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ABSTRACT

This study investigates the effect of land use and land cover (LULC) and climate change on catchment
hydrology and soil erosion in the Dano catchment in south-western Burkina Faso based on
hydrological and soil erosion modeling. The past LULC change is studied using land use maps of the
years 1990, 2000, 2007 and 2013. Based on these maps future LULC scenarios were developed for
the years 2019, 2025 and 2030. The observed past and modeled future LULC are used to feed
SHETRAN, a hydrological and soil erosion model. Observed and modeled climate data cover the
period 1990 — 2030.

The isolated influence of LULC change assuming a constant climate is simulated by applying the seven
LULC maps under observed climate data of the period 1990 — 2015. The isolated effect of climate
scenarios (RCP4.5 and 8.5 of CCLM4-8) is studied by applying the LULC map of 1990 to the period
1990 — 2032. Additionally, we combined past modeled climate data and past observed LULC maps.
Two chronological and continuous simulations were used to estimate the impact of LULC in the past
and in the future by gradually applying the LULC maps. These simulations consider the combined
impact of LULC and climate change.

The simulations that assumed a constant climate and a changing LULC show increasing water yield
(3.6% — 46.5%) and mainly increasing specific sediment yield (-3.3% — 52.6%). The simulations that
assume constant LULC and climate as changing factor indicate increases in water yield of 24.5% to
46.7% and in sediment yield of 31.1% to 54.7% between the periods 1990 — 2005 and 2006 - 2032.
The continuous simulations signal a clear increase in water yield (20.3% — 73.4%) and specific
sediment yield (24.7% to 90.1%). Actual evapotranspiration is estimated to change by between -7.3%
(only LUCC) to +3.3% (only climate change). When comparing observed LULC and climate change
alone, climate change has a larger impact on discharge and sediment yield, but LULC amplifies
climate change impacts strongly. However, future LULC (2019-2030) will have a stronger impact as
currently observed.

1 INTRODUCTION

Population and economic growth are considered to be the most important drivers of land
degradation. Human-driven land use and land cover (LULC) changes influence water resources and
may intensify land degradation by water-related soil erosion and nutrient depletion (CILSS, 2016;



UNEP, 2012). Especially in countries with fragile ecosystems, limited water and soil resources,
changes in the hydrological cycle through LULC and climate changes may lead to an increased flood
and drought risk as well as accelerated soil erosion rates. Understanding the effect of LULC and
climate change on water and soil resources is paramount especially in countries, such as Burkina
Faso, whose societies are highly dependent on rain-fed agriculture.

The population in Burkina Faso is growing at annual rates of about 3% in the last decade (The World
Bank, 2017). The growing food demand and the expansion of settlement areas lead to LULC change
through the conversion of savanna vegetation to cropland and settlement area. The increased
pressure on soil resources reduce the agricultural production through nutrient depletion and loss of
fertile soil through soil erosion (CILSS, 2016). Assessing the long term impact of LULC change on
runoff generation and soil erosion is therefore important for decision makers to plan environmental
protection measures. However, the number of studies that investigate feedback mechanisms
between LULC change, runoff generation and soil erosion is limited in West Africa.

Hydrological processes and soil erosion are closely linked and strongly controlled by LULC.
Sustainable management of water and soil resources require a combined consideration of water and
sediment fluxes (Diekkriger, 2010). LULC change impacts can be studied by comparing field
measurements of hydrological and soil erosion variables from different LULC classes (Braimoh and
Vlek, 2004; Giertz et al., 2010, 2005; Hiepe, 2008). Field measurements show that a change from
savanna or forest vegetation to cropland can reduce soil hydraulic conductivity and increased surface
runoff and soil erosion. This can be explained by the reduction of macroporosity as result of
decreased biological activity following the disturbance of the soil by agricultural activities (Giertz et
al., 2005). However, measurement of soil erosion is often not possible over the required temporal
and spatial scale. Field studies have therefore to be complemented by hydrological and soil erosion
modeling studies. Hydrological and soil erosion models have been used to predict the effect of land
use and climate change on soil erosion and to identify hot spots of soil erosion that require erosion
control measures (Bossa et al., 2014; Hiepe, 2008; Pandey et al., 2016). If available, LULC maps from
different years may be used as input into hydrological and soil erosion models to simulate the effect
on runoff and soil erosion. Increased runoff and soil erosion rates are often predicted by hydrological
and soil erosion models if the natural vegetation is converted to arable land (Bossa, 2012; Hiepe,
2008; Yira et al., 2016).

Different model concepts exist (empirical, conceptual and physically based models) among which
physically based spatially distributed models are considered suitable for the analyses of LULC impacts
on erosion at smaller scales as a certain complexity is necessary for the predictions of the changing
LULC conditions (Pandey et al., 2016). The parameter values of these model types have a physical
meaning and therefore can be better estimated, which increases the quality of the simulated output
(de Vente et al., 2013; Merritt et al., 2003; Pandey et al., 2016). The hydrological and soil erosion
model SHETRAN (Birkinshaw et al., 2010b; Ewen et al., 2000) has been successfully applied to
simulate effects of changing LULC (Bathurst et al., 2011; Lukey et al., 2000, 1995) and climate (Op de
Hipt et al., 2018). SHETRAN studies used several approaches to investigate the impacts of a changing
LULC. On the one hand, hypothetical scenarios derived from a simple change of vegetation
properties (Bathurst et al., 2011, 2005; Birkinshaw et al., 2010a; Lukey et al., 2000, 1995) are used
and on the other hand the analyses of observed land use in different catchments were compared to
reflect changed LULC (Elliott et al., 2011). One novelty of the present study is therefore the combined



investigation of observed and future LULC change in the same catchment over more than 20 years
using SHETRAN.

The LULC change in the catchment is driven by a high population growth rate (3% per year) leading to
the expansion of cropland at the expense of savanna as it is frequently observed in West Africa
(CILSS, 2016; Codjoe, 2004; Yira et al., 2016). The principle motivation of the present study is to fill
the knowledge gap regarding the impact of LULC change on runoff generation and soil erosion.
Studies on these topics are rather limited in West Africa but work on the impact of LULC change on
hydrological processes (Yira et al., 2016) and on the general modeling of soil erosion without
changing LULC influences (Op de Hipt et al., 2017; Schmengler, 2010) in the present study catchment
exist. Despite these studies a clear knowledge gap was identified regarding the assessment of past
and future impacts of LULC change on soil erosion. Furthermore, the combined consideration of LULC
and climate change is frequently identified as future research objective (Op de Hipt et al., 2018; Yira,
2016). We aim to fill this gap by a combined assessment of LULC and climate change over a period of
40 years (1990 — 2030). The SHETRAN model was set up to simulate and to evaluate the impacts of
these changes. SHETRAN was already calibrated and validated in the present study catchment (Op de
Hipt et al., 2017).

The major aims of this study are, to:
1. Investigate the observed past and the modeled future LULC change using seven land

use maps.

2. Assess the isolated and combined impact of LULC and climate change on simulated

mean annual water yield and mean annual actual evapotranspiration.

3. Examine the isolated and combined effect of LULC and climate change on mean
annual suspended sediment yield and compare the contribution of different sediment

sources (land use, channel, hillslope).

