incorporated into the project “Environmental flow
requirements of two dammed tropical rivers of the Congo Basin (Eastern Democratic Republic of
Congo)” dealing with the impact of Ruzizi I and II hydroelectric dams on the freshwater ecosystem
of Ruzizi River. This project aims to assess environmental flow requirements [30-32] in order to
suggest optimum water resource use and obtain insights to enhance the sustainability of future dam
construction. The central goal of the geomorphological sub-project is to estimate the sediment budget
of the sub-catchments, and the (R)USLE results are an important component of these estimations.

2. Materials and Methods

2.1. Study Area

Ruzizi River is the outflow of Lake Kivu and is one of the major tributaries of Lake Tanganyika
in the Congo catchment. Its basin covers an area of about 5800 km? [33]. It partially follows the
East African Rift System in a steep valley before crossing the Ruzizi plains. The river connects Lake
Kivu in the North and Lake Tanganyika in the South. From Lake Tanganyika there is an overflow to
the West flowing into the Lualaba, which is the main headstream of the Congo River (see Figure 1).
The study area is characterized by a steep relief with altitudes between 774 m a.s.1. at Lake Tanganyika,
1460 m a.s.l. at the coast of Lake Kivu, and 3308 m a.s.l. at Mont Kahuzi, the highest mountain in
the region. The relief has its origin in the East African Rift, a graben system which has been active
for 30 million years. The drainage network follows these tectonic lines. Along the structure, active
volcanoes also exist [34] and earthquakes lead to frequent landslides in the region [35]. The geology
is mainly composed of basaltic rocks from the Cenozoic age. Cenozoic sediments were deposited in
the valley of Ruzizi River with a large accumulation at its mouth into Lake Tanganyika. There are
also metasediments and Precambrian gneisses on its southern slopes [36]. On the basaltic rocks near
Bukavu, Ferralsols were developed, which are depleted soils that are highly resistant against erosion.
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Large parts of the catchment area are covered by Leptosols and Umbrisols on the steep slopes directly
over the basement rocks and rock fragments. At the delta-like outlet of the Ruzizi River Gleysols
develop, which are used for agriculture in combination with an appropriate drainage system ([36];
see [37] for Food and Agriculture Organization [FAO] nomenclature). The climate is characterized by a
bimodal system with two rainy and two dry seasons: The main rainy season lasts from February to
May and the smaller one lasts from September to December; the main dry season lasts from June to
August and the smaller one is in February [38]. However, the small dry season is still characterized
by abundant precipitation of 120 mm in contrast to 20 mm in July and therefore should be called
an intermediate season. The mean annual precipitation amounts to 1277 mm and the mean annual
temperature is 20.3 °C [39]. The natural vegetation is mainly characterized by mountain rainforest in
the mountainous area, as well as Miombo and savanna woodland in the lower and flat parts along the
Ruzizi Plains [40]. However, based on Hansen et al. [41,42] the Ruzizi catchment had a forest cover of
2350 km? in 2000 and a forest loss of 53.16 km? from 2000 to 2014. Parts of this loss can be matched to
infrastructure and irrigation projects but it is mostly due to burning activity, which is still a common
way for pastoralists to cause grasses to sprout.

Atlantic
Ocean

Altitude (m asl)
High : 3470

Low : 603

[ J Location of dam

l:l Ruzizi watershed
/7 Ruzizi | & 11
//A watersheds

Figure 1. Location of the study area on the African continent (A), in Eastern Africa (B), and in the
Ruzizi catchment area in the Eastern DRC near Bukavu at Lake Kivu (C).
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The northern part of the river represents the border between Rwanda and the DRC. As a result
of the Rwandan genocide, war and insecurity in the region increased, accompanied by an escape of
rural populations to the larger towns. Bukavu is the capital of South Kivu province with a number of
inhabitants estimated at 950,000 in 2013 [43]. The relief forces people to also settle on steep slopes or in
alluvial plains. Agriculture is conducted close to their huts. Both settling and conducting agricultural
activities in such a relief under a humid climate lead to high erosion and landslides.

Due to its steep relief, the Ruzizi River is appropriate for hydroelectric dams with relatively small
dams and reservoirs. Dam Ruzizi I was constructed just before independence obtained by the DRC in
1959, with a capacity of 29.8 MW. It is situated at the outlet of Lake Kivu close to Bukavu. In 1989,
Ruzizi II was constructed with a capacity of 43.8 MW about 15 km downstream of Ruzizi I [44].

