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Abstract: Rwanda has experienced accelerated soil erosion as a result of unsustainable human
activities and changes in land use. Therefore, this study aimed at applying the RUSLE (Revised
Universal Soil Loss Equation) model using GIS (Geographical Information System) and remote
sensing to assess water erosion in Rwanda, focusing on the erosion-prone lands for the time span
2000 to 2015. The estimated mean annual soil losses were 48.6 t ha™! y~! and 39.2 t ha™! y~! in
2000 and 2015, respectively, resulting in total nationwide losses of approximately 110 and 89 million
tons. Over the 15 years, 34.6% of the total area of evaluated LULC (land use/land cover) types have
undergone changes. The highest mean soil loss of 91.6 t ha™! y~! occurred in the area changing from
grassland to forestland (0.5%) while a mean soil loss of 10.0 t ha~! y~! was observed for grassland
converting to cropland (4.4%). An attempt has been made to identify the embedded driving forces of
soil erosion in Rwanda. As a result, we found that mean soil loss for Rwanda’s districts in 2015 was
significantly correlated with poverty (r = 0.45, p = 0.013), increased use of chemical fertilizers (r = 0.77,
p = 0.005), and especially was related to extreme poverty (r = 0.77, p = 0.000). The soil conservation
scenario analysis for Rwanda’s cropland in 2015 revealed that terracing could reduce the soil loss by
24.8% (from 14.6 tha=! y~! to 11.7 t ha™! y~!). Most importantly, the study suggests that (1) terracing
integrated with mulching and cover crops could effectively control water erosion while ameliorating
soil quality and fertility, and (2) reforestation schemes targeting the rapid-growing tree species are
therefore recommended as an important feature for erosion control in the study area.

Keywords: land use change; erosion-prone lands; water erosion; RUSLE; soil conservation

1. Introduction

Soil erosion is currently the major contributor to the degradation of the global soil resource [1].
A recent study conducted by Borrelli et al. [2] reported that a soil erosion rate of 35.9 Pg yr~!
occurred worldwide. The on-site and off-site effects attributed to soil erosion include decline of
soil productivity [3], and environmental damage through sedimentation, pollution and increased
flooding [4]. The loss of soil due to water erosion degrades the arable land and eventually renders it
unproductive [5], consequently resulting in a drop in potential agricultural productivity and giving rise
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to concerns about food security [6]. Humans worldwide obtain more than 99.7% of their food (calories)
from the land and less than 0.3% from the oceans and other aquatic ecosystems [7]; however, about 10
million ha of cropland are lost each year due to soil erosion [8]. Humans have increased the sediment
transported by global rivers through soil erosion by 2.3 + 0.6 billion metric tons per year [9,10]. So,
the consequences of soil erosion for society could be severe [6]. Though soil erosion occurs gradually
through the process of detachment, transport and deposition of soil particles due to rainfall and runoff,
erosion becomes problematic when it is accelerated [11]. Accelerated soil erosion is primarily driven by
modifications in land use and management [2], generally attributed to human and policy interventions
since social, economic and policy causes influence the type of land use and management [4].

Land use/land cover change (LULCC) remains a global challenge: one estimate indicates that
10° hectares of natural ecosystems may be converted to agriculture by 2050 [12]. In addition, forests
cover nearly one-third of the Earth’s land area [13] and experienced a total loss of 2.3 million km? from
2000 to 2012 due to disturbance [14]. Clearance of forest and the related natural vegetation on steep
topography can dramatically enhance the risk of soil erosion. Globally, Rwanda is among the two
countries most highly susceptible to water erosion [2], mainly driven by a rapidly growing population
with limited economic and agricultural options elsewhere in the nation [15], a fragile soil [16], steep
slopes and intense rainfall [17]. Rwanda is prone to natural hazards including mass wasting, especially
landslides [18], dominating in the western, northern and southern provinces [19], thereby exposing soils
to erosion. In 2005, about 77% of Rwanda’s total surface area was threatened by soil erosion, of which
38% of the land had to be safeguarded from erosion and 39% was considered to be at high risk [20,21].
To cope with this erosion, efforts for erosion control have been made since the 1930s [22]. For instance,
in 2006, many districts and Non-Governmental Organizations [23] have created bench terraces on large
areas in all Agro-Ecological Zones (AEZs) of Rwanda [24]. Nevertheless, soil erosion continues to persist
in Northern Rwanda because of over-cultivation on small farmlands with steep slopes, insufficient soil
conservation (SC) techniques, limited financial capacity and inadequate practical training to maintain
existing SC techniques [20]. The total contribution of agriculture on Gross Domestic Product (GDP)
increased from 29% in 2016 to 31% in 2017 [25], indicating that agriculture remains the main activity
for the majority of the Rwandan population. According to previous researchers [26,27], about 83.4% of
the population is dependent on subsistence agriculture. Thus, with the current population density
of 467 people/km? [25], land scarcity has led to the abandonment of fallow periods and the rural
population density of >700% people per km? has pushed small-holder farmers to cultivate the steep
slopes [28]. Crop productivity in Rwanda is declining [29] as a result of over-cultivation and soil
erosion [17]. Responding to this, local farmers are supplied with inorganic fertilizers through the
government’s support of subsidized prices. Presently, NPK (Nitrogen-Phosphorus and Potassium),
DAP (Di-Ammonium Phosphate), Urea and KCL (Potassium Chloride) + Blend are the most widely
used types of fertilizers, estimated to be 60,903 metric tons in 2018-2019, of which 17,133 and 43,770
metric tons was applied on cash and food crops, respectively [30].