2 METHODS

2.1 Study area

The studied catchment has a size of 126 km? and is located in the south-west of Burkina Faso, West
Africa (Figure 1). The study site is part of three focal watersheds of the WASCAL program (West
African Science Service Center on Climate Change and Adapted Land Use, www.wascal.org). WASCAL
is a multidisciplinary program investigating the influence of climate and land use / land cover change
on human and environmental systems.

The watershed is characterized by a slightly undulating landscape with low slope gradients (average
and maximum gradients are 1.8° and 21°, respectively, Figure 1b) and an elevation (Figure 1c)
ranging from 269 to 504 m above sea level (masl). Annual precipitation range from 800 to 1200



mm/a for the period 1951 — 2005 (Schmengler, 2010). The annual rainfall dynamic is characterized by
a distinct rainy season (May to October) and a dry season from November to April.

Soils are dominated by plinthosols (73%) according to the World Reference Base (WRB) for soil
resources (IUSS Working Group, 2006). Plinthosols are characterized by high content of coarse
particles and a plinthic subsurface layer. Soils of the valley bottoms are mainly gleysols. Other soils
formed in the region are cambisols, lixisols, leptosols and stagnosols (Figure 1e).

The natural vegetation is characterized by the Sudanian region with wood, shrub and arboraceous
savanna and abundant annual grasses. The growing population and the resulting demand for
cropland and settlements lead to a reduction of the savanna vegetation (Yira et al., 2016). The
dominant cultivated crops are sorghum (Sorghum bicolor), millet (Pennisetum glaucum), maize (Zea
mays), cowpeas (Vigna unguiculata) and groundnut (Arachidis hypogaea). Cotton (Gossypium
hirsutum) is the main cash crop.
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Figure 1: Location map of the Dano catchment: (a) location of the catchment and Burkina
Faso in West Africa, (b) slope of the catchment, (c) model catchment, (d) land use map
(Forkuor, 2014), (e) soil map (data base: soil survey done by Ozias Hounkpatin, Soil Science

of Institute of Crop Science and Resource Conservation, University Bonn). DGM refers to the

Direction Générale de la Météorologie du Burkina.

2.2 Data sources and processing

The modeling of changing surface runoff and soil erosion requires past, present and future climate
and land use data as model inputs.

2.2.1 Land use data

Observed LULC maps




Observed LULC maps from four different years (LULC_1990, LULC_2000, LULC_2007, LULC_2013)
were available to assess the past impact of LULC change on hydrology and soil erosion. The three
maps that show the status from 1990 to 2007 were derived from Landsat TM
(http://glovis.usgs.gov/) and MODIS (https://mrtweb.cr.usgs.gov/) images by Landmann et al. (2007).
The map of 2013 compiled by Forkuor (2014) is based on Landsat TM and RapidEye images
(https://www.planet.com/products/#satellite-imagery). As the maps are available at different
resolutions, they were resampled using the maijority filter to match the resolution of 200 m. Both
studies used the Land Cover Classification System (LCCS) from the Food and Agricultural Organization
(FAO).

In order to homogenize the LULC classes for each of the four maps, the LULC classes of the years
1990 to 2007 were reclassified to match the LULC map of the year 2013. The reclassification was
done based on the approach described in Yira et al. (2016): Classes with similar characteristics
regarding seasonality of vegetation cover and hydrological properties were grouped (Table 1). The
resulting land use maps were used to simulate the effect LULC change on water and soil resources in
the past.

Future LULC scenarios

Based on the observed LULC changes between 2000 and 2013, future LULC scenarios were developed
for the years 2019, 2025 and 2030 (LULC_2019, LULC_2025, LULC_2030) by using the Land Change
Modeler (Clark Labs, Clark University, Worcester, USA). The approach used by the Land Change
Modeler is based on transition potentials which are calculated using a Multi-Layer Perceptron (MLP)
neural network (Chan et al., 2001). The transition potentials for the future depend on the transitions
that have already occurred in the past. As explanatory variables several distance maps were used
(distance to roads, fields and settlements) as well as spatially autocorrelated maps of the digital
elevation model (DEM) and observed disturbances (transitions from savanna to crop or settlements).
Finally a stochastic Markov chain technigue (Wilson and Weng, 2011) is applied to simulate the
probability of LULCC and generate the future land use maps.

As the prediction of the development of areas covered by surface water is difficult based on a very
small proportion of grid cells, it was assumed that these areas have not changed since 2013. An
overview of the land use classes is given in Table 1.

Table 1: Initial LULC classes as given by Landmann et al. (2007) and Forkour (2014) and
reclassified classes used in this study

Proportional area [%] per year

Initial LULC classes Reclassified LULC classes

[=3 [=3 N~ [3¢] » wn [=}

[23 [=} [=} - - N [+

D o o [=] [=] [=] [=]

- N N N N N N
(I;{;g:Iarly flooded, woody, closed to 1.03 292 - - - - - Tree and shrub savannah
Broadleaved forest, closed, evergreen ) ) ) ) 3 3 Tree and shrub savannah
(>=65%)
Woodland, closed (40 — 65%) 5.22 - - - - - - Tree and shrub savannah
Woodland closed/forest closed 59.3 - 8.80 - - - - Tree and shrub savannah
Reg. flooded, high confidence 1.16 - - - - - - Tree and shrub savannah
Burned area 4.03 264 - - - - - Cropland
Bare soil scattered vegetation 1.00 - - - - - - Urban area

Regularly flooded wetland 0.84 - - - - - - Tree and shrub savannah



Herbaceous crops 8.28 - - - - - - Cropland

Herbaceous vegetation, closed

(>=65%) 17.28 - - - - - - Tree and shrub savannah
Forest - 345 155 - - - - Tree and shrub savannah
Grassland - 351 467 - - - - Tree and shrub savannah
Cropland - 161 204 363 423 483 545 Cropland

Wetland - 132 152 - Tree and shrub savannah
Urban area - 016 654 519 719 919 111 Urban area

Water - - 042 039 039 039 039 Water
Natural/-semi-natural Vegetation - - - 581 50.0 420 33.9 Tree and shrub savannah

2.2.2 Climate and hydrological data

Two climate datasets were used in this study.

Observed climate and hydrological data

SHETRAN requires various input data to simulate hydrological and soil erosion processes (Table 2).
Some of the required data sets are already available from previous studies and from literature.
However, in order to calibrate and validate the model (see section 2.3.1) these data were
complemented by a hydrological and meteorological measurement network that was installed during
the years 2012 to 2015. Five automatic weather stations including pluviometers were installed in the
catchment. The outlet of the catchment was equipped with a water level and turbidity probe.
Precipitation and calculated potential evapotranspiration (ETp) are given as hourly time series for
each of the five climate stations located in the studied catchment.

Furthermore, an extensive soil survey was conducted to analyze physical and chemical soil properties
and to retrieve the soil and hydrological parameters required by the model.

Observed climate data for the period 1990 — 2015 were used to assess the influence of LULC change
on hydrology and soil erosion. To cover the full period we used data with a daily resolution taken by
the national meteorological service (Direction Général de la Météorologie du Burkina, DGM) (Figure
1c).