Within the Ruzizi catchment, the sub-catchments of dams Ruzizi I and II cover an area of 32 km?
and 90 km?, respectively [33]. Around 10% of Ruzizi I catchment is located on the Congolese side,
which is mainly characterized by the sealed surface of Bukavu town. The rest of the area is on the
Rwandan side and is mainly surrounded by cropland and a few settlements. For Ruzizi II, around 60%
of the catchment is located on the Congolese side with a transitional zone from densely populated
Bukavu to a more agricultural area with a few banana tree plantations and islands of forest. On the
Rwandan side, the area is characterized by cropland; hence during field work, terraces could be
observed along the steep slopes. This is in contrast to the Congolese side, where are a small number of
gullies that are deeply incised small-scale erosional features occurring in the study area due to the
prolongation of sewage channels.

2.2. Implementation of Freely Available Datasets into (R)USLE

The Universal Soil Loss Equation (USLE) was developed “to compute longtime average soil losses
from sheet and rill erosion” while considering “numerous physical and management variables” [1].
The factors of the equation are the rainfall and runoff factor (R), soil erodibility factor (K), topographic
factor (LS), cover and management factor (C), and support practice factor (P). The product of all factors
is the proposed amount of soil loss per hectare per year in tons called A (Equation (1)).

A=RXKXLSXCXxXP D

The R factor calculation in USLE is based on the mean annual rainfall. In (R)USLE the mean monthly
rainfall is considered to cover the differences between the rainy and dry seasons (Equation (2); [1];
Figure 2A). For R factor calculation, the CHIRPS data (Climate Hazards Group InfraRed Precipitation
with Station data; [45]) was used as it is available in a relatively high spatial resolution (Table 1).
Mean monthly and mean annual rainfall was calculated from daily data of 2016. The unit of the rainfall
and runoff factor is MJ - mm - ha= - h™! - yr=1,

12 o
Z 1.735 x 101> 1810()~0.08188121 o
1

where p; is the mean monthly rainfall (mm) and p is the mean annual rainfall (mm).

Table 1. Freely available datasets to measure (R)USLE factors.

Factor Data Set Provider Spatial Resolution  Publication Year/Since
R CHIRPS v2.0 (precipitation) NASA, NOAA 0.05° (5500 m) 1981-recent (v2.0)
K AfSIS—Soil Grids (soil) ISRIC 250 m 2017
Land$S SRTMv3 (DEM) NASA 1 second (30 m) 2000, 2015 (v3)
Sentinel 2a (multispectral:
C supervised classification is ESA 10 m Mid—2015-recent
necessary)
Results of C calculations to be
P matched with DEM (see L and

S calculations)
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The K factor reflects the soil erodibility due to different soil types and its texture. The Equations
(3)—(7) consider organic carbon and different sizes of soil particles and their susceptibility for erosion,
which is dependent on their ability to achive infiltration (Figure 2B). For example, infiltration into
sandy soils is high due to their high sand contents and therefore causes large pore sizes (see [3,20]
for further examples). The AfSIS dataset (African Soil Information Service; Table 1) contains grain
sizes and organic carbon content for different soil depths [16,46,47] and was therefore used for K factor
calculations. The unit of the soil erodibility factoris t - ha-h-ha=! - MJ~! - mm™1.

K= fcsand x fd—Si X forgc X fhisund )
fesana = 0.2+ 0.3 x exp[—0.256 X Mg X (1 - _T(S)l(l)t )] @)
M) 0.3
silt
B B E— 5
Jet-s (mc + msilt) 5)
0.0256 x orgC
fOrgc =1 g (6)

~ orgC + exp[3.27 - (2.95 x 0rgC)]
0.7x(1- 155)
1— §55) + exp[-5.51 + 22.9 (1 - 155

Jnisand =1 — ( @)
where fegang is the factor of low soil erodibility due to coarse-grained sand particles in the soil; f.; is
the factor for low soil erodibility due to high clay-silt ratios; forgc is the factor for reduced soil erodibility
due to high carbon content; fhjsang is the factor for reduced soil erodibility due to very high sand
content; ms is the percentage of sand with grain sizes of 0.05-2 mm; mgy; is the percentage of silt with
grain sizes of 0.002-0.05 mm; m, is the percentage of clay with grain sizes of <0.0002 mm; orgC is the
percentage of organic carbon.

The most complex factor is the LS factor representing the topography. The main parts of the LS
factor are the slope length factor (L), and the slope steepness factor (S) which both have a distinct effect
on erosion of soil material on slopes. The slope length reflects “the distance from the point of origin of
overland flow to the point where either the slope gradient decreases enough that deposition begins, or
the runoff water enters a well-defined channel” [1]. The soil loss increases as the slope length increases.
The L factor is calculated as a ratio to a plot of 22.13 m (72.6 ft) due to field measurements conducted
by Wischmeier and Smith [1]. For the S factor, Wischmeier and Smith [1] determined that “soil loss
increases much more rapidly than runoff as slopes steepen” (Equations (12) and (13)) (Figure 2C).
For LS factor calculations, the SRTM DEM was used. It is actually available as version 3, which consists
of a 30 m resolution DEM covering an area between 60° North and 56° South [48]. The active radar
system is mostly impervious to atmospheric disturbances due to the long-wave X-ray radiation used
to produce the DEM (Table 1). Flow accumulation, slope (in degree and percent [tangent]), and aspect
were calculated following the approach of Karamage et al. [16] because it also considers steep angles,
which occur frequently in the study area (see Equations (8)—(11)). The LS factor is dimensionless.