In situ measurement of soil erosion is expensive and time-consuming on a large scale. Therefore,
advances in technology, such as development of erosion models and increases in computation power
for spatial analysis, have assisted in making soil erosion modeling faster and more accurate [31]. In
a previous study, Karydas et al. [32] identified 82 water-erosion models and classified them based
on their spatial/temporal scale and spatial methodologies. The most extensively used erosion model
is the USLE (Universal Soil Loss Equation model) [33] and its revised version (RUSLE) [34]. Some
attempts have been made to spatially assess erosion at a national scale [26,35] and at a local level in
Rwanda [9,28,29,36,37]. However, the impacts of land use change (LUC) on water erosion have not
been documented, since accelerated soil erosion is primarily driven by modifications in land use (LU)
and management [2]. Moreover, examining soil loss in relation to changing LU is of great importance
for adoption of proper LU planning and the development of soil conservation practices. One way
to investigate the effect of LUC on soil erosion involves using historic or temporal satellite images
to analyze the LULCC in relation to changes in soil erosion [38,39]. Therefore, the objectives of this
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research were: (a) to explicitly assess soil loss caused by rill and interrill erosion in Rwanda for the
time span 2000 to 2015, using the RUSLE model; (b) to examine the impacts of LULCC in relation to
estimated changes in soil erosion over the last 15 years; and (c) to identify the driving forces of soil
erosion in the study area.

2. Materials and Methods

2.1. Study Area

This study focuses on Rwanda, a landlocked country geographically located in East Africa with a
total surface area of 26,338 km?, of which 2120 km? is occupied by water and swamps [40]. The country
lies between 1°4” and 2°51” south latitude and 28°45” and 31°15” east longitude, and it is bordered by
Uganda to the north, Burundi to the south, Tanzania to the east and the Democratic Republic of the
Congo (D.R. Congo) to the west (Figure 1).
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Figure 1. Map of the study area: (a) administrative districts and agro-ecological zones of Rwanda; and
(b) its location on the African continent.

Rwanda has ten agro-ecological zones [41], and the country is made up of 30 administrative
subdivisions locally known as districts (Figure 1). Despite its proximity to the equator, Rwanda enjoys
a tropical climate moderated by hilly topography [42], lying at an altitude ranging between 915 and
4486 m above sea level (m.a.s.l.) [43] which increases from east to west. The climate is typically made
up of four seasons, of which two wet seasons (March-May and September-December) alternate with
two dry seasons (January—February and June-August) [28,43].

The country’s relief features contribute to differences in weather patterns [44]. The eastern
lowlands region is the driest and warmest (and topographically lowest) part of Rwanda, while the
mountains along the Nile-Congo divide represent the wettest and coldest (and topographically highest)
region [45]. Regarding rainfall and temperature distributions, the highlands include the Congo-Nile
Ridge and Volcanic Chains of Birunga (2000 to 4500 m.a.s.l.) which benefit from annual rainfall ranging
between 1300 and 1550 mm, and mean annual temperatures of between 10 and 14 °C [46]. The lowlands,
the most vulnerable region to drought due to low amount of rainfall [16], receive rainfall varying
between 740 and 1100 mm annually [47], and mean annual temperatures ranging from 19 to 22 °C [48].
In addition, the region around Lake Kivu and the plateau region to the east of the Nile-Congo divide
are at intermediate elevation, temperature and precipitation levels [49].
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The Rwandan soils are naturally fragile, derived from physico-chemical alteration of basic
schistose, gneissic, quartzite, granite and volcanic rocks [16,26]. With a total population of about 11.263
million in 2015 [40], projected to be 15.655 million in 2025 and 22.046 million in 2050 [50], Rwanda is
one of the most densely populated countries in Africa [26]. The economy is largely based on rain-fed
agricultural production from small, semi-subsistence, and increasingly fragmented farms [51], where
more than 60%, 50% and 25% of the farming households cultivate less than 0.7, 0.5 and 0.2 ha of land,
respectively [52]. Intensive farming practices on steep slopes across the country, which lead to soil loss
and declining soil fertility [17], have put high pressure on land resources [26]. Currently, maize, rice,
wheat, Irish potato, beans and cassava are the priority crops grown in Rwanda, aligning within the
policy of the Crop Intensification Programme (CIP) initiated by the government in 2007 [53].

2.2. Land Use/Land Cover (LULC) of Rwanda

Previous studies indicated that the rates of soil erosion are generally different for various types
of LULC [54-56]. Related to this, the surface areas that are not prone to soil erosion, such as urban
areas, bare rocks, glaciers, wetlands, lakes, rivers, inlands waters and marine waters [54,57], were not
considered in this study. Therefore, the LULC maps of Rwanda for 2000 and 2015 (Figure 2) provided
by the Regional Centre for Mapping of Resources for Development (RCMRD) [58] at 30 m resolution
were used to separate erosion-prone (forestland, grassland and cropland) and non-erosion prone areas
(wetland, water bodies and built-up) in ArcGIS.
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Figure 2. Land use/land cover distribution maps for Rwanda: (a) 2000 and (b) 2015.

Based on the land use maps of Rwanda (Figure 2), this research considered the erosion-prone
lands, occupying a total surface area of about 22,789.7 km? (86.5%); the remaining 3548.3 km? (13.5%)
was covered by non-erodible lands. Within the erosion-prone lands, a total area of 7475.0 km? (32.8%),
4056.6 km? (17.8%) and 11,258.1 km? (49.4%) was covered by forestland, grassland and cropland in
2000, respectively. In 2015, estimates were 4352.8 km? (19.1%) for forestland, 4854.2 km? (21.3%) for
grassland and 13,582.7 km? (59.6%) for cropland.