Table 2: Applied datasets and required inputs for SHETRAN

Spatiotemporal

Data set resolution / scale Source Derived parameters
Topography 90 m SRTM (Jarvis et al., 2008)
Soil hydrological parameters
Soil 1:25 000 Soil survey @ ", Ka?, 8, 8res™)
texture etc.
Land use maps 5t0250m Forkuor (2014), Landmann et Land use type distribution
al. (2007)
n ) LAI®, Strickler coefficient,
Land use characteristic Literature ETa/ETp ratio®
. . Instrumentation WASCAL, Rainfall, temperature, humidity,
Meteorological data Hourly, Daily DGM”, CORDEX? solar radiation, wind speed

Discharge Hourly Instrumentation WASCAL Discharge




Suspended sediment load, soil

Erosion Hourly, Event Instrumentation WASCAL :
erosion rate

Ya and n are van Genuchten empirical parameters, @ Ky refers to the saturated hydraulic conductivity, ¥ 8¢ to the saturated
water content, ¥ 8. to the residual water content, ® LAl to the leaf area index and ® ETp/ETa ratio to the ratio of potential

evapotranspiration to actual evapotranspiration, 7)Direction Général de la Météorologie du Burkina, ®Coordinated Regional
climate Downscaling Experiment project

Modeled climate data

Historical (1990 — 2005) and scenario-based (2006 — 2032) precipitation and temperature data were
retrieved from the regional climate model (RCM) CCLM4-8 (Climate Limited-area Modelling
Community, Germany) driven by the global climate model (GCM) ESM-LR (Max-Planck-Institute for
Meteorology, Germany). The Representative Concentration Pathways RCP 4.5 and RCP 8.5 (Moss et
al., 2010) were used as future scenarios. The RCM-GCM simulation was run in the framework of the
Coordinated Regional climate Downscaling Experiment (CORDEX-Africa, www.cordex.org). Due to the
run time of SHETRAN the closest node and one climate model was used only. The performance of
other climate models and a discussion of the differences between nodes is given by Op de Hipt et al.
(2018).

Historical precipitation and temperature data from CCLM-ESM model were compared with their
observed counterparts for the period 1971 — 2000 to control if the modeled variables are in
agreement with the observed. The modeled temperature shows a negative deviation compared to
the observed temperature (Figure 2a). As temperature is used to calculate potential
evapotranspiration (Oudin et al., 2005) and has therefore strong effects on catchment hydrology, it
was bias corrected using the delta change approach described in Haddeland et al. (2012) (Figure 2b).

The comparison of modeled and observed precipitation indicates an obvious bias. Modeled
precipitation is often higher than measured and a shift between the observed and the simulated
timing of the rainy season can be observed (Figure 2c). Therefore, a bias correction method was used
to correct the historical and future rainfall data derived from CCLM-ESM. The non-parametric
guantile mapping approach introduced by Gudmundsson et al. (2012) was applied. The observed
data were used to establish a transfer function which was applied to the historical and the future
rainfall data. The differences between mean monthly precipitation from all climate models and the
observed precipitation are considerably reduced after bias correction (Figure 2d).

The comparison of bias corrected precipitation and potential evapotranspiration between the
periods 1990 — 2005 and 2006 — 2032 shows an increase of precipitation by 5.4% to 7.8% and an
increase of ETp by 4.7% to 6%.

Because bias correction is done on monthly scale and because climate models simulate climate and
not weather, it cannot be expected that water and sediment fluxes using observed and modelled
climate are identical although the underlying climate variables precipitation and temperature are
statistically identical. Therefore, analysis of future climate can only be compared to the modelled and
not the observed past.
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Figure 2: Uncorrected and bias corrected temperature (a, b) and precipitation (c, d).

2.3 Modeling approach

2.3.1 Model description, parameterization, calibration and validation

SHETRAN was selected in this study due to two main reasons. First, SHETRAN is able to simulate
erosion on hillslopes as well as in the river, which are both considered as important processes in the
catchment. Second, it simulates processes based on continuous time series, which is necessary to use
climate change scenarios and for land use comparisons over a given period. SHETRAN is a physically
based spatially distributed hydrological soil erosion model. It is a derivative of SHE (Systéme
Hydrologique Européen), which was jointly developed by the British Institute of Hydrology, the
Danish Hydraulic Institute and the French consulting company SOGREAH (Abbott et al., 1986).
SHETRAN has been refined and complemented by new components as e.g. the fully 3D simulation of
subsurface water flow (Parkin, 1996) and sediment transport (Wicks, 1988; Wicks and Bathurst,
1996). Detailed information is available online (http://research.ncl.ac.uk/shetran/).

Details on model parameterization, calibration and validation are given in section 3.2 and Op de Hipt
et al. (2017). The parameterization of soil properties was done based on data obtained from field
measurements and additional literature analysis (Table 2, Table 3). Land use parameters were taken
from literature (see Table 3). Although SHETRAN comprises numerous parameters that reflect the
influence of the vegetation on hydrology we focused on two parameters: i) the ratio of actual
evapotranspiration (ETa) to potential evapotranspiration (ETp) and ii) the Strickler coefficient (KSTR)



that were reported to be sensitive regarding surface runoff (Bathurst et al., 2004; Birkinshaw et al.,
2010a; Buki¢ and Radi¢, 2016; Zhang, 2015). Erosion was described using four parameters (overland
flow and rain drop soil erodibility coefficients, channel bank erodibility coefficient, threshold depth of
loose sediment) that were adjusted based on literature (Adams and Elliott, 2006; Birkinshaw et al.,
2010a; de Figueiredo and Bathurst, 2007; Elliott et al., 2011; Lukey et al., 2000, 1995; Norouzi Banis
et al., 2004; Wicks and Bathurst, 1996) and calibration (Table 3).

Spatially distributed data, including a digital elevation model (DEM), the soil and land use map were

used in a raster format with a grid resolution of 200 x 200 m. An extensive soil survey was conducted
to analyze physical and chemical soil properties and to retrieve the soil and hydrological parameters

required by the model.

Table 3: Soil, land use and erosion parameters in SHETRAN (NV: natural vegetation (mainly
savannah), CR: crop land, SM: settlement

Parameter

Parameter Description Unit range Source
Hydrology
E:a;i}l;p ?J;:f;g Ratio of actual evapotranspiration CR": 0.5
apacity to potential evapotranspiration at - NV?: 0.6 Shuttleworth (1993)
with land use field capacity SM¥: 0.1
type) e
KSTR (varies with .00 s N Mohamoud (1992), Shen and Julien
land use type) 9 SMI' 6.0 (1993)
Soil erosion
k: (soil invariant) Overland flow soil erodibility kgm?s” 7.5x10™" Calibration
Adams and Elliott (2006), Birkinshaw
et al. (2010a), de Figueiredo and
k. (varies with Raindrop soil erodibility J 0.19-7.9 Bathurst (2007), Elliott et al. (2011),
texture) coefficient ) ) Lukey et al. (2000, 1995), Norouzi
Banis et al. (2004), Wicks and
Bathurst (1996)
BKB (soil Channel bank erodibility 2 1x10° - -
invariant) coefficient kgm™s 3x10° Calibration
Threshold depth of loose 1x10° - -
DLSMAX sediment mm 9.9x10° Calibration

Although SHETRAN is physically based, land use and soil erosion related parameters needed to be
calibrated to adjust for model approximations and the spatial or temporal resolution of the input
data. In the present study six selected parameters (Table 3) were calibrated based on the Latin
Hypercube Sampling (LHS) methodology (McKay et al., 1979). Briefly, using LHS the possible multi-
dimensional parameter space is sampled n times (usually n>100) in a stratified manner and the
parameters are used in the simulation model to determine behavioral simulations (simulations which



show an acceptable comparison with observed data). The hydrological component of SHETRAN was
calibrated based on the observed hydrograph from 2014 to 2015. The soil erosion component was
calibrated based on the observed suspended sediment load (SSL). The model performance was
statistically evaluated by the coefficient of determination (R?), the Nash-Sutcliff efficiency (NSE)
(Nash and Sutcliffe, 1970) and the Kling-Gupta efficiency (KGE) (Gupta et al., 2009; Kling et al., 2012)
because a single quality measure is not sufficient for model evaluation. The model was validated
using data from the year 2015.