2\ +l +1
) N
Y pmi2x X x (22.13)"
p
- 9
=15 ©)
sin9/0.0896
b= (10)
3(sinB)"° 4 0.56

Xijj = (sin ajj + cos ai,]-) (11)
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si,j = 10.8 sin6; j + 0.03, tan 6, ; < 9% (12)
Sij = 16.8 Sin@i/]‘ - 0.50, tan 0; ; > 9% (13)

where L;; is the slope length factor with coordinates i.j for one grid cell; A;j is the flow accumulation
area at the inlet of a grid cell counting the number of cells of the part of the catchment with flow
orientation into the respective grid cell; D is the size of a grid cell (m); the exponent m represents the
ratio 3 of rill erosion, which caused by overland flow to inter-rill erosion caused by the impact of
raindrops; 0 is the slope angle in degrees; a;; is the aspect or exposition of the grid cell.

Originally, “the C factor measures the combined effect of all the interrelated cover and management
variables” [1], focusing mainly on different landuse or cropping techniques. To also consider landcover
like savanna, trees, or even forests, a supervised classification was conducted following the Maximum
Likelihood Procedure. It was based on bands 2, 3, 4, and 8 of high resolution Sentinel 2a MSI to meet
the requirements of small farms that are less than a hectare [16]. The training areas were selected with
band combinations 4-3-2 and 8-4-3 and matched to field observations from August 2016. Ground
truthing was done using high resolution images provided by ArcGIS 10.x base maps [33].

Because of the different densities of vegetation cover listed by the Malaysian Department of
Agriculture (2010, cited from Huey The [23]) we could also consider burned grasses and bushland
during the dry season; the bushland value was adjusted to 100% bush cover for January (0.03) and to
a higher value for August, representing an intermediate value between 100% and 50% cover (0.15).
Based on the classification results, a C factor value was matched to each class following the detailed
list of Huey The [23] (for Malaysia) and our own adjustments according to the seasons (see Table 2,
Table 3, Figure 2D,E). The cover and management factor is dimensionless.

Table 2. C factor for selected land cover classes in Malaysia [23:41ff] and assigned values used in

this study.
Land Cover Type CFactor [23]  January C Factor ~ August C Factor
Rangeland 0.23
Forest / tree

50% cover 0.39

100% cover 0.03 0.03 0.03
Bushes / scrub

50% cover 0.35
100% cover 0.03 0.03 0.15
Grassland 100% cover 0.03 0.03 0.30
Mining areas 1.00 1.00 1.00
Agricultural crop 0.38 0.38 0.40
Paddy (with water) 0.01 0.01 0.01

Urbanized areas

Low density (50% green area) 0.25
Medium density (25% green area) 0.15 0.15 0.15

High density (5% green area) 0.05

Impervious (Parking lot, road, etc.) 0.01 0.01 0.01
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Table 3. Classes of Maximum Likelihood Classification and respective C factors, mainly based on the
Malaysian Department of Agriculture (2010 [23:41], see Table 2).

Land Cover Remark Area of Training Samples  Area of Land Cover C Factor
Class emarks (% of 6.49 km?) Class (% of 2300 km?)  January August

settrlsz‘fnt' < 5% Vegetation 20.60 7.82 0.01 0.01
Village < 50% Vegetation 1.34 9.04 0.15 0.15

0% Vegetation, mostly
artisanal mining
Mostly represented as areas
with dense vegetation in a
wetland-like area along flat
valleys
Individual species were not
distinguished
Wide areas, mainly along
steep slopes in the hinterland
Grass land of Ruzizi Valley, burning 12.83 29.98 0.03 0.30

activities during the dry
seasons
Low trees and bushes
(Miombo woodland), natural
Bush land vegetation in the region, some 5.94 19.22 0.03 0.15
areas are burned during dry
season
Dense forests, mainly as

Pit 0.24 0.04 1.00 1.00

Rice field 5.73 3.14 0.01 0.01

Crop land 25.74 17.71 0.38 0.40

Forest riparian forest along Ruzizi 4.75 9.96 0.03 0.03
tributaries
Water Mainly Ruzizl River and Lake 28 310 0.00 0.00

The support practice factor P represents the land management practices used to mitigate erosion
like contour farming or terracing on steep slopes with farmland, or can be differently expressed to reduce
the rate of runoff [2]. To reflect the current situation in the study area, a P factor of 1.00 was assumed
according to the suggestions of Reusing et al. [25], reflecting no management activities (Figure 3A).
As terracing can already be observed at selected slopes on the Rwandan side of Ruzizi valley, the
respective P factor values were assigned in a further step representing sensible land management
techniques to reduce the future soil loss (Table 4; Figures 2F and 3B). For the allocation of P factor
values to the study area, the results of the supervised classification and the slope dataset were used in
accordance to the P factor list of Shin [49] (Table 4). The support practice factor is dimensionless.