The humid natural forest, eucalyptus plantations and degraded natural forest are the dominant
forest types across Rwanda [59]. Natural events, such as landslides [19] and human causes, including
cropland expansion, timber harvesting, charcoal and firewood demands, logging operations, and
illegal mining activities in forestland without appropriate technology for forest protection, constitute
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unsustainable practices posing serious disturbances on forest ecosystems [26,28,59,60]. Therefore,
impacts arising from human disturbances, coupled with natural hazards, can reduce forest sustainability
and soil productivity [61].

2.3. The RUSLE Model

The RUSLE [34], derived from the USLE [33], is an empirically-based modeling approach
developed for estimating long-term mean annual soil loss due to rill and interrill erosion (Equation (1)).
The model was originally designed at the agricultural plot scale for farmland in the United States of
America [36] but it has since been applied in many other countries, at many other scales, and in many
other geo-climatic regions [31].

A = RXKXLSXCxXP 1)

where A = Annual average soil loss (t ha™! y_l) ; R = Rainfall erosivity factor (M] mm ha 'h! y_l);
K = Soil erodibility factor (t ha h ha™* MJ~! mm™'); LS = Slope length and slope steepness factor
(dimensionless); C = Cover management factor (dimensionless); and P = Support practice factor
(dimensionless).

All the datasets (Table 1) with resolutions >250 m were first geo-registered to the same Universal
Transverse Mercator (UTM) coordinate system, then harmonized to 30 m resolution using the Inverse
Distance Weighted (IDW) interpolation technique in ArcGIS 10.5 software, for the purpose of producing
the high-resolution soil loss maps. In this research, the RUSLE model was run to quantify soil loss for
Rwanda in 2000 and 2015.

Table 1. Model input datasets with corresponding geospatial resolution and source.

Datasets Resolution Database
LULC (Land use/land cover) maps 30m RCMRD [58]
ASTER GDEM V2 30m USGS EarthExplorer [62]
Soil properties (sand, silt, clay and organic carbon fraction) 250 m AfSIS [63]
MODIS NDVI 250 m NASA [64]
Global rainfall erosivity 30 arcsec ESDAC [65]

ASTER GDEM V2: Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation
Model Version 2; USGS: United States Geological Survey; AfSIS: Africa Soil Information Service; MODIS NDVTI:
Moderate Resolution Imaging Spectroradiometer Normalized Difference Vegetation Index; NASA: National
Aeronautics and Space Administration; ESDAC: European Soil Data Centre.

2.3.1. Rainfall Erosivity (R) Factor

The R factor represents the ability of rainfall to cause soil erosion [66]. In RUSLE, the rainfall
erosivity is usually calculated as an average of the long-term mean individual storm erosivity index (EI)
values measured over 20 years to accommodate apparent cyclical rainfall patterns [67,68]. Since the
study area did not have this data, the R factor map (Figure 3a) was derived from the global rainfall
erosivity dataset provided by the ESDAC [66].

2.3.2. Soil Erodibility (K) Factor

The K factor reflects the susceptibility of soil to erosion [34]. The RUSLE estimates soil erodibility
factor using soil properties which are closely correlated with soil erodibility [34,69]. Soil properties
(fraction of sand, silt, clay and organic carbon) acquired from the AfSIS database [63] at 250 m resolution
were employed in this study to determine the K factor for Rwanda (Figure 3b), applying the algorithm
(Equation (A1) in Appendix A) developed in the Erosion Productivity Impact Calculator (EPIC)
model [70].
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Figure 3. Maps of the RUSLE (Revised Universal Soil Loss Equation model) factors for Rwanda: (a)

rainfall erosivity; (b) soil erodibility; (c) slope length and steepness; and (d) slope (%).

2.3.3. Slope Length and Steepness (LS) Factor

The LS factor is a product of slope length (L factor) and slope steepness (S factor). The LS
factor (Figure 3c) was estimated using the ASTER GDEM V2 (30 m resolution) provided by the
USGS [62]. From here, the L factor was computed following Equation (2) proposed by Desmet and
Govers [71]. The algorithm (Equation (3)) recommended by McCool et al. [72] was used to calculate
the S factor [28,73,74]. Finally, the L and S factor were multiplied to derive the LS factor for Rwanda

(Figure 3c).

A
(22.13)"

__B
T4
_ sin0/0.08%
ﬁ - . 0.8
3x (sin0)"" + 0.56

L =

5= 10.8 x sin 0 4 0.03, for slopes percentage <9%
S = 16.85in 6-0.05, for slopes percentage > 9%

@

(2a)

(2b)

®)

where L and S indicates slope length and steepness factor (dimensionless); A is the slope length (in
meters); m = variable exponent according to 8; while 8 represents the rill to interrill erosion ratio; and 0
is the slope angle (in degrees) [34,73].
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2.3.4. Cover Management (C) Factor

The C factor reflects the impact of management practices on soil erosion magnitude [33].
An approach (Equation (4)) proposed by Durigon et al. [75], and recommended for use in tropical
regions [76], was adopted in the present study. The biweekly mean MODIS NDVI (250 m resolution)
for the rainy seasons in Rwanda (March-May and September—December) for 2000 and 2015 provided
by the NASA [64] were employed to estimate the C-factors (Figure 4) of the study area.

-NDVI+1

C = >

(4)

where; C; stands for cover management factor and NDVI is the Normalized Difference Vegetation Index.
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Figure 4. The RUSLE cover management factor for Rwanda: (a) 2000 and (b) 2015.