2.3.2 Model application and simulations

In this study, the model parameters and the boundary conditions remain unchanged for all
simulations. Therefore, LULC and climate change is not reflected by changing parameters but the
changing spatial patterns of the land cover classes and the changing climate data.

To evaluate the effects of changing land use and climate separately and their combined effects we
applied over all 17 model simulations. As the periods 1984 — 1996 and 1984 - 1989 were used as the
warm-up phase to reach hydrological equilibrium conditions, the period 1997 — 2032 (evaluation
period) was used to evaluate the effect of LULC and climate change on average annual water
components and on the average annual specific sediment yield. For the model warm-up climate data
from 1984 to 1996 and the land use map LULC_1990 is applied. In order to compare simulations we
used different evaluation periods as shown in Table 4.

Statistical differences between the selected model outputs (water yield, actual evapotranspiration,
specific sediment yield) of each model run was investigated on a daily basis using the Kruskal-Wallis
test. Pairwise comparisons were studied by applying the Bonfferoni correction to results of Mann-
Whitney U tests.

The following points shortly describe each simulation. An overview of the different simulations is
given in Table 4.

The model simulations of the past (simulations M1 1990 — M5 90/13):

e The simulation M1_1990 is considered as the reference and applies the land use map
LULC_1990 over the entire simulation period (1990 — 2005). Observed climate data are

used to drive the simulation.

e Simulations M2_2000, M3_2007 and M4_2013 apply the observed land use maps from
2000, 2007 and 2013 to the period from 1997 to 2005. For each simulation the same
observed climate data for the period from 1997 to 2005 are used. During each simulation
the land cover did not change. Different simulation outputs are therefore the effect of
different LULC data only. To be able to compare simulations M1_1990 — M4_2013 with
the simulations driven by past modeled climate data, we limited the evaluation period to

1997 — 2005.



The simulation M5_90/13 applies the chronological land use development as it has
occurred in the catchment. Therefore the LULC map from 1990 is applied to the period
from 1990 to 1996, the map from 2000 applied to the period 1997 — 2003, the map from
2007 to the period 2004 — 2010 and finally the map from 2013 to the period 2011 — 2015.

M5 90/13 uses the same observed climate data as simulations M1 to M4.

The model simulations of the future (simulations M6 2019 — M17 90/13):

Simulations M6_2019, M7_2025 and M8 2030 apply the modelled land use maps from
2019, 2025 and 2030 to the observed climate data from 1997 — 2005. In accordance with
simulations M2 to M4, during each simulation LULC does not change and changes
between each simulation are due to changing LULC, while each simulation applied the

same observed climate data.

The simulations M9 1990 RCP4.5 and M10_1990 RCP8.5 use modeled climate data
(see section 2.2.2) of the period 1990 — 2032 in combination with the land use map
LULC_1990 assuming a constant LULC since 1990. Model runs M9 and M10 use
modeled climate data and changes in fluxes are computed as differences between the
modeled past (1990 — 2005) and the modeled future (2006 — 2032). These simulations
enable the assessment of climate change as single factor. The periods 1990 — 2005 and

2006 — 2032 are compared regarding the effect of climate change on discharge and SSY.

A chronological and continuous application of all LULC maps (LULC 1990 -
LULC_2030) was only possible through the use of precipitation and temperature from a
climate model (see section 2.2.2). Modeled precipitation and temperature (1990 - 2032)
in combination with LULC maps from 1990 to 2030 were used to drive the simulations
M11_90/30_RCP4.5 and M12_90/30_RCP8.5. The periods 1990 — 2005 and 2006 —

2032 are compared regarding the effect of climate change on discharge and SSY.

Simulations M13 1990 — M17_90/13 are similar to simulations M1_1990 — M5 90/13

except they use past modeled climate data from the period 1984 — 2005 and are



necessary to evaluate the differences between the past modeled and observed climate

data.

Table 4: LULC simulations, model periods and applied land use maps.

Simulation period

Data Simulation name V\:)ango'gp Evaluation period
1990 - 1996 1997 - 2005 & - -
M1_1990 LULC_1990 LULC_1990 - - -
M2_2000 LULC_1990 LULC_2000 2 - -
M3_2007 LULC_1990 LULC_2007 - - -
Observed
climate and
LULC M4 2013 LULC_1990 LULC_2013 - - -
maps Warm-up . .
period Evaluation period
1990 - 1996 1997 - 2003 2004 - 2010 2011 - 2015
M5_90/13 LULC_1990 LULC_2000 LULC_2007 LULC_2013 - - -
Warm-up . .
. . period Evaluation period
Data Simulation name
1990 - 1996 1997 - 2005
Observed M6_2019 LULC_1990 LULC_2019 - - -
climate and
modeled M7_2025 LULC_1990 LULC_2025 - - -
LULC
maps M8_2030 LULC 1990 LULC 2030 - - -
Warm-up . .
. . period Evaluation period
Data Simulation name
1990 - 1996 1997 - 2005 2006 — 2010 2011 - 2016 2017-2022 2023-2027 2028-2032
M°d3|3dd M9_1990_RCP4.5 LULC_1990 LULC_1990
li ani
observed
v M10_1990_RCP8.5 LULC_1990 LULC_1990
LULC map
Modeled
climate and M11_90/30_RCP4.5 LULC_1990 LULC_2000 LULC_2007 LULC_2013 LULC_2019 LULC_2025 LULC_2030
modeled
LULC M12_90/30_RCP8.5 LULC_1990 LULC_2000 LULC_2007 LULC_2013 LULC_2019 LULC_2025 LULC_2030
maps
Warm-up Evaluation period
" . period
Data Simulation name
1984 - 1997 1998 - 2005
M13_1990 LULC_1990 LULC_1990
M14_2000 LULC_1990 LULC_2000
Past M15_2007 LULC_1990 LULC_2007
modeled
climate and
observed M16_2013 LULC_1990 LULC_2013
LULC
maps Simulation name :\g'i':;u’) Evaluation period
1984 - 1989 1990 - 1997 1998 - 2005
M17_90/13 LULC_1990 LULC_1990 LULC_2000