Table 4. P factor under different conservation support practices [49].

Slope (%) Contouring Strip-Cropping Terracing
0.0-7.0 0.55 0.27 0.10
7.0-11.3 0.60 0.30 0.12
11.3-17.6 0.80 0.40 0.16
17.6-26.8 0.90 0.45 0.18
>26.8 1.00 0.50 0.20

Before data implementation, all datasets (Table 1) were clipped by the outline of the study area
and reprojected to Universal Transverse Mercator (UTM), zone 35 South.

3. Results

The value of the R factor is the highest within the (R)USLE model ranging between 762 and
916 M] mm/ha h yr (Equation (2), Table 5, Figure 2A). The logarithmic term changes the areal distribution
of R factor in comparison to the precipitation pattern, with slightly higher rates in the southern part of
the study area and lower rates in the eastern part. The K factor calculated for the study area ranges
between 0.13 and 0.15. In the areas surrounding Bukavu, there is a high K factor value (Figure 2B) that is
mainly triggered by low clay and organic carbon content while the amount of high sand (fy¢.,4) content
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also leads to a higher K factor. Obviously, the low clay content prevails, or conversely high clay content
leads to less erosion and to a lower K factor. Further west and in the extreme east, there is also a high K
factor value with medium clay content but high silt content (Figure 2B, Table 5, Equations (3)—(7)).

Table 5. Values of the different (R)USLE factors.

Factor Units Min Max Mean
. .ha=l.
R [15] M h?}rf‘yr}l? 762.08 91580  845.70
t-ha-h-ha™!-
K[16] M1 - mm-1 0.13 0.15 0.14
LS[16] dimensionless 0.03 17.10 3.60
L 0.99 2.30 1.10
S 0.03 13.40 3.30
C (rainy season) [23] dimensionless 0.00 1.00 0.27
C (dry season) [23] dimensionless 0.00 1.00 0.28
P (terracing) [16] dimensionless 0.10 1.00 0.48

The L factor and flow accumulation show nearly the same spatial pattern, highlighting the main
input into L factor calculation. Low values for slope length are occurring at the steep but short slopes
on both sides of Ruzizi River. The L factor has a lower range and lower values in contrast to the S
factor: the L factor varies between 1 and 2.3, while the S factor varies between 0 and 13.4 (Table 5,
see Figure 2C for LS factor).

The assignment of C factor values from Huey The [23] to the different land cover classes lead
finally to min and max C factors of 0 (for water areas) and 1 (for pits, Table 3) for both the January and
August calculations. Slightly different values considering rainy and dry season with the respective
growth state of the vegetation lead to mean values of 0.27 and 0.28, respectively. The maps highlight
the most affected areas along the central Ruzizi valley, mainly consisting of crop land, but also some
grasses and bushes (Table 5, Figure 2D,E). Only a small number of forest residuals lead to small C
values. The high resolution satellite images from the Sentinel 2a MSI sensor displays the small parcels
of the mostly small-holder farmers in the region as observed during field work. Also, C factor values
(Figure 2D,E) and (R)USLE results (Figure 3) reflect this kind of land use.

Looking at the spatial pattern of (R)USLE results, it is obvious that the highest soil loss values
occur mainly in the central southern part of the study area linked to the broad extend of agricultural
area at the steep slopes of the deep incised Ruzizi River (Figure 3A). This is different to the situation
at the eastern border of the river where there is more heterogeneous land cover and, hence, no such
large scale estimated soil loss occurs. The smallest rates of loss can be found along the thalwegs in
the valleys. This loss is distinctly linked to the topography and the respective low LS factor values.
On Rwandan side in the catchment of Ruzizi I, there are some rice paddies with a small amount of
erosion that also follow the floodplain of two tributaries of the Ruzizi River. The (R)USLE values of
these areas are characterized again by a combination of both land cover and topography reflected by C
and LS factors, respectively. Finally, the area of Bukavu has low values of erosion due to having sealed
surfaces (Figure 3A).