2.3.5. Support Practice (P) Factor

The P factor accounts for the impact of anti-erosion techniques, such as contour farming, strip
cropping, terracing and subsurface drainage on reduction of soil loss through their influences on
drainage pattern, runoff concentration, runoff velocity and hydraulic forces exerted on the soil
surface [77]. The P factor can be estimated for agricultural land of different slope classes, but non-arable
lands are aggregated together [33]. Within the study area, there exists a broad series of both mechanical,
biological and agronomic measures for erosion control include terracing, infiltration ditches, contour
bunds, trenches, hedgerows, intercropping, mulching and agroforestry techniques [23,24]. Since
it is not feasible to quantify the impact of different support practices applied on a large scale [78],
this research adopted the P factor values (Table 2) suggested by Wischmeier and Smith [33] which
considers only two types of land uses—agricultural and other—and land slopes [79,80]. Accordingly,
the LULC map for 2000 and 2015 (Figure 5) was reclassified as agricultural (cropland) and other
lands (forestland and grassland) (Table 2). Using ArcGIS 10.5 software, cropland and forestland and
grassland were overlapped with the slope classes (%) and assigned the corresponding P factor values.
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Table 2. The P factor values for land use types with their respective slope classes (%) (Figure 3d).

Land Use Type Slope (%) P Factor Values

Cropland 0-5 0.10

5-10 0.12

10-20 0.14

20-30 0.19

30-50 0.25

50-100 0.33

Forestland and grassland All 1.0
< R
Global rainfall erosivity
™ (GloREDa) from the R factor
LULC map from the ESDAC Database

RCMRD A /
Y

Soil properties (sand, silt,
< day and organic carbon) [ K factor

A4

from the AtSIS Database
Reclassification of - -
eclassification o
D
ASTER GDEM V2 from
& the USGS EarthExplorer % LS factor [
Database
Nen-erosion prone areas || Erosion prone lands (—\‘—'
“Wetland Forestland Biweekly mean MODIS
-Built-up -Grassland s  NDVI from the NASA |9 C factor
-Water bodies -Cropland Database
s /
L 4

¢, LULCmap (Literature | J P factor i i
%l Review & slope map (%)) ESh?l?te;i 5?:; -
thatly

Figure 5. Flowchart employed for modeling soil loss caused by rill and interrill erosion in Rwanda.

For the purpose of understanding how changing conservation practices could either mitigate or
exacerbate soil erosion in Rwanda, this research further adopted the P factors (Table 3) of the three
most commonly known conservation measures for Rwanda’s cropland in 2015 (13,582.7 km?).

Table 3. The P factor values for conservation support practices with their respective slope (1).

Support Practices

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

1 Source: (Shin, [81]; Karamage et al. [54]; Nyesheja et al. [28]).

2.4. Estimated Soil Loss and Social Drivers

Using survey data for 2016/2017 provided by the National Institute of Statistics of Rwanda [82],
this research attempted to correlate the districts” mean soil losses in 2015 (Table A2) with percent rate
of poverty, extreme poverty and households (HHs) incurring expenditure on chemical fertilizers (HHs
using chemical fertilizers) per district.
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3. Results

3.1. Estimated Soil Erosion Rates in Rwanda

The resultant soil loss rates (Figure 6) were derived at a 30 m cell size as the most suitable grid
resolution, falling between the resolutions of the input datasets used to achieve the RUSLE factors
(Figure 3,4). The erosion maps were classified into six categories in order to facilitate the analysis. This
study considered 2000 as the base year, being when the biweekly mean MODIS NDVI data employed
to estimate the C factor was first available. Moreover, aligning within the Millennium Development
Goals (MDGs) 2000-2015, this is the period during which different national policies and programs
were put in place. These were intended to ensure environmental sustainability through establishing a
number of erosion control measures. The findings of this research (Figure 6) indicate that a mean soil
loss in Rwanda was estimated to be 48.6 t ha=! y~! in 2000 and 39.2 t ha! y~! in 2015, resulting in total
national losses of about 110 and 89 million t of soil, respectively.
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Figure 6. Distribution of the estimated soil loss rates for Rwanda: (a) 2000 and (b) 2015.

In this study, an estimated soil loss rate <1 tha~! y~! is considered as a tolerable soil erosion rate,

whereas an area which experienced soil erosion rates >10 tha™! y~! represents highly erosion-susceptible
areas that urgently need the intervention of erosion control practices. Analyses indicated that an
area of about 638.1 km? (2.8%) in 2000 and 1025.5 km? (4.5%) in 2015 had a sustainable soil erosion
rate (<1 t ha=! y~1), but 15,975.6 km? (70.1%) in 2000 and 14,471.4 km? (63.5%) in 2015 experienced
unsustainable soil losses (>10 t ha~! y~1). Although the decline in national annual mean soil loss by
nearly 24% (48.6 tha™! y™! t0 39.2 tha™! y™!) was not statistically significant, the estimates showed
soil losses within the Rwanda’s AEZs (Table A1) revealed a significant decreasing trend. As a result,
a decline was reported to be 63.8% (48.5 t ha™! y~! t0 29.6 t ha™! y~!) for Imbo; 44.1% (86.2 t ha™! y~!
to 59.8 tha™! y~1) for Impala; 42.2% (74.4 tha~! y~! to 52.3 tha~! y!) for Kivu Lake Borders; 35.0%
(15.8tha~!y!to11.7 tha~! y~!) for Mayaga and Bugesera; and 31.0% (107.5tha=! y! to 82.1 tha~! y1)
for the Congo-Nile Watershed Divide. However, soil erosion was predicted to persist in the Eastern
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Plateau, Eastern Savanna, Central Plateau and Granitic Ridge and possibly increase in the Buberuka
Highlands. The five districts with the highest mean soil loss in 2015 were Rusizi (89.3 t ha™! y71),
Nyamasheke (82.5 t ha™! y~1), Nyaruguru (72.8 t ha~! y~1), Nyamagabe (69.3 t ha~! y~!) and Rutsiro
(60.1 t ha=! y~1) (Table A2).

