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Abstract

In the Upper Blue Nile Basin land use is rapidly changing due to agricultural development and
intensification with potential effects on the water availability both up- and downstream. This study
is aimed to explore the impact of agricultural land use change on a landscape water balance. The
studied watershed in the Fagita Lekoma District, Ethiopia has undergone agricultural change from
an annual cropping system to an afforestation system with Acacia decurrens plantations. The land
use has significantly changed from dominant crop and pasture on almost 90% of the area to
permanent cultivated or natural forest on >45% of the area over the last 20 years.

The soil water assessment tool (SWAT), a distributed dynamic model was set up to analyse the
effects of land use change on the water balance and sediment yields. Three scenarios were run; a
control, a control with improved soil water conservation (SWC) practices and the land use with the
afforestation practices.

The modelling resulted in some unexpected changes on the actual evapotranspiration (ET,) and
surface runoff between the control and afforestation practices. Due to a high biomass density of the
plantations a higher ET, and a lower surface runoff were expected. But the 4. decurrens dominated
landscape showed less ET, than the control dominated by annual crops. The water balance is
sensitive to the designed growth response parameters of the A. decurrens. Between the control and
the control with improved SWC practices there was no significant change in the landscape water
balance. The implementation of the afforestation practice and SWC practices reduced the sediment
yields in the watershed from 26.5 to 15.5 t ha™! y'!. Cropland was the land use that in all scenarios
was most prone to soil erosion.

It is likely that the A. decurrens crop description has affected the modelled water balance.
Therefore, next steps should be field verification of growth response parameters and water and
nutrient uptake parameters. Furthermore, higher resolution input data needs to be acquired to support
calibration and validation of the model.

Keywords: Acacia decurrens, afforestation, landscape water balance, sediment yield, soil and water
conservation, SWAT modelling, water balance partitioning



Popular science summary

Along the river Nile, many people are dependent on its water for household,
agriculture and industrial purposes. Variations in rainfall upstream might cause
droughts or floods in dry downstream areas. One of the most important sources of
water in the Nile River are the Ethiopian Highlands. About 85% of the Nile water
originates in the highlands. Ethiopia is highly dependent on rainfed agriculture
which is characterized by low crop production. Sustainable development is needed
to guarantee higher crop yields and enough water for downstream areas.

In the Ethiopian Highlands land degradation is another big issue. Through soil
erosion a lot of sediment is lost each year. Besides soil erosion, the depletion of
nutrients in the soil has led to a decrease in soil fertility. The decreasing soil fertility
in return has led to a lower agricultural productivity.

In the Ethiopian Highlands, forest has made way for agriculture because of an
increasing population pressure on food, energy and resources. One of the
consequences of deforestation is the increase in land degradation. The trend is in
some areas reversing, like in the Fagita Lekoma District in the northwestern
highlands. 20 years ago agriculture in the district was dominated by crop
production. Nowadays annual crops are still dominating but Acacia decurrens trees
are planted to prevent further land degradation and improve livelihoods by
generating extra income through charcoal production. This afforestation practice
has unknown consequences on the water balance and soil erosion.

The change from a cropping system to an afforestation system was modelled for
a watershed in the Fagita Lekoma District with a soil water crop model. Climate,
elevation, soil, vegetation and land use data were used to model the watershed. This
study showed no major differences in the water balance because of the changed
practice. But the evapotranspiration was lower than expected, this was probably
caused by the tree description of the Acacia decurrens in the model. Because of the
high leaf biomass of the trees a higher evapotranspiration was expected. There are
also signs that through the year the flow to the stream is steadier in the watershed
with the afforestation practice, what will be good for areas further downstream. The
soil erosion has been reduced in the watershed with the afforestation practices.
Areas with crops still experience high rates of soil erosion. The description of the
Acacia decurrens has most likely impacted the water balance in this study.
Research and field measurements will need to be done to improve the model in the
future.
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1. Introduction

The water of the Nile River is an essential resource for the livelihood of 257
million people (NBI 2016). The Upper Blue Nile Basin in the highlands of Ethiopia
is one of the main tributaries to the Nile River. Of the water flow of the Nile River
85 % originates in the Ethiopian Highlands, of which 60% comes from the Blue
Nile River (Abbay River). The Blue Nile River is together with the Tekeze River
the main source of sediments to the Nile River (NBI 2016). These water and
sediment flows are highly seasonal. On average 48.9 Gm® y'! of water is discharged
by the Upper Blue Nile to the Nile River (Dile ez al. 2018). The Ethiopian Highlands
and the equatorial region of the Nile Basin receives the most rainfall while other
areas are experiencing hyper-arid and sub-humid conditions (Onyutha 2016).
Changes in water quantity and water quality in the Upper Blue Nile Basin can have
major ramifications further downstream on water supply, food security and land use
management (Mellander ef al. 2013; Elsanabary & Gan 2015; Jung et al. 2017).

The Upper Blue Nile Basin has also a great potential when it comes to
hydropower and agricultural intensification, but the high water dependency of
downstream regions leads to conflict (Allam et al. 2016). At the moment the Great
Ethiopian Renaissance Dam (GERD) is being constructed close to the border
between Sudan and Ethiopia. The filling of the 1883 km? (73 Gm?) GERD reservoir
will take several years, during which a part of the annual flow will be reduced.
There is no publicly declared policy for the filling of the reservoir but it will impact
the streamflow to downstream countries for at least five to fifteen years dependent
on the annual release of water (Abtew & Dessu 2019a). Besides the construction of
the GERD, the utilization of water is growing in the Upper Blue Nile Basin. The
impact of environmental degradation and changes in land use and management can
most likely also cause a reduced flow to the Nile River (Abtew & Dessu 2019b).

The land use in the Upper Blue Nile Basin is rapidly changing due to agricultural
development and intensification. Only a few studies are looking at the effects of
land use change and water resource impacts on landscape scale. Studies have been
conducted on the hydrology of the Upper Blue Nile Basin. Many studies focus on
the Upper Blue Nile Basin (Gebrehiwot ef al. 2011; Tekleab et al. 2011), the Lake
Tana Basin (Kebede et al. 2006; Setegn et al. 2008; Lemma et al. 2019) or sub-
catchments of the Upper Blue Nile Basin (Asmamaw & Mohammed 2013; Dile et
al. 2013a; Worqlul et al. 2018). Most of the hydrological studies in the Upper Blue



Nile Basin are conducted on the Lake Tana Basin (Senkondo et al. 2018; Worqlul
et al. 2018). Senkondo et al. (2018) categorized the distribution of studies in East
Africa per drainage basin size. Most studies have been performed on a spatial scale
of 1,000 — 10,000 km?. At a sub-catchment scale, the understanding of hydrological
processes is often lacking (Tekleab ef al. 2011). It is important to consider spatio-
temporal variations in hydrological processes when developing a model and a
certain level of uncertainty in model predictions should be expected due to
insufficient knowledge of basin behaviour (Senkondo et al. 2018). Spatial and
temporal variability of climate, topography, soil and geology in Ethiopia have a
significant impact on the water availability (Berhanu et al. 2014). Many studies
conducted in the Upper Blue Nile Basin mention a lack of information on
hydrological and soil properties. Smaller catchments are often ungauged and
weather stations are irregularly positioned.

Agricultural activities are important for Ethiopia’s economy where land use
changes and climate change can cause serious challenges for the environment
(Dereje Ayalew 2012; Berihun et al. 2019). Agricultural practices in the Upper Blue
Nile Basin are mainly rainfed and have low input — output features (Dile et al.
2016). The high population density in the Ethiopian Highlands puts a lot of pressure
on the natural resources and land is converted rapidly from forests to agricultural
land (Belayneh et al. 2018).

Given the importance of weighting upstream and downstream water resources
and water use in the Nile Basin, this study looks at a case of rapidly changing
agriculture land use and the possible impacts on a landscape water balance.