The mean value of (R)USLE calculations for catchments Ruzizi I and II is 48 t/ha/yr with a sum
of 577,124 t/yr. As precipitation and land cover were gathered in 2016, these calculations can be
matched to this year (Table 6). The P factor used for (R)USLE distinctly reduces the results of soil loss
calculations, reflecting an improvement of land management practices. Conservation support practices
like terracing can be partially observed in the region, mainly on the Rwandan side. If such techniques
can be established in the whole area with high slope angles, then soil erosion can be reduced by 41.5%,
which is a mean soil loss of 28 t/ha/yr or a total of 337,710 t/yr for both catchments (Table 6; Figure 3B).
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Figure 2. Resulting maps of the single factors for RUSLE calculations; (A) mean R factor calculated after
Prasannakumar et al. [15]; (B) K factor calculated after Karamage et al. [16]; (C) LS factor calculated after
Karamage et al. [16]; C factor calculated using the definitions of Malaysian Department of Agriculture
(2010, cited from [23]) for rainy (D) and dry seasons (E); (F) P factor [49].



Land 2020, 9, 125 110f18
A 25"%0%\ B 2a°|50'E\\ gke Kiv&) 'N 26°55
F230S  Bukavu | 23082308 Bukavu _ § 2°305

o
‘;,. 4
£ i

RUSLE
(Huey The)
t/halyr
N 0-5
Bl 5-10
= 10-50
[ 50-100
[ 100 - 200
Il > 200
T 0 3,04
km

28"|50'E

26“?5’E

2°35's]

RUSLE
(Huey The)
t/halyr
- o0-5
Hl 5-10
3 10-50
[ 50-100
1 100 - 200
Il > 200
. 2 3.4
km

28”|50‘E

Ruzizi Il
28°55'E
|

2°35'S—

Figure 3. Results of (R)USLE calculations (A) without and (B) with P factor values for terracing [15,16,23,49].

Table 6. (R)USLE results for different LULC classes and sub-catchments Ruzizi I and II.

RUSLE RUSLE with P Factor
Catchments Area % Max Mean Sum Max Mean Sum
(ha) (t/yr/ha) (t/yr) (t/yr/ha) (t/yr)
Ruzizi I 3,176.92 26.38 463.62 40.50 128,654.89 431.07 24.55 77,983.04
Ruzizi 1T 8,866.82 73.62 1,162.23 50.58 448,469.38  1109.95 29.29 259,726.87
Ruzizi I and 1T 12,043.74 100.00 1,162.23 47.92 577,124.27  1109.95 28.04 337,709.91
Ruzizi I: LULC
Settlement, road 272.11 8.57 383.70 17.54 4772.31
Village 218.87 6.89 423.52 67.07 14,679.69
Pits 0.48 0.01 74.33 32.44 15.45
Rice 184.39 5.80 229.22 6.31 1162.78
Crops 602.89 18.98 463.62 102.89 62,028.67 92.72 18.84 11,356.82
Grass land 982.24 30.92 431.07 30.06 29,522.31
Bush land 510.88 16.08 386.29 19.63 10,026.72
Forest 405.07 12.75 363.39 15.92 6446.95
Area sum 3176.92 100.00 128,654.89 77,983.04
Ruzizi II: LULC
Settlement, road 546.98 6.17 714.52 27.02 14,780.46
Village 697.27 7.86 792.87 73.67 51,365.04
Pits 5.33 0.06 1109.95 384.68 2051.70
Rice 225.73 2.55 183.04 9.01 2033.38
Crops 1875.24 21.5 1162.23 123.92 232,381.04 232.45 23.27 43,638.53
Grass land 2733.66 30.83 600.82 33.27 90,956.95
Bush land 2004.77 22.61 524.92 20.34 40,782.23
Forest 777.85 8.77 449.30 18.15 14,118.57
Area sum 8866.82 100.00 448,469.38 259,726.87

The comparison of the catchments shows a slightly higher estimated mean soil loss in Ruzizi II

catchment, which is mainly linked to the high rates of crop land at the slope of Ruzizi River in contrast
to a more heterogeneous landscape in Ruzizi I catchment that is mainly characterized by less incised
tributaries of the Ruzizi River (Figure 2C). Additionally, the amount of crop land is higher in the Ruzizi
II catchment (Table 6). However, the reduction of mean soil loss by P factor is nearly the same in both

catchments (81.7% in Ruzizi I; 81.3% in Ruzizi II), pointing to a comparable distribution of crop land
shares in regard to the slope (Table 6).

For validation reasons the results dataset of Karamage et al. [16] was kindly provided by the first
author. Before comparison with our own results, this dataset was clipped with the catchment area of
Ruzizi I, and very high and obviously incorrect values for soil loss estimates of around 100.000 t/ha/yr
were replaced by the value 1000 (see Max values in Tables 7 and 8). However, the USLE results from
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our own calculations exactly following the paper of Karamage et al. [16] led to results distinctly higher
for the Ruzizi I sub-catchment.