3.2. Land Use/Land Cover Change and Soil Erosion in Rwanda

Comparing the soil loss estimates (Table 4) between changes in LULC types (Figure 7), the
findings suggest a decrease in mean soil loss from forestland to grassland and cropland in both years.
A significant decline by 39% in soil loss rate from cropland contrasted with an increase in soil loss
rate of approximately 14% from forestland and 4.8% from grassland. In 2000, the estimated mean
rate of soil loss from forestland (93.9 t ha™! y=!) was almost five times higher than the average loss
from cropland (20.3 t ha™! y_l). The increase in soil erosion rate from forestland (109.2 t ha™! y_l) was
around seven times higher than the mean from cropland (14.6 t ha~! y=!) in 2015. Although forestland
decreased from 7475.0 km? (32.8%) in 2000 to 4352.8 km? (19.1%) in 2015, it was found in the areas
with steeper topography (with a mean slope of 29.2% in 2000 and 35.2% in 2015) than other examined
LULC categories.

Table 4. Estimated mean soil loss (t ha™? y‘l) per LULCC (Land use/land cover change) category
(2000-2015) for forestland, grassland and cropland.

LULC Types Forestland Grassland Cropland Mean Soil Loss 2000
Forestland - 67.3 20.6 93.9
Grassland 91.6 - 10.0 43.1
Cropland 88.9 43.6 - 20.3

Mean soil loss 2015 109.2 452 14.6 -
Net change (2000-2015) 15.3 2.1 -5.7 -9.4

From 2000 to 2015, LULCC occurred in the area of about 7885.2 km? (34.6%), while 14,904.5 km?
(65.4%) remained unchanged. Figure 7 shows that more than half the total area experiencing conversions
in LULC types occurred in the forestland (19.4%), of which most converted to cropland (16.0%), with the
remaining 3.4% being replaced by grassland. In contrast, the least LULCC was estimated for grassland
being substituted by forestland (0.5%). LULCC contributed to increased soil losses in the order of
grassland to cropland (10.0 t ha™! y=1), forestland to cropland (20.6 t ha=! y=!), cropland to grassland
(43.6 t ha™! y_l), forestland to grassland (67.3 t ha™! y_l), cropland to forestland (88.9 t ha™! y_l)
and grassland to forestland (91.6 t ha™! y‘l) (Table 4). Following a similar order, this study further
estimated a mean slope of 17.0%, 25.8%, 20.6%, 25.0%, 35.2% and 32.3% from the previously stated
LULCC categories.

The distribution of LULCC in relation to soil erosion at a district level (Table A3) indicates the
highest soil loss estimates in Rulindo (72.2 t ha~! y~!) and Nyabihu (68.1 t ha~! y~1), located in
highland areas with a mean slope of 38.7% and 36.5%, respectively. Conversely, Bugesera and Kayonza,
situated in low topographic landscape in eastern Rwanda (with a mean slope of 11.2% for Bugesera
and 18.0% for Kayonza), experienced the greatest LULCC, but had a mean soil loss of 15.0 t ha™! y~!
and 27.3 t ha™! y~!, respectively. Of the two districts undergoing the least LULCC (0.2%), Kicukiro
with a mean slope of 15.0% experienced a mean soil loss of 14.1 t ha~! y~!, while Nyarugenge (with a
mean slope of 26.4%) had an average soil loss of 28.3 t ha™! y~!.
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3.3. Driving Forces of Soil Erosion in Rwanda
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Despite the influence of biophysical factors on the rate and extent of soil erosion in Rwanda,
this study showed that socio-economic causes are one of the major driving forces of accelerated soil
erosion. Using SPSS 16.0 for Windows, Pearson’s correlation suggested that the mean soil loss in 2015,
per district (Table A2), was significantly correlated with poverty (r = 0.45, p = 0.013) (Figure 8a) and
HHs using chemical fertilizers (r = 0.77, p = 0.005) (Figure 8c), and especially related to extreme poverty

(r=0.77, p = 0.000) (Figure 8b).
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Figure 8. Relationships between estimated mean soil loss rates in Rwanda’s districts (n = 30) and (a)
poverty; (b) extreme poverty; and (c) HHs using chemical fertilizers.

4. Discussion

4.1. Perspective of Soil Erosion by Water in Rwanda

The mean estimates of 39.2 t ha™! y~! of soil eroded in 2015 (Figure 6b) and 41.4 t ha™! y~!
from Buberuka highlands AEZ (Table Al) are in accordance with the work of Kagabo et al. [29],
Kabirigi et al. [36] and Karamage et al. [37], but far less from the results reported by Karamage et al. [9,26]
(Table 5). In addition, our findings are relatively comparable with a recent study conducted over the
entire East Africa region with a mean soil loss of 34.2 t ha™! y~! for Rwanda [83], and in line with
mean soil erosion rates ranging between 35 t ha~! y~! and 75 t ha™! y~! predicted in Sub-Saharan
Africa [84]. Comparing the results of Karamage et al. [9,26] (Table 4) with the findings of this study and
other studies carried out in Rwanda and in the region, suggests that their results may be overestimates,
an issue previously highlighted by Kabirigi et al. [36].

Table 5. Previous erosion rate estimates reported in the study area.