1.1. Aim of the study

The aim of this study is to explore the impact of agricultural land use change on
a landscape water balance. This study is conducted on a watershed in the Fagita
Lekoma District, Ethiopia. The land use in the Fagita Lekoma District has changed
over the last couple of decades from annual cropping to an afforestation system
through a farmer driven process. To date some studies of farmer benefits and
implications on land cover change have been executed (Nigussie et al. 2017a; b,
2020; Belayneh et al. 2018; Wondie & Mekuria 2018). However, there is no
estimates on the impacts on water balance partitioning and water use, nor sediment
loads, which are important environmental factors that impact the upstream and
downstream areas. The following key research questions were explored during this
study with the distributed dynamic model called the soil water assessment tool
(SWAT), for a thirty year period:
1. How has the land use in the watershed in the Fagita Lekoma District changed

in the last twenty years?



How does water balance partitioning change under different types of meso scale
vegetation from annual crops to rotational afforestation practice?

Do field scale soil and water conservation practices affect the landscape water
balance partitioning in a slope catchment?

What is the impact of land-use change from annual cropping to afforestation on
sediment yields?



2. Background

2.1. Agricultural land use change in Ethiopia

The economy of Ethiopia is mainly based on agriculture. About 85% of the
population is employed in the agricultural sector (FAO 2020). Most of the
agriculture in Ethiopia is rainfed (FAO 2016) and as a consequence subjected to
natural high rainfall variability (Rockstrom et al. 2003). The rainfed agriculture in
the Nile Basin is often characterized by low crop yields (NBI 2016). Sustainable
intensification of agriculture is a challenge that Ethiopia faces today and
improvements of productivity are needed (Dile et al. 2013b). The second challenge
Ethiopia is facing is the extreme land degradation due to soil erosion and depletion
of soil nutrients (Abera et al. 2020).

Between 1990 and 2015 Ethiopia has lost approximately 17% of its forest cover,
which is equivalent to more than 2.6 million ha (Belayneh et al. 2018). Land use
conversion, mainly from forest and grazing land into agricultural land, has
increased due to a higher demand for food, livestock feed and energy (Tully et al.
2015; Belayneh et al. 2018; Wondie & Mekuria 2018).

Recently in some parts of Ethiopia, the deforestation trend has been reversed and
the implementation of plantations on degraded hillsides has increased (Berihun et
al. 2019). In the Ethiopian Highlands different kinds of native and exotic species
are planted e.g. Acacia decurrens, Chamaecytisus palmensis, Eucalyptus globulus,
Eucalyptus camaldulensis and Hagenia abyssinica (Kindu et al. 2006; Tesfaye et
al. 2015). Eucalyptus is for example cultivated for timber, fuelwood and charcoal
but can also severely reduce nutrients in the soil (Liang et al. 2016). In the Fagita
Lekoma District the 4. decurrens is planted for short-rotation agroforestry on
degraded cultivated land (Nigussie et al. 2017a) and exploited mainly for the
production of charcoal (Nigussie et al. 2020). The A. decurrens plantation practices
are mainly smallholder plantations (Tadesse et al. 2019).

Aerial photography and satellite images are often used to analyse land use
change (Zeleke & Hurni 2001). Belayneh et al. (2018) have reported annual rates
of 18% increase in forest cover in the period 2003 — 2017 in the Fagita Lekoma
District, for the same period an annual loss of cropland of 2% was reported. Wondie



& Mekuria (2018) also studied the land use change in the Fagita Lekoma District
and found an annual decrease of 1% in forests over 2000 — 2010 and an annual
increase of 5% over 2010 — 2015. Furthermore, for the cropland there was an annual
decrease of 2% (2000 —2010) and 1% (2010 — 2015). In both studies there was no
differentiation between natural forests and the plantations.

Acacia decurrens

Acacia decurrens, which is introduced in the Fagita Lekoma District, is a
nitrogen fixing tree species that finds its origins in Australia. The A. decurrens is
cultivated in the Wolega and Shoa regions in Ethiopia (Bekele 2007). The A.
decurrens has been adopted by farmers for improving soil fertility, generating
additional income through charcoal production and as a soil and water conservation
(SWC) practice (Nigussie et al. 2017a). Some other reasons the farmers adopted
this practice were that the 4. decurrens has shallow roots, has little to no effects on
the crops and its litter decomposability (Belayneh ez al. 2018)

The A. decurrens is used by farmers in the district in the taungya agroforestry
system (Nigussie et al. 2017a). In this system the farmers grow crops in the first
years together with the trees. The seedlings are spaced at roughly 1x1m and the
crops are grown in between e.g. Eragrostis tef (teff) Zea mays (maize) or Triticum
aestivum (wheat) (Tadesse et al. 2019).

A study on five year old 4. decurrens plantations in the Fagita Lekoma District
showed an increase in soil organic carbon content, organic matter content, total N,
available P, CEC and pH and are higher in comparison with cultivated land while
the bulk density was lower (Molla & Linger 2017). The same soil quality indicators
were studied on 4. decurrens plantations just before harvesting and also in this case
there was an increase in soil quality (Bazie et al. 2020).

2.2. Impacts of land use change on the water balance

Studying the water balance of a catchment under land use change is important
to understand the potential impacts on water quantity and quality of both surface
and groundwater (Tekleab et al. 2011). Precipitation, actual evapotranspiration,
infiltration, surface runoff and streamflow are important components of the water
balance. In the Upper Blue Nile Basin there is a data scarcity when it comes to e.g.
observed data. Another problem with the climate data needed for hydrological
modelling in the Upper Blue Nile Basin is that meteorological stations are
irregularly spaced and have often missing data (Sisay et al. 2017).

Impact of land restoration and conservation on runoff, soil loss, soil organic
carbon stock and productivity has mainly been studied on plot scale in the Ethiopian
Highlands and understanding on landscape scale is limited (Abera et al. 2020).



Abera et al. mention a runoff reduction of 38-90% across all conditions in a meta-
analysis on different land restoration practices.

In a study on hydrological impacts in West-Africa, the long-term simulated
runoff due to deforestation increased. As a consequence to the increased runoff, the
streamflow increased in this case. Other consequences that generally come with
deforestation are soil compaction and decreased infiltration (Li et al. 2007). Due to
land use change to cropland and grazing land there is an increase in soil bulk density
and a decrease in organic matter content visible in many tropical soils and
consequently a decrease in infiltration is noticed (Abdelkadir & Yimer 2011). Due
to intensive land use the organic matter supply to the soil can be reduced and can
affect the soil structure and reduce infiltration (Ilstedt ez al. 2007).

Advantages of afforestation in Ethiopia are a decrease in soil erosion and
sediment yields, and an increase of water infiltration and stream discharge
(Lemenih & Kassa 2014). A meta-analysis by Ilstedt et al. (2007) showed an
increase of infiltration after afforestation and the use of trees in agricultural fields
in the tropics. It was also indicated that improvement of soil physical properties is
greater in afforestation practices than agro-forestry practices.

2.3. Land degradation in Ethiopia

Globally land degradation is a major problem. Livelihoods in Sub-Saharan
Africa (SSA) are particularly threatened since a large part of the population is
dependent on agriculture (Tully et al. 2015; Nigussie et al. 2017a). In fact, Ethiopia
is one of the countries that is most affected by land degradation in the world. There
are natural and anthropogenic causes that drive land degradation directly or
indirectly in Ethiopia; agricultural expansion, wood harvesting, expansion of
infrastructure, rainfall variability, population growth, deforestation, soil and water
erosion and low technology in agriculture are seen as underlying causes (Birhanu
2014; Megerssa & Bekere 2019).

By soil erosion 1.5 — 2 billion tons of top soil are annually lost and this is one of
the main forms of land degradation in Ethiopia (Megerssa & Bekere 2019). The soil
losses are estimated to be between 3.4 and 84.5 t ha™! y'! with maximum rates of
300 tha! y! (Abera et al. 2020). On cultivated land the soil loss occurs to be higher
than for other land uses with a soil loss ranging from 50 t ha! y!' to 179 t ha! y’!
(Shiferaw & Holden 1999; Adimassu et al. 2018; Abera et al. 2020). The high levels
of soil erosion can also pose a threat to the energy generation by the GERD by
reducing the hydropower head (Abtew & Dessu 2019a; Abera et al. 2020).
Moreover, nationwide nutrient depletion of N, P and K results in lower agricultural
productivity (Haileslassie et al. 2005).