Table 7. (R)USLE results for sub-catchment Ruzizi I.

Ruzizi I Sub-Catchment (31.76 km?2) Soil Loss in t/ha/yr t/yr
Author, Model Min Max Mean Sum
[3], USLE 0.01 1000 27.08 86,194.81
own calculations following exactly [3], USLE 0.25 3998.20 164.52 523,695.85
C factor from [2], R factor from [1], RUSLE 0.00 463.62 40.50 128,654.89

Table 8. (R)USLE results for cropland at a slope of 15-20% and 25-30% in comparison to field work on

a slope of 28%.
Slope of 15-20% (Soil Loss in t/ha/yr)  Slope of 25-30%(Soil Loss in t/ha/yr)
Author(s), Model Min Max Mean Min Max Mean
[16], USLE 0 1000 21.89 0 1000 24.68
C factor from [23], R factor from [15], RUSLE 0 275 86.85 4 361 136.23
[43] bare soil 400
o traditional farming 120-250

Therefore, it is advisable to also consider erosion plots for ground validation. There was a field
study done by Konig [50] over several years close to Butare in southern Rwanda less than 100 km east
of Bukavu. It was conducted using the framework of PASI (Projet Agricole et Social Interuniversitaire)
and co-initiated by Koblenz-Landau University. This site is established on a ferralitic soil with a
mean annual precipitation rate of 1280 mm and fits well to the study area near Bukavu, respectively.
An erosion plot was characterized by bare soil and another by traditional farming of different cultures,
both on a slope of 28% with mean annual soil loss rates of >400 and 120-250 t/ha/yr, respectively.
Comparing the results of soil loss estimations with Kénig's [50], the results of RUSLE model following
the C factor of Huey The [23] and the R factor of Prasannakumar et al. [15] fit best, as well as when
considering the maximum value of soil loss, which is 361 t/ha/yr. The dataset of Karamage et al. [16]
has an output of 24.68 t/ha/yr for the slope gradient of 25%-30% (Table 8).

Finally, a regional proxy can be used for validation. Muvundja et al. [51] gathered turbidity data
from September 2016 to October 2017 at the site of Ruzizi II. They transferred the measurements via
a linear model to total suspended solids (TSS) of 12.9 t/ha/yr at this location. For Ruzizi II, an area
normalized value of 50.58 t/ha/yr can be calculated based on (R)USLE results (Table 6, Ruzizi II) which
is four times higher than TSS; hence, it is reasonable when considering the deposition on the slopes,
along the river bank, and in the river bed during transport [1,52]. Eisenberg and Muvundja [53]
also tried to estimate turbidity based on the Normalized Difference Turbidity Index (NDTI). When
comparing Ruzizi I and II catchments, it becomes obvious that Ruzizi I has lower mean estimated soil
loss than Ruzizi II. This observation was also confirmed by NDTI measurements of Ruzizi I and II dam
reservoirs, the latter being the most turbid. Overall, the results of the soil loss model matched well to
NDTI and turbidity measurements in the study area, while also hinting towards the potential source
area of most of the sediments [51,53].

4. Discussion

Due to a high range of C and LS values, these factors led to high (R)USLE results, as R and K factors
are characterized by only slight differences in the study area (Table 5, Figures 2 and 3A). However,
e.g., high sand content leads to a low K factor and therefore to reduced erosion as the infiltration is
high due to the high void space (c.f. [20]). It can also be observed that silt content is responsible for
higher K factor values leading to higher erosion. Higher content of organic carbon usually leads to
reduced susceptibility to erosion; hence, it also shows its peak in the western region because it has a
lower weight in K factor calculations than silt content.
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Regarding LS and C factors, the steep slopes along Ruzizi valley covered by crop and grass land
heavily contribute to high rates of soil loss. A more detailed look on the spatial pattern along the valley
highlights the highest soil loss rates on the DRC’s part of the study area. It is assumed that the people
of neighboring Bukavu use the land intensively by conducting grazing and cropping activities due to
LULC classification based on high resolution satellite images and personal observations in the field.
The next town on Rwandan side is Kamembe/Cyangugu (Ruzizi District), which is situated north of the
sub-catchments. During field work several terraces could be observed on the Rwandan border, hinting
at improved land management practices in that region limiting soil loss. Even if these shallow sections
are not visible in the DEM due to their small sizes in comparison to the spatial resolution of the DEM
(Table 1), they contribute to lower (R)USLE results: Along the steps between the terraces trees and
bushes are growing which protect against erosion. In the classification process for C factor calculation,
these areas were mainly classified as bushland with a distinct lower value as crop land (Table 3) and
therefore had a lower (R)USLE value. This way of processing probably led to proper results; hence,
when adding the P factor, bushland will not be considered. Karamage et al. [16] suggested using
data of high spatial resolution to consider the heterogeneous land use in the study area, but even the
Sentinel 2a MSI data (Table 1) cannot always delineate the small parcels.