Timestep sensitvity

The long term meteorological data operated by the national meteorological service (see Figure 1c)
was only available on daily basis. This is critical since results of dynamic models such as SHETRAN
respond sensitively to the chosen simulation time step (Bruneau et al., 1995; Hessel, 2005; Yira,
2016; Zhang, 2015) and consequently the consideration of time and spatial scales is fundamental in
hydrological modeling (Bloschl and Sivapalan, 1995). Yira (2016) reports a decreasing modeled
discharge with increasing time step. This can be explained by the information loss during aggregation
of rainfall data from sub-daily to daily resolution: It reduces the maximum intensities and therefore
leads to an underestimation of overland flow due to infiltration excess as this depends on rainfall
intensity and soil infiltration rate. Consequently, simulated discharge and hence sediment yield may
be underestimated by the model. However, some SHETRAN studies also use a daily timestep (de
Figueiredo and Bathurst, 2007; Mourato et al., 2015). Figure 3 shows that the exceedance probability
does not change substantially between two simulations with different timesteps. Although an
increase in timestep reduces surface runoff and sediment yield, this limitation cannot be avoided for
the long-term simulations as no hourly data are available. Because all scenarios are influenced by the
same effect, conclusions drawn from the analysis are not biased by the temporal resolution of the
model runs.
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Figure 3: Exceedance probability of hourly and daily suspended sediment load

3 RESULTS AND DISCUSSION

3.1 Land use and land cover change

The LULC maps and changes of the period 1990 — 2030 are shown in Figure 4. The observed LULC
maps show an increase of mainly cropland and settlement area at the expense of savanna areas,
which have decreased by almost 30% between 1990 (86.69%) and 2013 (58.12%) whereas cropland
has increased by almost 24% in the same period. An urbanization trend is reflected by an increase in
settlement areas by 4.1% between 1990 and 2013. The area covered by surface water increases
between 2000 and 2007 as the Moutouri reservoir was built in 2002. The future LULC change (from




2019 to 2030) mainly follows the trend of the past. An increase of cropland (42.2%) and settlement
areas (10.19%) between 1990 and 2030 is opposed to a decrease in savanna by 52.7%.
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Figure 4: Observed (1990 — 2013) and modeled (2019 — 2030) LULC maps and the

corresponding relative proportion of each land use.

Some inconsistencies are observed regarding the spatial distribution of settlements derived from the
past LULC maps. Between 1990 and 2000 settlement areas in the LULC map are reduced due to the
unlikely conversion of settlements to savanna, water and cropland. Further unlike LULC changes are
noticed between the maps from 2000 and 2007 where the settlement area is 25 fold increased over
7 years. The inconsistencies are of relatively low importance as the maximum proportion of cells
characterized by an improbable change is < 7%. The LULC mapping of savanna areas is impeded due
to the seasonality and the scattered LULC pattern (Cord et al., 2010; Forkuor, 2014). Therefore, the
observed inconsistencies can be explained by a misclassification related to the difficulties of the LULC
mapping of areas characterized by a distinct seasonality (Wagner et al., 2013). Another reason may
be the resampling of the maps needed to attain the same grid resolution which discriminates the
scattered land use classes (Yira et al., 2016).

The large visual and numerical differences between LULC_2007 and the other maps rectified the
exclusion of LULC_2007 for the derivation of the future LULC maps. Two important issues have to be
discusses in this context: First, the future LULC development only depends on the change that
occurred between 2000 and 2013. Second, the future LULC may be afflicted with large uncertainties
because important variables as population growth and agronomical developments are not available



to improve the predictions. However, based on observations from the field and personal
communication with local farmers, factors as the distance to the farm house and the accessibility
play an important role for cultivation.

An expansion of cropland at the expense of natural vegetation mainly due to increasing demand for
agricultural areas as a result of the population growth and national migration is also reported by
others (CILSS, 2016; Gray, 1999; Mahé et al., 2005; Ouedraogo et al., 2010; Paré et al., 2008;
Stephenne and Lambin, 2001; Thiombiano and Kampmann, 2010). The present study assesses the
increase of cropland by 0.95% per year while savanna is reduced by 1.14% per year for the observed
period (1990 — 2013). Paré et al. (2008) studied the influence of population growth on land use
change and reports conversion rates of 3.75% per year in the Sissili and Ziro provinces, which are
located in approximately 100 km distance to the study area. Although the exact number differ the
major driver controlling LULC change in the study area is population growth and urbanization trends,
which is also reported on the national level (CILLS, 2016). Future LULC maps suggest an increase of
cropland of 42.2% till 2030. This corresponds to the scenarios used by Hiepe (2008) who reports
increases between 56% — 119%. The deforestation in the catchment is directly related to the growing
demand in firewood used among others for the production of local beer and remote areas are
increasingly affected as the number of unprotected trees close to the main settlements diminishes.
The logging of shea trees (Vitellaria paradoxa) used to produce shea butter for export may pose a
problem in the future as it is an important financial income for small scale farmers. Another
important cash crop is cotton whose production has increased by 350% since 1990 (FAOSTAT, 2017).

3.2 Performance of SHETRAN

The performance of SHETRAN regarding the hydrological and erosion modeling is discussed in Op de
Hipt et al. (2017) and therefore only briefly summarized here. Based on the various performance
measures (sum of R?, KGE and NSE), several parameter sets gave satisfactory to good quality
measures according to the equifinality concept introduced by Beven and Freer (2001). The given
performance measures for discharge are in the range of 0.7 and 0.79 for calibration and between
0.66 and 0.76 for validation which is comparable to other studies that used SHETRAN (e.g. Birkinshaw
et al., 2014; bukié and Radi¢, 2016, 2014; Mourato et al., 2015; Naseela et al., 2015; Tripkovic, 2014;
Zhang, 2015). Among these studies R? and NSE values above 0.5 are frequently reported. Larger
differences between simulated and observed discharge occur during low flow conditions where the
observed discharge is frequently underestimated by the model. This is not surprising since low flow
was not in the focus and consequently parameters controlling low flow such as K, in sub-surface
soils were not considered during the calibration. Overestimated peaks during the rainy season can be
attributed to the spatial assignment of climate stations, which was done using Thiessen polygons.
This method may not be appropriate to account for localized precipitation events. Nevertheless,
alternative interpolations methods like inverse distance weighting and Kriging may also be
inadequate to reflect local storms as they smooth rainfall intensities over larger spatial extends.

In terms of erosion rates the NSE is 0.4 and 0.2 and the R? is 0.47 and 0.37 for calibration and
validation of SSL respectively. These results are in the range of other studies (de Figueiredo and
Bathurst, 2007; Elliott et al., 2011; Zhang, 2015) and comparable with other erosion models (de
Vente et al., 2013; Jetten et al., 1999). Given the various sources of measurement uncertainty a NSE
of larger than 0.7 can’t be expected (de Vente et al., 2013).



3.3 Land use and climate change effects

3.3.1 Hydrology

Figure 5a, Table 5, and Table 6 show the influence of land use on simulated mean annual water yield
over the considered period (1997 — 2030). The simulations that were driven by the past observed
climate and LULC maps (M1_1990 — M5_90/13) indicate an increased water yield by 3.6% (M2_2000)
to 46.4% (M3_2007) (evaluation period: 1997 — 2005). The water yield of the continuous simulation
M5_90/13 is 20.3% higher compared to M1_1990 (evaluation period 1997 — 2015). It shows that
LULC change over almost 20 years has affected the water balance of the studied catchment
significantly.

Simulations driven by future modeled LULC maps and observed climate data (M6_2019 — M8 2030)
show highest increases in discharge between 52.4% — 91.6% compared to M1_1990 (evaluation
period: 1997 — 2005). Consequently, the predicted LULC change will lead to an increased discharge
assuming a similar climate development as observed between 1990 and 2005.