In Ethiopia several nationwide SWC programs have been undertaken to limit
soil erosion. The Food-for-work (1973 — 2002), Managing Environmental
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Resources to Enable Transition to more sustainable livelihoods (2003 - 2015),
Productive Safety Net Programs (2005 — present), Community Mobilization
through free-labour days (1998 — present) and the National Sustainable Land
Management Project are some examples of land restoration and conservation
initiatives (Haregeweyn et al. 2015). The effects of these land restoration efforts
are studied. However, due to a lack of comprehensive studies the knowledge of
what works where and how is missing (Abera et al. 2020).

Tesfaye et al. (2018) stated that it is important to identify critical areas to plan
and implement soil and water conservation practices. Since many watersheds in the
Upper Blue Nile Basin face severe soil erosion it is better to prioritize SWC
practices in area that are erosion hotspots.

In a hydrological study using SWAT to model the effects of SWC practices in
hotspot areas in Lake Tana Basin, the implementation led to a 59% reduction in
sediment yield (Lemma et al. 2019). Tesfahunegn et al. (2012) simulated in a
catchment in the Tigray Region soil erosion for different SWC practices with
SWAT. They calculated reductions in soil erosion in comparison with a control of
51% for afforestation. The soils in the Tigray Region are generally however coarser
and have higher infiltration rates than the sub humid Upper Blue Nile Basin, where
clay soils are more common and there is more precipitation (Tebebu et al. 2015).



3. Methodology

In this study the aim was to explore the impacts of land use change on the water
balance partitioning and sediment yield. The first part was to find the relevant input
data to simulate the water balance and soil erosion in the watershed to examine
research question 1:

1. How has the land use in the watershed in the Fagita Lekoma District changed
in the last twenty years?

The second part of the study was to build a SWAT model with the input data and
created land use maps. With the model three different scenarios were run; a control,
a control with improved soil and water conservation practices and land use with the
afforestation practices. The controls are according to the 2002 land use and the
afforestation practices are under the 2019 land use. The third part was to analyse
the model results to respond to the second, third and fourth research question:

2. How does water balance partitioning change under different types of meso
scale vegetation from annual crops to rotational afforestation practice?

3. Do field scale soil and water conservation practices affect the landscape water
balance partitioning in a slope catchment?

4. What is the impact of land-use change from annual cropping to afforestation
on sediment yields?

3.1. Site description

The study area is a small watershed in the north-western highlands of Ethiopia
in the Amhara Region (Figure 1). The watershed is located in the Fagita Lekoma
and Banja District between latitude 10°58'37,023" and 11°3'28,802"N and
longitude 36°50'36,264" and 36°5323,96"E (WGS 1984 UTM). The watershed
area is approximately 31.6 km? and the elevation varies between 2,390 and 2,915
meter. The watershed is a part of the South Gojjam subbasin of the Upper Blue Nile
Basin which originates in Lake Tana. South Gojjam is one of the fourteen official
subbasins in the Upper Blue Nile Basin.
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Figure 1. Location of the watershed in the Fagita Lekoma district in Ethiopia. The watershed is part
of the Upper Blue Nile Basin.

The Fagita Lekoma District is located in the subtropical agro-ecological zone of
the north western highlands. The mean annual rainfall in the district is 2,435 mm
(Nigussie et al. 2017a) and the mean temperature is around 20°C. There are two
rainy seasons in Ethiopia; the Belg season and the Kiremt season. The Kiremt
season from June till September contributes most rainfall in the Amhara Region
(Gummadi et al. 2018), with the peak rainfall in July and August (Wondie &
Mekuria 2018).

‘Figure 2 shows the mean monthly distribution of precipitation with the standard
deviation, potential evapotranspiration and minimum and maximum temperature
for 1982 — 2019 (NASA 2018). Based on the datasets used in this study the mean
annual rainfall is 1,954 mm y!. The Belg season, from March till May, received
approximately 282 mm season™! of rainfall over 1982 - 2019. For the Kiremt season,
from June till September, this is 1,489 mm season’!. The mean potential
evapotranspiration (ET,) is 1,901 mm y'. The ET, is calculated based on the
climate data by the SWAT model with the FAO Penman-Monteith method (Allen
et al. 1998). The mean maximum temperature is 26 °C and the mean minimum
temperature is 14 °C.

Agriculture is most important activity in the watershed. The major crops in the
district are teff, barley, wheat, maize and potato (Belayneh et al. 2018; Berihun et
al. 2019). In the last decade the Acacia decurrens has been planted to exploit for
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charcoal production. The 4. decurrens is planted together with a cereal crop at the
beginning of the Kiremt season. In the second year of the agroforestry rotation,
grass is grown with the 4. decurrens for fodder. After 4 to 5 years, the A. decurrens
is harvested and charcoal is produced on the fields. Farmers chose to either grow
crops for 1 or 2 years or replant the A. decurrens the following year.

The dominant soil type in the watershed according to the harmonized world soil
database are Humic Nitisols and to a lesser extent Eutric Fluvisols and Haplic
Luvisols (FAO et al. 2012).
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Figure 2. Mean monthly precipitation (Belg season in orange and Kiremt season in green),
maximum temperature and minimum temperature over a time period of 1982-2019 at grid point lat.
10.75; long 36.75 (NASA 2018).

3.2. Soil and water assessment tool (SWAT)

To determine the effects of land-use change on the water balance partitioning
and sediment loss in the watershed the soil and water assessment tool (SWAT),
version SWAT 2012.10 5.21, was used (Arnold et al. 2012a). SWAT is a semi
mechanistic spatially distributed continuous time soil water crop model. A full
model description is available in the theoretical documentation (S.L. Neitsch et al.
2011). With SWAT, the long-term impacts of land management practices on
hydrology and sediment can be evaluated. Some strengths of the model are the
dynamic crop growth and the capacity for a spatially explicit water balance.
Because of the dynamic crop growth the water uptake by the vegetation and the
actual evapotranspiration are meticulously modelled. In the next subchapters; the
methods used to characterize the SWAT input data, the SWAT model set up and
the SWAT output data analysis.
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Table 1. Required input data for the SWAT model; data description, source, resolution, time and parameters.

DEM

Stream
network

Climate

Soil

Land use/land
cover

Vegetation

Description

CGIAR-CSI, 2009. SRTM 44 10 Digital Elevation
Map. Version 4.1

DEM map processing with ArcMap spatial analysis
toolbox (hydrology), Google Earth maps, sampling
coordinates, topographic maps accessed through the
project *Market-driven afforestation*

MERRA-2 climate data by NASA’s Global Modelling
and Assimilation Office (GMAO) accessed through
the NASA POWER project

Soil maps for the required parameters for 6 soil layers
by the Africa soil information service (AfSIS) — ISRIC
Data hub. The maps are processed in ArcMap to
district and watershed scale.

Processing and analysis of Landsat and Google Earth
maps to create land use maps for 2002 and 2019

Literature research to determine the crop database
parameters for the Acacia decurrens.

Sources

(Jarvis et al. 2008)
http://srtm.csi.cgiar.org/

(Gelaro et al. 2017; NASA 2018)
https://power.larc.nasa.gov/data-access-viewer/?fbclid=IwA
ROSUp8HH6cpkHIXEW]EDgKkMbeTuKC6VpfOcbfopW7
KMUCBnrSzpvwYHpU

(Hengl et al. 2015) (Leenaars et al. 2018)
https://www.isric.org/projects/soil-property-maps-africa-250-
m-resolution

Landsat imagery accessed through ArcGIS, made available by
United States Geological Survey (USGS):
https:/livingatlas2.arcgis.com/landsatexplorer/

Google Earth imagery

Multiple literary sources (appendix B) and consultation with
experts.