Mean Soil Loss by Water

Researchers Case Study Erosion (t ha-T y1) Method
Fenta et al. [83] East Africa region 34.2 for Rwanda RUSLE
Nyesheja et al. [28] Congo Nile Ridge region of Rwanda 63.62 RUSLE
Kabirigi et al. [36] Western part of l}\\/«[vanda ‘(Nyamyumba, Katabuvuga and 3;?}2\]1\5;[11’11’(2,;?;53 RUSLE
ukamira watersheds)
32 for all watersheds
Karamage et al. [37] Lake Kivu Basin, D. R. Congo-Rwanda 30 USLE
Karamage et al. [9] Nyabarongo River Catchment, Rwanda 490 USLE
Karamage et al. [26] Rwanda 250 RUSLE
Kagabo et al. [29] Buberuka Highlands of Rwanda 415 Experimental design
Lewis and Nyamulinda, [85] Rutoyi village in Northwestern Rwanda 68.2 Experimental design
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In both years, the highest soil loss estimates from evaluated LULC types (Table 4) are in the
order of forestland > grassland > cropland and are in agreement with the work of Nyesheja et al. [28]
in the Congo Nile Ridge region of Rwanda, whose findings show a similar trend of forestland
(104.93 t ha™! y_l) > grassland (64.55 t ha™! y_l) > cropland (19.1 t ha™! y_l). Previous studies
highlighted that soil erosion could surge from less than 1 t ha™! y~! in undisturbed forests to over
100 t ha™! y‘1 in disturbed forests [54,61,86]. In this study, the main reason for excessive soil loss
observed in the forestland was primarily attributed by its exposure on steep slopes, consistent with
results from the Lebir catchment in Malaysia, where the highest erosion rate (87.63 t ha! y_l) occurred
in the high conservation value forests due to steep topography [87]. Despite unwise land use practices,
human and policy interventions can also lead to positive and desirable changes in land use (e.g.,
rehabilitation or conservation practices). Table 4 shows a significant decrease in mean soil loss from
cropland by 39% (20.3 t ha™! y=! in 2000 to 14.6 t ha! y~! in 2015), due to erosion control practices
formally practiced across Rwanda, which is confirmed by the national statistics showing that 78.1% of
agricultural land is protected from erosion [88].

Over the 15 years, the greatest LULCC occurred in the area changing from forestland to cropland
(16.0%), while the least change in LULC (0.5%) was observed for grassland converting to forestland
(Figure 7). The changes in LULC were associated with mean soil loss which increased in the order of
grassland to cropland (10.0 tha~! y=!) > forestland to cropland (20.6 t ha=! y=!) > cropland to grassland
(43.6 t ha™! y1) > forestland to grassland (67.3 t ha=! y~!) > cropland to forestland (88.9 t ha=! y~1) >
grassland to forestland (91.6 t ha=! y~!). The extremely high soil erosion rate estimated in the areas
where cropland and grassland were converted to forestland was almost nine times higher than the
major soil erosion threshold (>10 t ha™! y~!), mainly due to their location in the highland areas with
mean slope exceeding 30%.

The results of LULCC distributions and corresponding mean soil losses (Table A3) suggest that all
the 30 districts of Rwanda experienced changes in LULC, of which the five topmost districts (Bugesera,
Kayonza, Gatsibo, Kirehe and Nyagatare) were found in the low topographic landscape of eastern
Rwanda. In districts with steep slopes (Rulindo, Nyabihu, Nyamagabe, Burera and Gakenke), average
soil erosion rates ranged from 6 to 7 times higher than the major soil erosion threshold (10 t ha=! y=1)
(Table A3). LULCC on steep slopes are likely to increase the risk of soil erosion, with mean soil loss per
district in 2015 (Table A2) being significantly related to poverty (Figure 8a), extreme poverty (Figure 8b)
and increasing use of chemical fertilizers explaining the ongoing over-cultivation practice (Figure 8c).

Borrelli et al. [2] pointed out that the poorest tropical countries are the most susceptible to high
levels of soil erosion, but investing in conservation measures may be constrained by the socio-economic
capacity of the local community. For example, it has been reported that over-cultivation on small
farmlands with steep slopes, insufficient soil conservation (SC) techniques, limited financial capacity
and inadequate practical training to maintain the existing SC techniques constitute the main causes
of erosion persistence in Gatebe sector located in northern Rwanda [20]. In both the north and the
south, farmers’ inability to invest in maintenance of existing terraces may explain their reluctance to
adopt new terraces [21]. Poverty may also result in destructive environmental practices. In Rwanda,
high poverty levels, high population densities and land fragmentation contribute to deforestation and
forest disturbance [89].

The Congo-Nile Watershed Divide zone recorded the highest mean soil loss in both 2000 and
2015 but registered the largest decline in mean soil loss. Only the Buberuka Highlands had increased
soil erosion (Table A1). At a district level, Kicukiro and Gisagara indicated a significant decline of
more than 60% of mean soil loss from 2000 to 2015, while both Rulindo and Gicumbi are the only two
districts experiencing an increase in soil erosion (Table A2).

Inorganic fertilizers are most commonly recognized as enhancing high crop yields in the short-term
but not being effective in the long-run since their excessive use causes serious environmental
degradation [90]. Previous study on the impact of fertilizer use in Rwanda (Rweru-Mugesera
wetland complex) reported that although some farmers indicated they still use organic fertilizers, many
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more abandoned use of organic manure when they adopted mineral fertilizers [91], explaining how
the growing interest in using chemical fertilizers has dramatically led to underuse of organic fertilizers
in some parts of the country. Researchers further noticed that the mineral fertilizers” use, application
mode and rates were the same across different terrain [91]. As they are readily available, less expensive
and sustain soil fertility status, organic fertilizers could be both effective and efficient in enhancing
agricultural productivity while improving soil quality. Therefore, adoption of organic materials such as
manure, encouraged by the government’s programme of One Cow per Poor Family which contributes to
manure production, could be supplemented by proper use of mineral fertilizers and would potentially
support long-term agricultural productivity while ensuring environmental sustainability.

Increasing use of chemical fertilizers in Rwanda is considered an indicator of on-going
over-cultivation and is closely related to soil erosion; however, more studies are needed to explicitly
examine the inter-relationship between inorganic fertilizer use and over-cultivation, and their effects
on water erosion.