Considering erosion plots and turbidity measurements the (R)USLE results fit fine reflecting a
high rate of soil loss in the study area mainly linked to crop land along the steep slopes of Ruzizi River.
The validation following Karamage et al. [16] did not match. Their results seem to be correct; however,
their R factor was originally used for soil loss modeling in Hawaii [54] with roughly the half of the
mean annual precipitation compared to Bukavu. When modifying their R factor equation following
Prasannakumar et al. [15] the results of soil loss estimations fitted better, even if C factors were based
on NDVI or on predefined values for different land cover classes [33], (Table 2); hence, it seems that
it is not a problem with R factor but with K factor calculations. Karamage et al. [16] listed K factors
from 0.009-0.11 in the table of contents of the respective figure with only small areas with the highest
value and broad areas with values from 0.009-0.01 t ha h/ha M] mm. They also listed several soils
like Acrisols, Andosols, and Ferralsols covering the Lake Kivu region. The K factor calculated for
Ruzizi I and II sub-catchments following the terms used by Karamage et al. [16] are partially higher by
the factor 10 in a regional soil environment, which is comparable to the surroundings of Lake Kivu.
According to tables of Ahmad Ali and Hagos [18], Bewket and Teferi [17], or Hurni [21], the brown
to red soils can be matched to K factor values of 0.15-0.25. Due to their small K factor, perhaps the
incongruous R factor term from Lo et al. [54] was selected to increase the results to fit the assumptions
better (Table 7).

However, even if the validation matches the results, (R)USLE calculates only the soil loss in
the respective scale of the input data. It is an approximation. E.g., along Ruzizi I reservoir some
gullies were identified in the field linked to sewage channels from near Bukavu. USLE was originally
developed for sheet and rill erosion, not for considering deeply incised linear features like gullies [1].
Additionally, as Ruzizi River is following a tectonically active region, landslides also occur regularly,
adding huge amounts of sediments to the system [35,55]. These processes do not happen periodically,
so it is difficult to add a distinct amount of sediment input to the model.

To reduce soil loss rates, the P factor was introduced to (R)USLE considering contouring,
strip-cropping, and terracing as land management techniques. For the steepest topography along
Ruzizi valley, terracing is mainly suggested. However, as the study area is situated in naturally
occurring montane forest zone management techniques like agro-forestry should also be introduced
to the people. Konig [50] tested such systems on PASI erosion plots in Rwanda, leading to a distinct
reduction of soil loss. These systems could use a respective C factor for forest instead of cropland (Tabs.
2, 3). During field work, reforestation activities could already be observed in the central southern part
of the study area along the reservoir of Ruzizi II to improve the protection against erosion. However,
these activities are in conflict with current land use practices of the local population. Agro-forestry
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needs to be established in a sustainable and appropriate manner to the riparian population, though it
must be used by the dam operators to combat reservoir siltation and water quality degradation.

5. Conclusions

The (Revised) Universal Soil Loss Equation is a powerful tool used to estimate soil loss in a
semi-automated way. There is a wide range of modifications for factor calculations and it seems
a bit like a toolbox in which the single terms can be modified as long as the best results will be
received. Therefore, a form of validation using field measurements is necessary. This paper identified
the (R)USLE model based on R factor equations from Prasannakumar et al. [15] and a C factor list
offered by the Malaysian Department of Agriculture (2010; cited after Huey The [23]) to fit best to the
erosion plots established by Konig [50] and turbidity and NDTI measurements in the study area [51,53].
According to this model, a total soil loss of 577,124 t/yr can be estimated for the study area (Table 6).
The highest rates occur on the steep slopes of Ruzizi valley along the crop and grass land. Due to
C factor calculations based on high resolution Sentinel 2a images, the heterogeneous LULC pattern
is reflected by (R)USLE results.As a result, differences between land use practices in Rwanda and
the DRC became obvious. This approach could also be used to monitor re-forestation activities at
the slopes of Ruzizi II reservoir and its influence on soil loss. We recommend adjusting (R)USLE
models for comparable regions which are characterized by such small scale farming, including most
sub-Saharan countries.