(Dye & Jarmain 2004; Kindu et al. 2006; Mekonnen et al.
2006; Bewket & Teferi 2009; Bulcock & Jewitt 2010; Clulow
etal 2011; Arnold et al. 2012a; Le Maitre et al. 2015; Péllico
Netto er al. 2015; Tesfaye et al. 2015; Gelaro et al. 2017;
Asmare & Gure 2019; Endalamaw 2019; Ferede et al. 2019;
Ambha et al. 2020)

Resolution, time period

srtm 44 10; 90m x 90m

90m x 90m

Resolution ~50km
(Grid)
1982 - 2019

250m x 250m
1,000m x 1,000m
(Grid)

30m x 30 m
10m x 10 m
Smx S5m
2002 and 2019

Parameters

Precipitation, minimum and
maximum temperature, wind speed,
relative humidity, surface albedo

Bulk density, available water
capacity, organic carbon, clay, silt,
sand and rock content.

Natural forest, Acacia decurrens
plantations, cultivated land, pasture
and urban area.

Growth period, radiation-use
efficiency, harvest index, leaf area
index (LAI), max. canopy height,
max. root depth, optimal and
minimum temperature for plant
growth, Normal fraction of N and P in
yield, N and P uptake, min. USLE C
factor, max. stomatal conductance,
plant residue decomposition
coefficient, max. biomass, biomass
die-off fraction, root to shoot ratio
and light extinction coefficient.
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http://srtm.csi.cgiar.org/
https://power.larc.nasa.gov/data-access-viewer/?fbclid=IwA%20R0SUp8HH6cpkHlXEWjEDgKkMbeTuKC6VpfOcbfopW7%20kMUCBnrSzpvwYHpU
https://power.larc.nasa.gov/data-access-viewer/?fbclid=IwA%20R0SUp8HH6cpkHlXEWjEDgKkMbeTuKC6VpfOcbfopW7%20kMUCBnrSzpvwYHpU
https://power.larc.nasa.gov/data-access-viewer/?fbclid=IwA%20R0SUp8HH6cpkHlXEWjEDgKkMbeTuKC6VpfOcbfopW7%20kMUCBnrSzpvwYHpU
https://www.isric.org/projects/soil-property-maps-africa-250-m-resolution
https://www.isric.org/projects/soil-property-maps-africa-250-m-resolution
https://livingatlas2.arcgis.com/landsatexplorer/

3.2.1. Input data characterisation

For the SWAT model different input data were required to be able to model the water balance
partitioning and sediment yield in the watershed. The input data that was required was a digital
elevation model (DEM), climate data, land use and vegetation parameters. A summary of this
data can be found in table 1.

Digital elevation model and stream network

The DEM for the northwestern part of Ethiopia (SRTM_ 44 10) was obtained from the
CGIAR-CSI website (Jarvis et al. 2008). The resolution of the DEM is 90m. In ArcMap 10.4.1
the clip data management tool was used to adjust the DEM to watershed scale.

The next step was to create the stream network for this the hydrology spatial analysis
toolbox was used. The flow direction and flow accumulation tools used the DEM to create
rasters. A polyline for the streams in the watershed was created from these rasters. The GPS
coordinates of the river track of both the Timbile River and the Enkul River were added to
ArcMap. With the point to line data management tool polylines were made for both rivers. The
polylines of the streams and the rivers were combined to one polyline. The created polyline was
compared with the topographic maps of Adis Kidame and Gimja Bet (Ethiopian mapping
agency (EMA) 1987a; b) and where needed the polyline was edited. Figure 3 shows the DEM
and the created stream network of the watershed.

Kilometers
0 05 1 2 3 4

Figure 3. DEM and stream network of the watershed (Jarvis et al.
2008).
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Climate

Two climate datasets with daily precipitation, maximum temperature, minimum
temperature, relative humidity, solar radiation and wind speed for the time period 1982 to 2019
were downloaded from the NASA POWER project, based on the coordinates of the watershed
(NASA 2018). The climate data is MERRA-2 climate data by NASA’s Global Modelling and
Assimilation Office (GMAO). The two grid points of the MERRA-2 climate data set are located
at latitude 10.75 and longitude 36.75 (station 1) and latitude 11.25 and longitude 36.75 (station
2) with an elevation of 1,839 m and 1,864 m. The annual mean precipitation was 1,958 mm y’
! for station 1 and 1,949 mm y! for station 2 with a standard deviation of 397 mm y! and 412
mm y'!, respectively.

The data for the precipitation, temperature, relative humidity, wind speed and solar radiation
were added to separate text files to be able to generate the climate stations in SWAT. The
SWAT weather database tool was used to process and run statistics on the weather files and
create the monthly weather database (Essenfelder 2018). The weather database was added as
WGN user to the SWAT2012 project database.

Table 2. Soil layers and the corresponding soil physical parameters with the units (Arnold et al. 2012a).

Soil layers Properties Units
0—35cm Bulk density gcm?
5—15cm Available water capacity mm H,O/mm soil
15—-30cm Saturated hydraulic conductivity mm hr!
30—60cm Organic carbon content % soil weight
60— 100 cm Clay content % soil weight
100 - 200 cm Silt content % soil weight
Sand content % soil weight
Rock fragment capacity % total weight
Top layer Moist soil albedo
USLE soil erodibility (K) factor (tha' h™)/(ha MJ!' mm™)
Soil

The soil information was obtained in the form of maps from the Africa Soil Profile Database
(Africa Soil Information Service (AfSIS) 2015)!. The soil maps used describe the physical
properties of the soil profile, see table 2 for all the required physical properties (Arnold et al.
2012a). The GeoTIFFs have a resolution of 250m. GeoTIFFs are raster images that have
metadata and the location embedded. They are in grid format and were downloaded from the
ISRIC data hub (Hengl ef al. 2015; Leenaars et al. 2018). The soil maps are available for six
soil layers at six intervals. The saturated hydraulic conductivity (Ksa) was based on the maps
and a hydrology tool and compared with literature (USDA Agricultural Research Service;
Hengl et al. 2015). A SoilGrids250m GeoTIFF of the world reference base (WRB) subgroup

! There are soil maps available of a higher resolution e.g. EthioSIS (Ethiopian Agricultural Transformation Agency). However,
these maps were not readily available for the soil physical properties needed in SWAT.
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classes was also obtained from the ISRIC data hub (Hengl ef al. 2017). The soil albedo was
obtained from the NASA POWER project (NASA 2018).

Furthermore, the USLE soil erodibility factor or K factor was calculated in ArcMap using
equation 3.1. The K factor depends on the soil texture, organic matter content, and soil structure
and soil permeability. Equation 3.2 was used to calculate the particle-size parameter (M),
where, mclay, msiit and mygs are the rasters for clay, silt and very fine sand content of the top layer
(Hengl et al. 2015). The very fine sand content was calculated using the RUSLE2 formula
(USDA-Agricultural Research Service 2013; Corral-Pazos-de-Provens et al. 2018), equation
3.3, where, msang is the raster of the sand content of the top layer (Hengl ef al. 2015). The
percentage of organic matter, OM, was calculated with equation 3.4 where org C is the organic
carbon content of the top layer (Hengl e al. 2015). Based on soil profile descriptions of the
Awi Zone, the soil structure or csoilstr 1S defined as code 4; blocky, platy, prism like or massive
(DSA & SCI2005). Based on literature and the Ksat, the soil permeability or cperm 1S defined as
code 5; slow (1-5 mm/hr) (Bayabil ef al. 2019). The K factor in the watershed varies between
0.087 and 0.156 (t ha! h'') / (ha MJ"' mm™) (figure 4). Similar K factors were found in
watersheds in the northwestern highlands of Ethiopia (Bewket & Teferi 2009; Esa et al. 2018;
Kidane et al. 2019).

USLE soil erodibility factor

Legend
USLE_K (tha-1 h-1) / (ha MJ-1 mm-1)

Figure 4. The USLE soil erodibility factor in the watershed (t ha* h'') / (ha
MJ! mm) (Hengl et al. 2015).