Simulations M9 1990 RCP4.5 and M10_1990 RCP8.5 are driven by modeled climate data and the
map LULC_1990 only, assuming no change of LULC since 1990. The comparison between simulated
discharge of the period 1990 — 2005 and of the period 2006 — 2032 shows an increase of discharge
between 24.5% (M10_1990_RCP8.5) and 46.7% (M9_1990_RCP4.5). The increased water yield is
attributed to climate change only.

Simulations M11_90/30_RCP4.5 and M12_90/30_RCP8.5 are driven by a combined LULC and climate
change. The comparisons of the periods 1990 — 2005 to the years 2006 - 2032 show high increases
(50.5% (M12) — 73.4% (M11)) of discharge. Consequently, the combined development of climate and
LULC may intensify the future change of hydrological conditions in the catchment.

Simulations M13 — M17 use past observed LULC maps and past modeled climate data. Accordingly,
these simulations are needed to assess the influence of past modeled climate data and LULC change
on water and sediment yield. M14_2000 — M16_2013 show increases between 3.4% (M14) and
16.6% (M16) compared to M13_1990 (evaluation period: 1997 — 2005). The continuous simulation
M17_90/13 show an increase of 1.5% compared to M13_1990 (evaluation period: 1990 — 2005)

The comparison between the groups M9/M10 (climate change only, +24.5% — +46.7%), M11/M12
(LULC and climate change, +50.5 — +73.4%) and M13-M17 (LULC change only, +1.5% — +16.6%) shows
that LULC change only leads to increases in water yield. When comparing LULC change and climate
change alone it is clear that climate change has a larger impact but LULC amplifies climate change
impacts strongly. However, future LULC (2019 — 2030) will have a stronger impact as currently
observed. Furthermore, the comparison between M13 - M17 and M1-M5 shows that the simulation
driven by observed climate data (M1 — M5) are characterized by higher percental increases than
those simulations that are driven by modeled climate data from the past although precipitation is
higher for M13-M17. The differences in relative change between the group M1-M5 and M13-M17 is
related to differences in the absolute discharge which is about three times higher for M13-M17.
Therefore, M13-M17 show a smaller relative change compared to M1-M5.
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Figure 5: a) Mean annual total water yield for M1_1990 — M12_90/30_RCP8.5 and b) mean
annual actual evapotranspiration for simulations M1_1990 — M12_90/30_RCP8.5. Error bars
indicate the standard deviation calculated based on annual sums. Dashed bars indicate the use
of modeled LULC and/or climate. See Tab. 4 and the text for explanation of the different

scenarios

Statistically significant (p < 0.0007) differences exist between almost all pairs. Exceptions are
M1_1990/M5_2013, M3_2007/M4_2013, and M11_90/30_RCP4.5/M12_90/30_RCPS.5.

The effect of LULC and climate change on ETa is shown in Figure 5b. The simulations driven by
observed data (M1_1990 — M5_90/13) indicate that ETa decreases between 0.7% and 3.2%.
Simulations that used modeled LULC maps and observed climate data (M6_2019 — M8_2030) show
decreasing ETa (4% — 7.3%) compared to M1_1990 (evaluation period: 1997 — 2005). The simulations
that use climatic predictions assuming constant LULC since 1990 (M9, M10) show an increasing ETa
by between 3.1% (M9) and 3.3% (M10). A decreasing trend is predicted by the combined
consideration of LULC and climate change as shown by simulations M11 (-1.58%) and M12 (-0.96%).
Simulations M14_2000 — M17_90/13 show the same trend as simulations M2-M5 with decreasing



rates of ETa between 0.3% and 3.4%. The comparison between the pairs M9/M10 and M11/M12
suggests that LULC change may dominate the impact on ETa because the increasing trend as
suggested by climate change only is reversed by the combined consideration of LULC and climate
change. Significant (p < 0.0007) differences compared to the reference the simulation M1_1990 exist
for the majority of considered pairs.

The presented figures for simulations M1_1990 — M5_90/13 are similar to the results of Yira et al.
(2016) who studied the influence of a changing LULC on the hydrology in the same area based on
similar data using WASIM (Water Balance Simulation Model). He observed an increase in discharge of
20% between M1_1990 and M5_90/13. The general trend of increasing discharge and decreasing ETa
is reported by others and LULC change was frequently responsible for this development (Bossa et al.,
2014; Cornelissen et al., 2013; Mahé et al., 2005; Roudier et al., 2014; Yira et al., 2016). Bossa et al.
(2014) studied the impact of climate and LULC change on hydrology in the Ouémé catchment in
Benin. They assess the effect of different LULC scenarios on water yield to be between +3% and +8%.
For the combined consideration of climate and LULC change they report a decreasing water yield
over the period 2015 — 2019 according to the negative future precipitation signal. The influence of
the future precipitation signal on water yield is also confirmed by Yira et al. (2017) and by the present
study as CCLM-ESM shows a positive future signal for the considered period (2006 — 2032). However,
conclusions drawn from simulations that use data from climate models have to be considered
carefully as uncertainties of future precipitation predictions are large (Yira et al., 2017). Simulations
M9 and M10 are afflicted with large inter-annual variabilities as indicated by the high standard
deviation. These variabilities are a result from the precipitation as predicted by CCLM-ESM.

Regarding the consideration of LULC change only, the presented results are confirmed by
experiments conducted on smaller scales. These experiments suggest that the increase of water yield
due to land use change is attributed to a change of soil properties such as a decreasing K., leading to
Hortonian surface runoff (Giertz et al., 2005; Yira, 2016). However, in SHETRAN K, varies with soil
type and not with land use. Consequently, it remained unchanged over all simulations and cannot
explain the differences between the simulations. Among the land use specific model parameters LA,
the vegetation cover fraction, the Strickler roughness coefficient (KSTR), and the ratio ETa/ETp were
adjusted to the corresponding land use types to reflect their differences regarding the hydrological
effects. In SHETRAN the roughness coefficient and the ratio ETa/ETp have distinct effects on
discharge as shown by Op de Hipt et al. (2017) and Puki¢ and Radi¢ (2016). Decreased surface
roughness as observed on agricultural fields (Engman, 1986) results in higher surface runoff velocities
and therefore especially influences the runoff peaks. However, interactions between surface
roughness, infiltration and evapotranspiration also lead to a change of water yield. The ratio
ETa/ETp, which depends on the vegetation type and varies with soil water tension, has strong effects
on the water balance components. A higher actual evapotranspiration on natural land use types is
frequently reported (e.g. Compaoré, 2006). Other vegetation properties such as LAl or vegetation
cover also influence the discharge. Decreasing LAl and vegetation cover leads to more throughfall,
which may increase surface runoff.