It became clear that errors occur in USLE model calculation; however, they cannot always be
identified when only reviewing the papers carefully. Instead, the models have to be re-calculated.
The results show the most vulnerable areas along the steep slopes with sparse vegetation or intensive
agriculture without an adequate land management practice (see Figure 3). To adjust the model, high
resolution DEMs could help to identify small-scale topographic variations like terraces. Unfortunately,
e.g., LIDAR (LIght Detection and Ranging) data is not freely available for developing countries
which need such soil loss estimations urgently. A time intensive acquisition of areas with terraces or
strip-cropping with freely available high resolution satellite images could be an alternative.
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Appendix A
Table A1. Overview of R factor calculations of selected publications.
Author(s), Region, Formula Model Factor
[17], Chemoga WS, Ethiopia and [18], Awassa, Central Ethiopia USLE Rainfall erosivity (R)
R =-812 + (0.562 x P) (2
[19], Kulhan, India USLE Rainfall erosivity (R)
R=Px05 (©)
[16], Kivu, DRC and Rwanda USLE Rainfall-runoff erosivity (R)
R=38.46+348 xP (@)

R is the rainfall erosivity factor (M] mm ha~'h~! per year); P is the mean annual rainfall (mm).
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Beneath complex calculations, also lists are used containing different soil colors and their respective
K factor as the soil color is directly linked to its texture. Hurni [21] and Bewket and Teferi [17] are
matching K factor 0.15, 0.2, 0.25 and 0.3 to black, brown, red and yellow soils, respectively.

Table A2. Overview of K factor calculations of selected publications.

Author(s), Region, Formula Model Factor
[20], Nethravathi; Southwest India RUSLE Soil erodibility (K)
K =27.66 x m*14 x 1078 x (12 — a) + 0.0043 x (b — 2) + 0.0033 X (c — 3) )
m = silt(in%) + very fine sand (in %) x (100 — clay (in %)) (7a)

* fesand 15 the factor of low soil erodibility due to coarse-grained sand particles in the soil; . is factor for low soil
erodibility due to high clay-silt ratios; forgc is the factor for reduced soil erodibility due to high carbon content; fhisand
is the factor for reduced soil erodibility due to very high sand content; ms is the percentage of sand with grain sizes
of 0.05-2 mm; myjy; is the percentage of silt with grain sizes of 0.002-0.05 mm; m. is the percentage of clay with grain
sizes of <0.0002 mm; orgC is the percentage of organic carbon. ** a is organic matter in %; b is a structure code in
which (1) is very structured or particulate, (2) is fairly structured, (3) is slightly structured, and (4) is solid; c is the
profile permeability code in which (1) is rapid, (2) is moderate to rapid, (3) is moderate, (4) is moderate to slow, (5) is
slow, and (6) very slow.

Table A3. Overview of LS factor calculations of selected publications.

Author(s), Region, Formula Model Factor
[16], Kivu, DRC and Rwanda * USLE Slope Length ar(llcilss)teepness Factor
(Ai/f_i’1+D2)"HI_AT,I]::IH
Lij= D2 X (22.13)" ®
m= fTﬁ (8a)
___sin0/0.0896
p= 3(sin0)"840.56 (8b)
xjj = (sina;;+ cosa;; (8¢c)
Sij = 10.8 Sin@,‘/]' + 0.03, tan Qi/]' < 9% (9a)
si,j = 16.8 sin6; ; — 0.50, tan 6; ; > 9% (9b)
[17], Blue Nile Basin, Ethiopia ** USLE Topographic factor (LS)
LS = (22/\_13)”: X (0.065 =+ 0.045 X x + 0.0065 x xZ) (10)
[20], Nethravathi, Southwest India RUSLE Topographic factor (LS)
LS = (22" x (0.065 +0.045 x Sg +0.0065 x S¢2) (1)
[2], Palouse, Idaho, US *** RUSLE Topographic factor (LS)
0.5
LS = (555)  x (10.85in6 + 0.03) s < 9% (12a)
(A5 o (sind \OO | go
LS = (m) X (0?(1)%96) s>9% (12b)

* Karamage et al. [16] modified the original equation according to Desmet and Govers [26] to consider also the
upstream contribution area for complex slopes where L;; is the slope length factor with coordinates i for one
grid cell; Aj; is the flow accumulation area at the inlet of a grid cell counting the number of cells of the part of
the catchment with flow orientation into the respective grid cell; D is the size of a grid cell (m); the exponent m
represents the ratio (3 of rill erosion which caused by overland flow to inter-rill erosion caused by the impact of
raindrops; 0 is the slope angle in degrees; aj; is the aspect or exposition of the grid cell. Karamage et al. [16] were
using the formula of slope steepness factor based on McCool et al. [27] who differentiate between slope angles
of less and more than 9% to consider also steep angles in their study area along the East African Rift. ** A is the
distance between onset of runoff and the receiving channel; m is an exponent depending on the slope steepness,
this factor will not be calculated as by Karamage et al. [16] but assigned due to slope angle in percent (0 to 5%
will be assigned with values of 0.2 to 0.5) which is according to Wischmeier and Smith [1]; x is the slope angle in
percentage. *** Q, is the flow accumulation grid with the grid size M; y is an exponent depending on the slope
angle (see explanation above for exponent m); S is the slope angle in percentage.
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