0.00021 - M'1*- (12 — OM) + 3.25 - (Cspiiser — 2) + 2.5 * (Cperm — 3)
Kysip = 100 (3.1

M = (msilt + mvfs) - (100 — m,) (3.2)
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Myps = (0.74 - (3.3)

OM = 1.72 - orgC (3.4)

For the watershed and all the subbasins the average values of the soil physical properties
were calculated in ArcMap using the statistical analysis toolbox (Appendix A). For the overall
watershed, the user soil ETHIOPIA was created is the project database. The ArcMap values
were further processed in MS Excel and added to the soil tables in the SWAT2012 project
database to represent the soils per subbasin.

Land use

The land use in the watershed was classified for two different moments in time; before the
implementation of A. decurrens plantations and after the establishment of A. decurrens
plantations. Therefore, land use maps were created for 2002 and 2019, for the classification of
the land use Google Earth (Google Earth ef al. 2002; Google Earth & CNES / Airbus 2017,
2019) and Landsat images (ESRI et al. 2020) of the growing season for these years were used.
With the georeferencing toolbar in ArcMap, the Google Earth and Landsat images were fitted
to the display. The image classification toolbar was used to sample the different land uses;
agriculture, pasture, natural forest, 4. decurrens plantations and urban areas. For 2002 the
Google Earth map was used as a base for the Landsat images for 2002 were of a poor quality.
For 2019 both images were used to create the map. The maps have a resolution of approximately
S5m. The land use was analysed on watershed scale. The areas of the different land uses from
the SWAT land use report were used to determine the percentage of land cover and calculate
the change between 2002 and 2019.

Vegetation

The vegetation that is modelled in the SWAT simulation is based on the land use. The
cropland species is defined as Eragrostis tef (teff) and are available in the SWAT crop database.
However, the root depth of teff was altered from 2 m to 0.75 m (Ayele et al. 2001; Tsegay et
al. 2012). The natural forest and pasture vegetation were also taken from the SWAT crop
database.

The Acacia decurrens was not in the crop database and parameters needed to be determined.
Therefore, literature research was done do to develop the most reasonable crop parameters and
where needed experts were consulted. The decision was made to choose parameters for the
Acacia mearnsii where information was lacking on the A. decurrens. The values for the A.
mearnsii were based on studies in Ethiopia and (sub-) tropical regions around the world. The
parameters that could not be determined for the A. decurrens nor the A. mearnsii were assigned
based on other tree crops in the database. In tables 21-24 in appendix B, the complete list with
all the crop parameters and sources.
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3.2.2. SWAT model setup

The ArcSWAT toolbar in ArcGIS was used to simulate the water balance and erosion in the
watershed. In a SWAT project, data is stored in different geodatabases; SWAT project
geodatabase, raster storage and SWAT parameter geodatabase. For the different land-use maps
different project were created.

Watershed delineator

After the project setup, the first step was the watershed delineation, where the watershed and
the subbasins are defined. In the DEM setup, the DEM raster was imported and the stream
network was burned in to the DEM, this was done to pre-define the location of the stream
network. The stream definition is both DEM-based and based on the flow direction and
accumulation; the stream network was added as different layers. The outlet point of the
watershed was selected, and based on this the watershed was delineated. The watershed was
divided into 27 subbasins.

HRU Analysis

The SWAT hydrologic response units (HRUs) are generated by analyzing the land use, soils
and slope (Winchell et al. 2013). A HRU is a part of a subbasin that possesses unique attributes
when it comes to land use, soil and the slope. A HRU can be scattered in a subbasin but has the
same specific land use, soil and slope. (Arnold et al. 2012a).

In the land use/soils/slope definition dialog box in the land use data tab, the land use data
layer was added in grid format. The data layers for land use in 2002 and 2019 were selected
and clipped to the watershed boundary. In the land use classification table, the land cover code
were manually defined. Land use was defined as forest-mixed (FRST), 4. decurrens plantations
(ADEC), cropland (TEFF), pasture (PAST) and low density residential areas (URLD). In the
soil data tab, the WRB soil data layer was added in grid format and the user soil ETHIOPIA
was selected. The user soil ETHIOPIA contains the mean soil physical properties for the
watershed as a whole. In the slope tab, the slope was defined in multiple classes, instead of
singular, because of the wide slope range. The minimum slope is 0.2%, the maximum slope is
42.0% and the mean is 14.8% with a standard deviation of 7.41%. Based on these statistics,
there is chosen to define 5 slope classes of 0-5%, 5-12%, 12-20%, 20-30% and >30%. Based
on the DEM the slope classes were calculated by the program. After the land use, soil and slope
grids were reclassified an overlay report and an HRU feature class were created. In the report a
detailed description on land use, soil and slope distribution is provided for the watershed and
the subbasins.

The HRU definition is the final step in the HRU analysis. As a general rule a subbasin should
contain 1-10 HRUs, this to simplify the model (Arnold et al. 2012a). Multiple HRUs were
defined for the watershed, with land use thresholds of 15% (land use over subbasin area), 5%
(soil class over land use area) and 15% (slope class over soil area). These thresholds were
chosen not to exceed the 10 HRUs. A minimum of 3 HRUs were assigned to the 27 subbasins.
In total, there are 135 HRUs assigned for the 2002 land use and 184 HRUs for the 2019 land
use. Since the threshold for land use percentage (%) over the subbasin was defined as 15%, any
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of the five land uses that has a smaller land cover than 15 % in a subbasin will have no HRU
defined for that specific subbasin and will only be defined if the conditions for all three
thresholds are met (Her et al. 2015). This means that for the URLD no HRUs were defined in
the model since the URLD land cover was <1% of the subbasin area.

Write input tables

Firstly, in the weather data definition dialog box, the WGN_user monthly weather database
was added to be able to account for any missing climate data. The next step was to add the text
files with rainfall, temperature, relative humidity, solar radiation and wind speed data in the
respective tabs. After the weather data was defined, the SWAT database tables were written.

Edit SWAT input

Some of the created tables were edited to better represent the land use, HRU or subbasin
level of the watershed. Tables that were edited; were the soil tables and management tables.
The soil tables were edited because there are differences in soil physical properties according
to the soil maps (Hengl et al. 2015). In the management tables only the default values were
present and needed to represent the HRUs better.

The mean soil values per subbasin, calculated with ArcMap, were added to the soil tables
instead of having the soil values for the user soil ETHIOPIA for the whole watershed. However,
due to time constraints the land use was not used to optimize the soil data even further and to
account for landscape variations.

Table 3. Applied management operations for the different land covers.

Crop Management operations Time
Acacia decurrens | Planting beginning of growing season Year 1; 1 July
Harvest and kill Year 6; 1 November
Planting beginning of growing season (teff) | Year 1; 1 July
Harvest and kill (teff) Year 1; 1 December
Eragrostis tef Planting beginning of growing season Year 1; 1 July
Harvest and kill Year 1; 1 December
Automated fertilization Year 1; 1 January
Pasture Planting beginning of growing season Year 1
Grazing Year 1
Automated fertilization Year 1

For the management tables, the management operations for the different land uses were
written (table 3) while the forest land use was left unchanged. The automated fertilization
function was chosen to limit the nitrogen and phosphorus stress and would only be applied
when crops and pasture would be under a certain level of nutrient stress, which was based on
several factors. The crops were fertilized with elemental N and P while pastures were fertilized
with manure. The nutrient fluxes were for this study not analysed but without the fertilization
the model would deplete the soil of nutrients, causing unwanted effects on the pastures and
crops. During the modelling it was assumed the A. decurrens would be planted every 6 years
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without having a year in between agroforestry cycles with an annual crop. There is chosen to
let the A. decurrens grow for 5 years although farmers also harvest after 4 years. Uprooting of
the A. decurrens and tillage of the crop fields were due to time and modelling constraints not
taken into account, although they do have an impact on the water balance and sediment yields.