Table 5: Average annual water balance and specific suspended sediment yield of simulation
driven by observed climate. The evaluation period from 1997 — 2005 is marked by *, the
evaluation period from 1997 — 2015 is marked by **
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Table 6: Average annual water balance and specific suspended sediment yield. Annual
means of the modeled past (1990 — 2005)? and the modeled scenarios (2006 — 2032)" are
indicated for simulations M9 — M12. The evaluation period from 1998 — 2005 for M13-M17 is
marked by ¥, the evaluation period from 1998 — 2015 is marked by **
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3.3.2 Soil erosion

Figure 6, Table 5 and Table 6 show the effect of LULC and climate change on the mean annual specific
suspended sediment yield (SSY). Simulations driven by observed data (M1_1990 — M5_90/13) show a
change of SSY between -3.3% (M2 _2000) and +52.6% (M3_2007) for the evaluation period 1997 -
2005. The relative contribution of each land use type to the catchment erosion varies between
M1_1990 to M5_90/13 (evaluation period: 1997 — 2015): The relative contribution of cropland
increases by 11% whereas the contribution of savanna decreases by 9% as a result of the changing
proportion of each land use type. The channel contribution varies between 42% (M4_2013) and 51%
(M1_1990) suggesting that if the contribution of hillslope erosion increases the channel contribution
decreases. Among the sediment sources water also contributes to the sediment yield of the
catchment. The model structure only allows a limited number of soil types and an additional soil type
reflecting the conditions of areas covered by water could not be implemented. The continuous
simulation M5_90/13 exhibits an increase of 24.7% compared to the reference simulation M1_1990
suggesting that LULC change has already a pronounced impact on soil erosion (evaluation period:
1997 — 2015).

Simulations driven by future modeled LULC maps and observed climate data (M6_2019 — M8 2030)
show highest increases in SSY between 78.5% (M6_2019) and 138.4% (M8_2030) compared to
M1_1990 (evaluation period: 1997 — 2005). Consequently, the predicted LULC change will lead to an
increased SSY assuming a similar climate development as observed between 1990 and 2005. The
proportion of the different sources remains roughly similar between M6 — M8 except for savanna
whose contribution decreases by 6%.

The simulation M9_1990 RCP4.5 and M10_1990 RCP8.5 reflect a changing climate assuming stable
LULC since 1990. The periods 1990 — 2005 and 2006 — 2032 are used for the comparison. The
simulations show that the predicted change in precipitation (+5.4% to +7.8%), ETa (+3.1% to +3.3%)
and accordingly water yield (+24.5% to +46.7%) strongly influence SSY. Both, water yield and SSY are
strongly correlated as surface runoff is the principal driver of sediment transport. Overall SSY is
predicted to increase by 31.1% (M10_1990_RCP8.5) and 54.7% (M9_1990_RCP4.5). Table 5 shows
that these increases are especially attributed to the scenario-based predictions (2005 — 2030).
Furthermore, the source distribution indicates that these increases are especially caused by a
substantial increase of channel contribution compared to the other simulations.

The continuous simulations M11_90/30_RCP4.5 and M12_90/30_RCP8.5 reflect the combined
impact of LULC and climate change on SSY. Overall SSY is predicted to increase by 67.7%
(M12_90/30_RCP8.5) to 90.1% (M11_90/30_RCP4.5) compared to the period 1990 — 2005.

Simulations M14_2000 — M16_2013 show increases by between 2.1% and 23.3% compared to
simulation M13_1990 (evaluation period: 1997 — 2005). These changes are lower compared to the
results of simulations M1-M5 although absolute precipitation is higher for M13-M17.This is
attributed to the absolute amount of SSY which almost 3 times higher for simulation M13-
M15.Simulation M17_90/13 are driven by past modeled climate data and observed LULC maps of
1990 and 2000. The relative change between M13 and M17 is almost 0%.

The comparison between the groups M9/M10 (climate change only, +31.1 — +54.7%), M11/M12
(climate and LULC change, +67.7% — +90.1%) and M13 - M17 (LULC change only, 0% - +23.3%)
suggest that LULC change may have a large impact on SSY. Simulations driven by climate change only



(M9/M10) show higher increases than those simulations that were driven by LULC change (M13 —
M17). However, climate change impacts are significantly amplified by LULC change as shown by
simulations M11/M12.. All of the discussed simulations are statistically different except the pairs
M3/M4 and M11/M12. However, uncertainties of LULC and climate predictions have to be discussed.
Simulations M9 to M12 are characterized by high inter-annual variabilities. This is mostly related to
large uncertainties of predicted precipitation. The impact of climate change on the rainfall pattern
and temperature in West Africa is difficult to assess and differences between climate models
regarding amplitude and direction exists (Kasei et al., 2010; Niang et al., 2014). This uncertainty is
among others attributed to the difficulties of simulating convective rainfalls and the rainfalls
generated by the West African Monsoon (WAM) which is attributed to the incomplete knowledge of
the WAM, lack of observations and the natural climate variability in the region (Cook, 2008; Druyan
et al., 2010; Field and Barros, 2014; Klein et al., 2015; Niang et al., 2014).
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Figure 6: Mean annual specific suspended sediment yield for the simulations M1_1990 -
M12_90/30_RCP8.5. The contribution of each source is given in % for all simulations except for
the continuous simulations (M5, M11, M12, M17). Error bars indicate the standard deviation
calculated based on annual sums. Dashed bars indicate the use of modeled LULC maps and/or

modeled climate data.

From Figure 6 and the described results it can be concluded that LULC and climate change are
important drivers that control the catchment sediment yield and the corresponding erosion sources.
Increased erosion rates following a conversion from natural vegetation to cropland are frequently
confirmed by measurements and simulations in the region (e.g. Bossa et al., 2014; Giertz et al., 2005;
Hiepe, 2008). Giertz et al. (2005) compared the influence of different crops and natural vegetation on



soil erosion and concluded that increased surface runoff on cropland resulted in increased soil loss
on agricultural fields compared to the savanna environment. The increased surface runoff can be
explained by the reduction of macroporosity as result of decreased biological activity following the
disturbance of the soil by agricultural activities. Furthermore, farming leads to a decreased soil
quality parameters (Braimoh and Vlek, 2004) as e.g. a loss of soil organic matter which destabilizes
soil aggregates and facilitates surface crusting resulting in a decreased infiltration rate (Descroix et
al., 2009; Valentin et al., 2004). However, this process chain is not simulated by SHETRAN. Bossa et
al. (2014) investigated the effect of LULC and climate change on sediment yield in the Quémé
catchment in Benin. Their modeling approach included the SWAT model, climate data from REMO
and five LULC maps from 2003 to 2029. The combined application of LULC and climate change
suggests an increase of SSY by 6% to 41% (Bossa et al., 2014). Differences between their results and
ours can be explained by the different climate model (CCLM-ESM vs. REMQ) and by the different
modeling approach (SHETRAN vs. SWAT).

The simulated specific sediment yields are quite low for all simulations (< 0.13 t/ha). In this context it
is important to notice, that we consider the suspended fraction only. Furthermore, the term soil
erosion is differentiated from sediment yield. Soil erosion refers to soil detachment and not
necessarily soil loss from a specific area. Sediment yield refers to the amount of eroded soil that is
transported to a certain point in the catchment. However, the simulated suspended sediment yields
are comparable with specific suspended sediment yields measured in 2014 (0.04 — 0.13 t/ha/year)
especially if the large simulated inter-annual variability is considered. The problem of low simulated
SSY is already discussed in Op de Hipt (2017) and may also be attributed to the parameterization of
the erosion component and the insufficient representation of space and time in the model approach.
However, the adjustment of the erosion parameters in a way that they reflect the natural conditions
is quite challenging due to limited knowledge of the parameter ranges and of the erosion processes
and source distribution especially in West Africa. Schmengler (Schmengler, 2010; Schmengler and
Vlek, 2015) studied soil erosion in the same catchment by comparing sedimentation rates in 3
headwater sub-catchments (7.9 — 23.6 km?). Two of her studied headwater catchments show lower
SSY (0.3 t/ha/year — 0.8 t/ha/year). They are representative of the typical flat terrain (2° —3°). The
third headwater catchment is located in the western part and is characterized by steeper slope
gradients (up to 20°) which leads to substantially higher SSY (4.4 t/ha/year). The mean slope of our
study catchment is 1.8 and therefore comparable to the two catchments showing a low annual SSY.
The differences compared to our results can be explained by the different fractions considered and
the topographical position. Schmengler (2015) investigated reservoirs located in the headwater
areas. Consequently, her measured SSY is only valid for these topographical positions and possible
sedimentation downslope is not considered.