4.2. Impact Assessment of Soil Conservation Practices

The loss of soil may have a negative impact on both quantity and quality of soil ecosystem
services [92], and this may affect the livelihoods of society. For Rwanda, the estimates of 945,200 t of
organic materials, 41,210 t of nitrogen, 200 t of phosphorus and 3055 t of potash are predicted to erode
annually, due to water erosion [27]. Consequently, this depletes the topsoil nutrients that ultimately
leads to decline in crop productivity, with substantial implication for food security. Rwanda, as a
developing country in which the national economy is largely based on rain-fed agricultural production
of small, semi-subsistence and increasingly fragmented farms [51], has to take serious measures to
conserve soil from erosion.

To minimize soil loss to a tolerable erosion threshold while alleviating its associated effects, soil
conservation practices [11] have the potential to restore degraded soils, as well as improving water
quality [3]. Practices such as terracing, contouring, and strip-cropping are the most commonly known
conservation techniques established to mitigate water erosion [3,54]. Figure 9a shows that an area of
1018.7 km? of total cropland (13,582.7 km?) in 2015 had a sustainable soil erosion rate (<1 t ha™! y_l),
while 6071.5 km? (44.7%) suffered from damaging soil erosion rates (>10 tha=! y~!). After incorporating
the expected support practices (Table 3), the study predicted a reduction in mean soil loss rate of 24.8%
(from 14.6 t ha=! y~! to 11.7 t ha™! y~!) under terracing intervention. However, about 6139.4 km?
(45.2%), with mean slopes ranging from 28.5% to 85%, recorded a continuation of high erosion rates
>10 t ha™! y~1. Therefore, terracing could have a great impact on reducing soil erosion in areas with a
mean slope <28.5%, but about 45.2% of the total area of cropland in Rwanda would remain under
severe erosion. Moreovet, analyses demonstrated that strip-cropping and contouring would exacerbate
soil loss rate, by approximately two and four times higher than the estimated 2015 mean soil loss,
respectively (Figure 9c,d). For this reason, both strip-cropping and contouring are not recommended
as erosion control practices in the area of study.

In soils with steep slopes, residue mulching and cover crops can fail to control runoff flow but are
effective at mitigating rill and interrill erosion [11]. Terraces play an important role in intercepting
surface runoff water and diverting it across the slope to an outlet [3]; however, unprotected terrace
risers can be the source of most of the erosion in terraced systems [93]. Therefore, surface residue
mulching (e.g., wheat straw in particular) and crop covers such as the varieties (e.g., beans and peas)
that the smallholders can grow and may have economic return [3], integrated with terracing could
effectively reduce soil loss caused by rill and interrill erosion. On the other hand, reforestation schemes,
targeting the rapid-growing tree species are therefore recommended as an important feature for erosion
control in the study area.

Terracing is the most widely used technique in many parts of the world for mitigating soil
erosion and stabilizing hillslopes [94]. Researchers noticed that terraces facilitated improvement of
soil management in the eastern Ugandan hills [95], and increasing their number (or narrowing the



Sustainability 2020, 12, 50 15 of 23

spacing between terraces) was reported to counter soil erosion and improve on-site soil conservation
in the Minchtet catchment of Ethiopian Highlands [96]. Regardless of their anticipated benefits,
abandonment of terraced landscapes guarantees an increase of erosion and geomorphological risk [97].
Tarolli et al. [94] found that lack of terrace maintenance in Cinque Terre, Chianti Classico and Amalfi
coast in Italy increased land degradation problems in the areas. Therefore, construction of terraces
should be carefully planned and built according to sustainable design criteria [98].
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Figure 9. Predicted soil loss rates for Rwanda’s cropland (13,582.7 km?2) under diverse conservation
practices: (a) baseline scenario in 2015; (b) terracing; (c) strip-cropping; and (d) contouring.

5. Conclusions

Soil erosion assessment and mapping erosion-prone areas are important tools for policy and
decision-making when considering development of conservation practices and allocation of resources,
particularly for Rwanda as a developing country. Through integrating RUSLE, GIS and remote
sensing techniques, the findings revealed that the country experienced an estimated mean soil loss of
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48.6 tha=! y~1 in 2000 and 39.2 t ha=! y~! in 2015, primarily driven by unsustainable LULCC on steep
slopes, poverty, extreme poverty and over-cultivation practice. Over the 15-year period, the highest
mean soil loss of 91.6 t ha™! y~! was estimated for the smallest area of the total studied lands exposed
to LULCC where grassland had been converted to forestland, which occurred on steep topography
subjected to human-induced disturbances. The lowest mean rate of soil loss (10.0 t ha™! y~!) was
found in the area with the lowest slope where grassland had been changed to cropland.

This study demonstrated that terracing integrated with surface residue mulching and crop cover
could reduce soil loss associated to rill and interrill erosion in Rwanda’s cropland. However, both
strip-cropping and contouring are not recommended in the study area since they could increase soil
erosion in cropland by approximately two and four times above the mean soil loss in 2015. Adoption
of organic materials such as manure, encouraged by the government’s programme of One Cow per
Poor Family which contributes to manure production, could be supplemented by proper use of
mineral fertilizers, and would potentially support long-term agricultural productivity while ensuring
environmental sustainability, especially for developing countries such as Rwanda with scarce land
resources. On the other hand, reforestation schemes targeting fast growing multipurpose tree species
are therefore recommended as an important feature for erosion control, particularly in the highland
areas with mean slope exceeding 30%.
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Appendix A
Equation (A1). A method used for estimating K-factor (Figure 3b) proposed by Williams [70].