Three different land use scenarios were run with the SWAT model. The control is the land
use as it was in 2002 before the implementation of plantations in the watershed. No major
changes were made for the control, except for the editing of the soil and management tables.

For the afforestation land use, the 2019 land use map was used. In the afforestation scenario
the 4. decurrens trees were added to the crop database. The soil and management tables were
like in the control edited. Besides these tables also the SCS runoff curve number or CN value
for the A. decurrens was lowered from 87 to 79 to match the natural forest CN value. The SCS
runoff curve number is dependent on the soil’s permeability, land use and soil water conditions.

The third land use scenario is the control scenario with improved soil and water conservation
practices. The input data is similar to the control except that terraces were implemented on
cropland that has a maximum slope of 20% (Huffman et al. 2013). The initial SCS runoff curve
number (CN2), the USLE practice factor (USLE P) and the slope length (SLSUBBSN) were
altered to create the terraces (Waidler et al. 2009), see table 4. The SWAT manual was used to
determine the parameters (Arnold et al. 2012a)

Table 4. Changes between the control and the control with improved SWC practices in the management
parameters and HRU parameters.

Scenario CN2 USLE P SLSUBBSN (m)
Control &4 1 15-61
Terraces 81 05-1 9-31

SWAT simulation

After all tables were written, the SWAT simulation was ran. The simulation was run over 38
years of which 8 years were a warm-up period and no values were calculated during this period.
This resulted in 30 years of data on watershed, reach (stream within a subbasin), subbasin and
HRU level. The output data was run through SWAT Check to verify whether there were
variables that were excessive or perhaps parameter issues. Parameters issues could be excessive
sediment loss, long periods of nutrient stress or high water fluxes. The simulation results were
added to a SWAT output database for each scenario and for a daily, monthly and yearly time
step.

3.2.3. SWAT Output analysis

Water balance partitioning

In SWAT, the water balance equation is used to simulate the hydrological response.
Equation 3.6 is the water balance equation, where t is time in days, SW; is the final soil water
content, SWy is the initial soil water content, P; is the precipitation, Qsut;i 1s the surface runoff,
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ETi is the evapotranspiration, Qperc,i is the percolation and Qguw,i 1s the return flow or groundwater
flow to the stream. All the units are in mm (S.L. Neitsch ef al. 2011).

t
SW, = SWo + ) (P, = Qeurys = ETi = Qperei = Q) (35)

=1
The SWAT output MS Access databases that were created after the simulations were used

to analyse the results. The mean, minimum, maximum, standard deviation and coefficient of
variation were calculated and t tests were done to examine the variation and significant
difference of the results. For the t tests an o of 0.05 was used. To calculate the water balance
partitioning, the mean annual values were taken from the database. In figure 5, a schematic
image of the water balance in SWAT. The partitioning of precipitation with actual
evapotranspiration, percolation, surface runoff and streamflow were calculated. The same goes
for fractions of baseflow and surface runoff that contributed to the streamflow. The streamflow
is in SWAT defined as the water yield and consists of the surface runoff, lateral flow and
groundwater flow. The groundwater flow is also referred to as the baseflow.

The actual evapotranspiration, surface runoff, streamflow and baseflow were further
analysed on a daily and monthly time scale. Parameters were obtained from the access databases
and imported in MS Excel and processed. Graphs and tables were produced to visualize the
results.
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Infiltration Surface runoff

Root zone

Unsaturated zone

cap'l%l lary
flow |

Percolation to Return flow or groundwater flow ',
shallow aguifer Yy

Shallowaquifer

Deep aquifer Deep aqu'n‘i&r recharge
v

Figure 5. Schematic image of water balance model in SWAT (S.L. Neitsch et al.
2011).

Sediment yield and soil loss

The Modified Universal Soil Loss Equation (MUSLE) is used in SWAT to calculate the soil
erosion. Equation 3.7 is the MUSLE for the sediment yield, where SY is the sediment yield, q,
is the runoff peak discharge in m%/s, A is the HRU area in ha, K is the soil erodibility factor, C
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is the land cover/plant factor, LS is the slope length and steepness factor, P is the (soil and
water) conservation factor and F is the coarse fragment cover (S.L. Neitsch ef al. 2011). The
energy of the surface runoff is used in the MUSLE rather than the rainfall like in the Universal
Soil Loss Equation (USLE) (Vigiak et al. 2015). For comparison reasons the SWAT model also
calculates the soil loss with the USLE. In the SWAT model, the soil loss is the total amount of
soil that erodes from an area, while the sediment yield is the amount of eroded soil that actually
ends up in the reach (stream) and will be leaving either subbasin or watershed.

SY =11.8 (Qsurf * qp " A)**¢ K- C-LS-PF (3.6)

The annual mean sediment yield was calculated in t ha! y! on subbasin and HRU level. On
subbasin level the change between the control and the SWC scenarios was calculated to
determine the reduction. To look closer at the effects of land use change on the sediment yield
the mean and standard deviation values were calculated for the different land uses and slopes
for all the scenarios. The subbasin and HRU shape files for the scenarios were added to the
ArcMap and in the attribute table the calculated sediment yields were added. With use of the
symbology tab of the shape file the colouring and range was selected.

3.2.4. Analysis of the rainfall characteristics

The mean and standard deviation (STD) of the annual rainfall for the period 1990-2019 was
calculated. The amount of rainfall for the Belg and Kiremt seasons was determined and the
mean and STD were also calculated for the seasons. The maximum precipitation for each year
was calculated as well as the number of rainy days. To determine if the climate data from the
two stations are significantly different a t-test was run.

For determining the dry and wet periods the standard precipitation index (SPI) was used.
Equation 8 was used to calculate the SPI, where, x is the seasonal precipitation, x is the long-
term mean and o is the STD of the long-term mean (Mahfouz ef al. 2016). In table 5, the
different drought classes are given. The SPI was calculated for the different years, but was also
determined for the Belg and Kiremt seasons to see which season distributed less rainfall to
potential cause a dry season.

SPI—x a 3.7
=— (3.7)

Table 5. Drought classes of the standard precipitation index (Asadi Zarch et al. 2015; Elkollaly et al. 2018).

SPI range Drought classes
1.5-2 Severely wet
1-1.49 Moderately wet

-0.99-0.99 | Neutral
-1--1.49 Moderately dry
-1.5-2 Severely dry
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4. Results

In section 4.1 the land use change from annual cropping to afforestation that has occurred in
the watershed was analysed over the last 17 years. In section 4.2 the rainfall characteristics of
the used datasets in the SWAT modelling were analysed. Section 4.3 examined the effects of
land use change under different types of meso scale vegetation from annual crops to an
afforestation practice. In section 4.4 the impact of land use change on sediment yields in the
watershed was examined.

4.1. Change from annual cropping to afforestation in 17 years

During 17 years the watershed has undergone significant land use and land management
change, from dominant crop and pasture on almost 90% of the area, to permanent cultivated or
natural forest on >45% of the area.

In 2002, the dominant land use in the watershed was an annual cropping system. Although
the cropland remains the dominant land use in 2019, there is a clear shift visible (table 6). The
land use that is dominating next to the annual crops are the A. decurrens plantations.

Table 6. Land cover area and change in land cover area between 2002 and 2019.

Land cover 2002 2019 Change
Area (ha) % Area (ha) % %

Pasture 1,034 33 400 13 -61
Eragrostis Teff 1,783 56 1,303 41 -27
Forest 345 11 490 15 42
Acacia decurrens - - 967 31 -
Urban/Buildings - - 1 0.03 -
Total area 3,162 100 3,161 100

The areas with annual crops (teff) have decreased by approximately 480 ha. In 2019
approximately 967 ha were covered with 4. decurrens plantations and were cultivated on land
that was previously used for crop production or pastures. However, at some places the A.
decurrens plantations have replaced areas with natural forest. Furthermore, there is a small
increase in natural forest of about 145 ha. On the other hand, there is a decrease of 61% of areas
with pastures. In 2002, areas with pastures were dominating in some parts of the watershed. In
2019, the areas with pastures have decreased and cropland and A. decurrens plantations seem
to have taken over.
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Figure 6. Land use classification for 8 October 2002 and 29 December 2019. Land use is classified as
cropland (AGRL), forest (FRST), pastures (PAST), Acacia decurrens plantations (PLAN) and urban
(URBN) for the watershed delineated in SWAT.