The contribution of channels to the mean annual SSY seems to be quite high (51 — 76%) for all
simulations. However, recent results from fingerprinting analyses which were conducted in 2013 and
2014 support the modeling result for the past. The contribution of subsurface sources ranges 44%
and 47% (Michael Rode, personal communication, 14™ July 2017).

4 CONCLUSION

The present study investigated the LULC and climate change in the Dano catchment and its effects on
catchment hydrology and soil erosion using the process based SHETRAN model, which was driven by



past (observed) and future (modeled) LULC maps and modeled and observed climate data. The main
results of this study are:

1. The most important land use change in the catchment is the conversion from
savanna to cropland. The study of the observed LULC maps (1990 — 2013) shows an
annual conversion rate of savanna of 1.14% since 1990. The future LULC maps

(2019 — 2030) predict an increase of cropland by 42.2% compared to 1990.

2. The analysis of the isolated impact of the LULC change on catchment hydrology
clearly suggests an increase of mean annual water yield (3.6% — 91.6%) and a
decrease of mean annual ETa (0.7 — 7.3%) while the proportion of cropland
increases. The comparison between simulations suggests that the impact of future
climate (24.5 — 46.7%) may be amplified by the inclusion of LULC change (50.5 —
73.4%). However, uncertainties of climate model outputs have to be considered. The
combined effect of LULC and climate change leads to a decrease in ETa (0.96% —

1.58%).

3. The investigation of the isolated effect of LULC changes on specific suspended
sediment yield (SSY) over the period 1990 — 2030 mostly shows an increasing trend
(-3.6 - 138.4%) which is supported by measurements and modeling studies. The
increase of SSY is mostly attributed to the enlarging cropland, which also forms an
important and growing contribution source to total catchment erosion. The
comparison of the isolated impact of climate change and the combined effect of
climate and LULC change suggest that the inclusion of LULC change may amplified
the climate change impacts. The combined impact of LULC and climate change

results in high changes of SSY (+67.7% — +90.1%).

The obtained modeling results highlight the negative effects of the conversion of natural vegetation
to cropland or settlements on catchment hydrology and soil loss independent whether observed or
modeled past climate data were used. The conversion results in less infiltration, higher surface runoff
and soil loss as well as lower groundwater recharge. However, the present findings are based on
results of hydrological and soil erosion modeling driven by LULC and climate data which are subject
to uncertainties. The observed LULC maps were produced based on different satellite products and
needed to be reclassified. The afflicted uncertainties are propagated as these maps are the basis for
the development of future LULC scenarios. The precipitation as modeled by climate models is



frequently considered as uncertain as shown by comparison studies. Furthermore, the modeling
approach is based on the changing spatial proportion of the different land use types only and does
not consider the complex processes and feedback loops between land use changes, soil properties,
hydrology, and soil erosion. Consequently, the results must be carefully interpreted even if the
model was validated in terms of discharge and suspended sediment load. A focus should be put to
relative and not the absolute comparisons between the simulations. This relative comparison signals
a clear effect of LULC and climate change on hydrology and soil erosion.

In addition to the related uncertainties possible implications need to be discussed. The predicted
changes of the hydrological cycle and the altered sediment budget may have implications for
different fields as for example agricultural productivity or water availability. However, a discussion
based on measured data is beyond the scope and possibilities of the present work. Therefore, the
following discussion of possible implications includes results from previous studies.

A clear link has been identified between soil erosion, soil fertility, agricultural production and food
security (Niang et al., 2014; Pimentel, 2006). Garcia-Fayos and Bochet (2009) studied the impact of
climate change on the interaction between soil erosion and different soil and vegetation properties
in semiarid Mediterranean shrublands in eastern Spain. Their analyses suggest that the negative
impact of climate change and increased soil erosion on vegetation properties (species richness and
plant cover) negatively affects soil erodibility, nutrient content and water holding capacity which may
lead to a decline of soil and agricultural productivity. The negative impact of climate change on soil
erosion and agricultural yields was proven by Zhang et al. (2004)for experimental sites in Oklahoma,
USA. They used modelled climate data and the WEPP model to simulate the effect of climate change
on soil erosion and wheat yield. A similar study was conducted by Li et al. (2011) for the Loess
Plateau in China. Their results suggest that plant yields may increase despite increased erosion rates
due to the fertilization effects of CO,. Paeth et al. (2008) studied the impact of climate change on soil
degradation and agricultural production in Benin using REMO data and predict a decline in crop yield
of up to 23% due to soil erosion. A similar range of projected decreasing yields are reported by Butt
et al. (2005) for Mali. Our results show that it is not possible to identify a clear positive or negative
trend regarding the future erosion rates. Therefore, it is also difficult to consult decision makers
regarding adaption strategies for an appropriate agricultural management. Based on the studies
presented above we can conclude that a climate or LULC induced increase of erosion rates may have
negative effects on soil fertility, agricultural production and ultimately food security. Thus,
governmental support of soil and water conservation measures such as stone lines, intercropping or
the traditional Zai system (Roose et al., 1999) would be necessary to increase the environmental
resilience of this region. In view of the low SSY on hillslopes and the large contribution of channel
erosion as simulated by SHETRAN (Figure 6) it may be questionable if the increased erosion rates will
significantly affect agricultural production. Our modeling results and findings from a recent
fingerprinting campaign suggest that a substantial part (about 50%) of the sediment loss in the
catchment results from bank erosion and river incision. However, the above mentioned conservation
techniques may also decrease surface runoff and hence discharge in the channels which in turn may
lead to decreased bank erosion and river incision. This would also decrease the off-site effects on
reservoirs located downstream as reservoir siltation is recognized as a serious problem (Schmengler,
2010).

However, it is debatable if results from modeling studies conducted on a rather large scale and
coarse temporal and spatial resolution can be used to derive specific advices for decision makers on



the local scale because these results are rather valid on the catchment scale and do not perfectly
reflect the local diversity regarding the catchment properties but also the different processes. As
such SHETRAN considers already important processes but some observations from the field are not
well reflected. This considers for example the role of inland valleys which are rather sediment sinks
for material eroded on upstream as observations from the field suggest. Furthermore, these
observations suggest that soil properties and erosion processes differ on very small scales and the
coarse spatial resolution we had to use may limit the transfer from model results to locally
implementable advices for decision makers. Therefore, the current modelling study underlines future
research demands for climate model projections with smaller uncertainties. As specific advices for
decision makers should be based on several independent research studies we also emphasize the
need for further research regarding feedback loops between climate change, LULC change, soil
erosion and.
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HIGHLIGHTS

e Past and future LULC maps suggest an increase of cropland at the expense of

savanna.

e The changing LULC leads to increasing surface runoff and suspended sediment

yield.
e (Climate change leads to increasing surface runoff and suspended sediment yield.

e Combined changes of climate and LULC leads to increased runoff and sediment yield