Kusie = 0.1317 x [0.2 + 0.3exp(—0.0256 SAN(1— SIL/100))] X (SIL/CLA + SIL)**x

1= (00256 C/ (C + exp(3.72 = 2.95C)))] X [1 (0.7 SAN1/SN1 + exp(-551 + 2295N1))] D)

where SAN denotes the percentage of the sand content (0.05-2.00 mm diameter); SIL stands for the
percentage of the silt content (0.002-0.05 mm diameter); CLA represents the percentage of the clay
content (<0.002 mm diameter); C stands for the percentage of the organic carbon content; and SN1 =1
— (SAN/100). The constant value of 0.1317 is used for conversion of K factor from the American unit
system to International/metric unit system [34,54].
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Table Al. Estimated mean soil loss per Rwanda’s AEZ of erosion-prone lands between 2000 and 2015
(“extent” refers to % total area of erosion-prone lands).

AEZ Names 2000 2015 Net Change in Soil
Extent (%) Mean Soil Loss (tha1y~1) Extent (%) Mean Soil Loss (tha=1y~1) Loss (2000-2015)
Imbo 0.7 48.5 0.7 29.6 -18.9
Impala 2.8 86.2 2.8 59.8 —26.4
Kivu Lake Borders 33 74.4 3.1 52.3 -22.1
Birunga/Volcano 3.8 454 3.8 38.0 -74
Congo-Nile Watershed 172 1075 174 82.1 -254
Divide
Buberuka highlands 7.1 40.7 7.1 414 0.7
Central Plateau and
Granitic Ridge 23.1 42.8 234 34.6 -8.2
Mayaga and Bugesera 7.7 15.8 8.0 11.7 -4.1
Eastern Plateau 15.8 234 15.5 20.6 -2.8
Eastern Savanna 18.5 30.0 18.2 26.4 -3.6
Overall 100 48.6 100 39.2 -9.4

Table A2. Distribution of mean soil loss per district of erosion-prone lands between 2000 and 2015.

. 2000 2015 Net Change in Soil
District Names " "
Extent (%) Mean Soil Loss (tha=1y~1) Extent (%) Mean Soil Loss (tha=1y~1) Loss (2000-2015)
Nyarugenge 0.4 432 04 30.4 -12.8
Gasabo 17 32.7 1.6 26.6 -6.1
Kicukiro 0.5 18.3 0.5 114 -6.9
Nyanza 2.9 20.2 3.0 19.1 -1.1
Gisagara 28 30.1 3.0 18.1 -12.0
Nyaruguru 44 106.0 45 72.8 33.2
Huye 25 37.6 25 29.0 -8.6
Nyamagabe 4.8 90.0 4.8 69.3 -20.7
Ruhango 2.7 19.7 2.7 17.6 -21
Muhanga 2.8 61.3 2.8 48.4 -12.9
Kamonyi 2.8 23.6 2.8 18.9 -4.7
Karongi 34 84.5 35 53.7 -30.8
Rutsiro 29 80.7 3.0 60.1 —-20.6
Rubavu 14 56.0 14 46.1 -9.9
Nyabihu 23 67.8 24 57.5 -10.3
Ngororero 2.9 63.9 3.0 485 -154
Rusizi 4.0 111.3 4.0 89.3 -22.0
Rulindo 25 36.6 25 40.1 35
Gakenke 31 67.1 3.1 52.0 -15.1
Musanze 22 49.4 21 41.7 =7.7
Burera 23 40.1 23 38.6 -1.5
Gicumbi 3.6 34.4 3.6 36.1 17
Rwamagana 2.8 15.7 2.8 15.1 -0.6
Nyagatare 8.1 25.4 8.0 23.0 —24
Gatsibo 6.5 317 6.3 26.9 —4.8
Kayonza 71 32.4 71 30.0 -2.4
Kirehe 47 24.2 45 21.0 -3.2
Ngoma 32 16.5 31 15.1 -1.4
Bugesera 4.6 12.7 4.6 10.9 -1.8
Nyamasheke 4.1 103.8 4.1 82.5 -21.3

Overall 100 48.6 100 39.2 -9.4
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Table A3. Estimated mean soil loss and mean slope per district of erosion-prone areas experiencing
LULCC between 2000 and 2015.

District Names Extent (%) Mean Soil Loss (tha=1y~1) Mean Slope (%)
Nyarugenge 0.2 28.3 26.4
Gasabo 0.8 26.1 23.7
Kicukiro 0.2 14.1 15.0
Nyanza 0.5 43.3 24.3
Gisagara 1.0 24.8 22.3
Nyaruguru 1.7 54.8 31.5
Huye 0.8 38.4 25.2
Nyamagabe 1.7 66.5 34.3
Ruhango 0.4 41.7 25.5
Muhanga 1.0 53.8 35.2
Kamonyi 0.5 35.8 26.7
Karongi 1.6 48.4 349
Rutsiro 1.3 56.4 334
Rubavu 0.7 33.2 19.8
Nyabihu 0.7 68.1 36.5
Ngororero 1.0 57.7 36.5
Rusizi 1.3 45.7 27.8
Rulindo 0.7 72.2 38.7
Gakenke 1.0 60.4 39.3
Musanze 0.5 25.0 17.3
Burera 0.5 62.5 34.4
Gicumbi 1.3 53.2 36.1
Rwamagana 1.2 23.0 18.4
Nyagatare 2.0 17.8 15.4
Gatsibo 2.2 21.6 18.7
Kayonza 2.4 27.3 18.0
Kirehe 2.1 21.6 18.5
Ngoma 14 22.8 20.1
Bugesera 2.4 15.0 11.2
Nyamasheke 15 57.7 30.7
Overall 34.6 38.6 25.4
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