The land use classification maps for 2002 and 2019 (figure 6) show the spatial distribution
of land use in the watershed. The areas with the 4. decurrens plantations might be
underestimated due to the intercropping of seedlings with a cereal crop in the first year of the
agroforestry rotation. Only five different land uses were classified in the watershed; cropland,
pasture, forest, urban and plantations. However, according to topographic maps (Ethiopian
mapping agency (EMA) 1987a) there are some areas with wetlands and ponds in the watershed
that were not classified. Some wetlands may be temporary and are only present during the rainy
season. According to farmers with the introduction of the 4. decurrens the wetlands have
become drier.

4.2. Rainfall characteristics

There is a high rainfall variability between years and within seasons over the period 1990 —
2019, with a coefficient of variation between 22-23% for the two stations. Half of the daily
rainfall is below 5 mm d"!. Only 10% of the rainfall exceeds 20 mm d'.

The mean annual rainfall is approximately 1900 mm y! and over the years there is a high
variability (table 7). Based on a t-test, the datasets of the two stations are not significantly
different. The two tailed t-test showed a p-value of 0.96. The Belg season contributes about
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14% of the yearly rainfall. However, most rainfall is contributed during the Kiremt season,
approximately 76% falls during this season. The other 10% of the rainfall is contributed outside
of the Belg and Kiremt seasons.

Table 7. Mean, standard deviation and coefficient of variation (CV) of the annual rainfall, Belg rainfall and
Kiremt rainfall.

Weather | Altitude Annual rainfall Belg rainfall (mm) Kiremt rainfall (mm)
station (m) (mm)
Mean | STD | CV | Mean | STD | CV | Mean | STD CV
Station 1 1,839 | 1,903 | 434 | 23 278 | 122 | 44 | 1,443 | 282 20
Station 2 1,864 | 1,898 | 409 | 22 258 | 110 | 43 | 1,468 | 280 19

There is no clear trend in the datasets over the period 1990-2019, when looking at the rainfall
distribution (figure 7). With the consideration in mind that the mean annual rainfall is
approximately 1,900 mm, there are clear dry and wet periods.

Of the 30 years, 18 years have a neutral drought class. The annual and seasonal standard
precipitation index (SPI) over the period 1990 — 2019 shows mainly the neutral drought classes
with a considerable drought spell in the early 2000s (figure 8). Some of the neutral years have
a drier Belg season i.e. 1990, 2009 and 2012, whereas others have a wetter Kiremt season e.g.
1999 and 2006.

Based on the SPI values, the period 2002 — 2004 is classified as severely dry (figure 8).
Furthermore, 2001 and 2011 are classified as moderately dry years. In the period 2001 - 2004
and in 2011 the annual rainfall is lower than the mean Kiremt rainfall. With this in mind, there
is less than 1150 mm rainfall during the Kiremt season for these years. Additionally, for 2002
and 2003 the rainfall during the Belg season is also lower than normal.

On the other hand, there are several years that are classified as moderately wet; 1993, 1996,
1997, 2014, 2016 and 2017. The rainfall during the Kiremt season is slightly higher for all the
moderately wet years except for 1997. For all years, except 1993, there was more rainfall than

normal during the Belg season.
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Figure 7. Long-term (1990-2019) annual, Belg and Kiremt rainfall distribution in mm y! for the 2 weather stations
(NASA 2018).
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a. Annual SPI values
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Figure 8. Long-term (1990-2019) annual and seasonal SPI values. The 5 drought classes: 1.5 — 2 severely wet, 1
based on data of NASA (2018).
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The amount of days with rainfall of more than 0.1 mm d! lies between 207 and 284 days for
station 1 with a mean of 249 days and a STD of 17. For station 2, this lies between 212 and 290
days with a mean of 257 days and a STD of 18. More or less half of the days receive less than
5 mm d! of rainfall. Approximately 93% of all rainy days receive less than 20 mm d! of
precipitation.

For station 1, the highest maximum daily precipitation was 89 mm d!' in 2015, whereas for
station 2 this was 80 mm d™!' in 2017. In the period 1990 — 2009, there were only ten days where
the rainfall exceeded 50 mm d!. In the period 2010 — 2019, there were thirteen days that
exceeded this threshold. During the period 1990 — 2009, the maximum daily precipitation was
63 mm d!. However, in the last decade the daily precipitation exceeded the threshold of 80 mm
d! on two consecutive days in 2017 with 88 mm d™! and 82 mm d'..

4.3. Effects of land use change on the water balance
partitioning

The water balance for the landscape under the three different land use and land management
practices suggested some unexpected changes in actual evapotranspiration (ET.) and runoff.
The ET, was for the afforestation scenario 150 mm y™!' lower than the control while the runoff
was similar for all scenarios. More ET, and less surface runoff was expected in the afforestation
scenario where there was more intensified biomass production. The results of the control and
control with improved SWC practices were not significantly different.

Table 8. Long term (1990-2019) annual mean and standard deviation of water balance components for the control,
control with improved SWC practices and afforestation land use in mm y.

Control Soil water Afforestation
conservation
Mean | STD | Mean | STD | Mean STD
Precipitation (mm y) 1,900 | 410 1,900 410 1,900 410
Potential evapotranspiration (mm y') 1,903 | 40 1,903 40 1,903 40
Actual evapotranspiration (mm y') 954 91 957 97 803 99
Surface runoff (mm y!) 637 254 589 246 650 257
Lateral flow (mm y') 18 4 25 4 24 5
Percolation (mm y') 294 97 328 95 422 119
Groundwater flow (mm y') 241 90 273 87 362 110
Revap or capillary flow (mm y!) 38 1 38 1 38 1
Recharge deep aquifer (mm y!) 15 5 16 5 21 6
Final soil water content (mm) 211 13 213 13 246 12

The lateral flow, actual evapotranspiration, groundwater flow and percolation in the
afforestation scenario were significantly different from the control. On the other hand, there
was no significant difference between the control and the control with improved SWC practices.
A summary of all the annual means of the different fluxes for all three scenarios can be found
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in table 8. In the afforestation scenario the ET, was approximately 150 mm y! lower than in
the controls. The runoff differed slightly in the three scenarios but were not significantly
different. Due to high biomass production and dense canopy of the 4. decurrens a higher ET.
and less runoff was expected in the afforestation scenario. The percolation and subsequently
groundwater flow was significantly higher for the afforestation scenario.

The precipitation ending up as streamflow and baseflow was in the afforestation scenario
higher than in the other scenarios, which would be positive for areas further downstream. The
higher groundwater flow could have resulted in a higher and steadier baseflow in the stream.
For the afforestation scenario about 55% of the precipitation ended up as streamflow. The
baseflow in the afforestation scenario was about one third of the total flow in the stream.
Consequently, the surface runoff and the lateral flow are contributing the rest of the water to
the total flow.

In the next subchapters a comparison between the control and the afforestation scenario for
the actual evapotranspiration, surface runoff, streamflow and baseflow. Due to the fact there
was no significant difference between the water fluxes of the two controls, there was chosen to
not take the control with improved SWC practices into account in this comparison.

4.3.1. Actual evapotranspiration

The actual evapotranspiration (ET.) was unexpectedly higher in the control in comparison
with the afforestation scenario. This was probably a result of the low LAI, dormancy period
and sensitive growth response parameters of the 4. decurrens.

The ET. for the control was similar for all the years with some slight fluctuations (figure 9).
Though, for the afforestation scenario there were differences between the years of the
agroforestry rotation. During the first two years of the rotation, the ET., was similar to the
control, while during the remaining four years the ET. was lower than in the control. From the
second year, due to a high leaf biomass of the 4. decurrens, a higher ET. was expected for the
overall watershed.
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Figure 9. Mean monthly ET, in mm m™” from 1990-2019 for the control and afforestation land use. The
afforestation cycle starts in 1994, 2000, 2006, 2012 and 2018.
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In the simulation it was observed that unexpectantly the ET, for the 4. decurrens was below
the ET. of the annual cereal crop (figure 10). This was particularly the case during the peak
growing season. Furthermore, from the second year of the agroforestry rotation, a LAI of >3
was expected while in the model the LAI did for most years not exceed 2.5. Besides the low
LALI, it was also expected that the A. decurrens would transpire the entire year, the figures show
that at the beginning and end of the year there is an ET. of practically zero. The low ET. at the
end and beginning of the year can be explained by the tree going into dormancy for just 10 days
(day 352 - 361), during which a part of the leaf biomass was lost. Also, the decrease in ET,
around March just before the rainy season might have been caused by water stress.

Moreover, the teff seemed to transpire the entire year. However teff was not planted till day
182 and harvested on day 335 and should only transpire during this period. In figure 10 it looks
like the crop is growing for most of the year. There will certainly be evaporation from the soil
during the period without a crop, however a similar ET, as in the beginning of the year was
expected.
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Figure 10. Daily ET, in mm d"! for the Acacia decurrens and teff in the afforestation
scenario for; a. 2004 (dry year), the 3th year of the afforestation cycle and b. 2008
(normal year), the 5th year of the afforestation cycle.
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4.3.2. Surface runoff

The surface runoff in the control and the afforestation scenario were similar. Due to the high
leaf biomass of the 4. decurrens it was expected that in the afforestation scenario a larger part
of the precipitation would be intercepted by the canopy and less surface runoff would be
generated.

In total there were approximately 2,568 surface runoff events over a 30 year period for the
control and 2,742 surface runoff events for the afforestation scenario (figure 11). Due to the
high LAI, there was the expectation that a part of precipitation would be intercepted for the A.
decurrens land use and as a result there should be less intense runoff events. However, no such
reduction in runoff events could be determined, potentially due to a low LAI for the A.
decurrens in the model, which was generally not exceeding 2.5.

For the control the runoff events occurred on average 99 d y'!, while for the afforestation
scenario this was 104 d y! (STD: 23 days). Approximately 53% of the events were events with
a runoff of 1 — 5 mm d'. Whereas, 95% of the runoff events were less than 20 mm d™'. On
average there were 4 d y'! when the surface runoff exceeded 20 mm d! for both scenarios.
During the dry period between 2001 and 2005 there were in the control only 2 days exceeding
20 mm d!, while for the afforestation scenario there were 4 days. The six surface runoff events
with an intensity of more than 50 mm d! occurred between 2015 and 2019 except for one event
in 1991.
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Figure 11. Distribution of surface runoff events with more than 1 mm d”' over 1990-2019 for the control and
afforestation scenario.
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4 .3.3. Streamflow and baseflow

The streamflow was in the control on average lower than in the afforestation scenario.
However, the baseflow was significantly different and was steadier and higher through the years
for the afforestation scenario.

Table 9. Mean streamflow and baseflow for the control and afforestation scenario in mm y'.

Streamflow Baseflow
Mean (mm y!) | STD (mmy') | Mean (mmy') | STD (mmy")
Control 912 39 244 90
Afforestation 1040 85 351 110

As can be seen in table 9, the streamflow and baseflow were higher in the afforestation
scenario. The streamflow was lower in the control than in the afforestation scenario. However,
the baseflow was significantly different (p-value of 0.0001) from the control and was
approximately 44% higher in the afforestation scenario.

The baseflow in the afforestation scenario was higher for most of the year (figure 12). Also
the period during the year there was baseflow was longer for the afforestation scenario. The
period with baseflow started somewhere during the beginning of the Kiremt season for both
scenarios. At the end of the dry season or the beginning of the rainy season there was little to
no baseflow for both scenarios depending on the year. In the control there was no baseflow for
approximately 129 d y! while in the afforestation scenario this was 104 d y™! with a coefficient
of variation of 23%.
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Figure 12. The long-term (1990-2019) mean daily baseflow for the control and afforestation scenario.

4.4. The impact of land use change on the sediment yield

The implementation of soil water conservation practices in the form of the afforestation
practice and terraces reduced the sediment yields in the watershed despite the similar runoff.
Cropland has the highest sediment yields and was most prone to soil erosion.
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The mean annual sediment loadings in the overall watershed were 26.5 t ha! y! with a STD
of 11.9 tha™! y! for the control scenario, 15.3 tha! y! with a STD of 6.9 t ha'! y! for the control
with improved SWC practices and 15.5 t ha! y! with a STD of 6.9 t ha! y! for the afforestation
scenario.

In SWAT, the energy of the runoff was used to determine the sediment yields. As stated
before, 95% of the runoff events had an intensity of less than 20 mm d'!. The correlation
between the runoff and the sediment yields was plotted in figure 13. As can be seen, the control
with improved SWC practices and afforestation scenario show a lower sediment yield with a
similar runoff as the control. The maximum sediment yield with a runoff of <20 mm d!, is 2.6
t ha™! d! for the control, 1.6 t ha™! d! for the control with improved SWC practices and 1.9 t ha”
'd"! for the afforestation scenario. This difference in sediment yields was caused by a difference

in the land cover/plant factor (C) and the (soil and water) conservation factor (P) of the MUSLE
equation.
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Figure 13. Correlation between surface runoff and sediment yield for the control, control with improved SWC
practices and afforestation land use.

To visualize the soil erosion hotspots in the watershed, the sediment yields were determined
per subbasin. Between the control and the other scenarios there was a decrease visible in the
sediment yield in most subbasins (figure 15).

The highest mean annual sediment yield for the control was 87.4 t ha™! y'! in subbasin 3. For
the control with improved SWC practices subbasin 3 also had the highest sediment yield; 59.8
tha! y'!. In subbasin 3 cropland was dominating and the slope was > 5%. In the afforestation
scenario the highest mean annual sediment yield of 50.5 t ha'! y-1, which was simulated in
subbasin 11. Subbasin 11 was dominated by cropland and 4. decurrens plantations and had a
slope of > 5%.

In the control scenario the sediment yields are in general higher than in the two scenarios
where SWC practices are applied (table 10). In the control with improved SWC practices there
is a reduction in sediment yield of 18 — 62%, with an average reduction of 43%. In the scenario
with the afforestation there is a reduction in sediment yields in most subbasins between 3 —
94%. However, in some subbasins in the afforestation scenario the sediment yields have
increased i.e. in subbasins 4, 9, 11, 14, 15, 18 and 26. In six subbasins of the afforestation
scenario the sediment yield increased with more than 150%. This increase in sediment yield
can be explained by the conversion of forest and pasture into cropland and plantations.
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Figure 15. The long-term (1990-2019) average annual sediment yields in t ha y' per subbasin
for the control, control with improved SWC practices and afforestation scenario.
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Figure 14. The long-term (1990-2019) mean annual sediment yields in t ha y' per HRU for the control,
control with improved SWC practices and afforestation scenario.

As the results on subbasin level have shown; the land use did have an impact on the soil
erosion in the watershed. In order to evaluate this impact the sediment yields per HRU and land
use were determined. At HRU level, the sediment yields are in a range between 0 and 136 t ha
Uy (figure 14). The sediment yields for HRUs with 4. decurrens have a max. of 7.9 t ha! y!,
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HRUs with pastures 0.6 t ha™! y! and HRUs with forests 0.3 t ha! y!. Be that as it may cropland
had sediment yields ranging between 0.5 and 136 t ha™! y''. Also good to keep in mind is that
for all land uses the sediment yield increased as the slope inclined (table 11).

Table 10. Mean annual sediment yield in t ha' y' per subbasin for the control, control with improved SWC
practices and afforestation scenario and the reduction in sediment for the control with improved SWC practices
and afforestation scenario in comparison with the control.

. ) Reduction in
S Mean annual sediment yield (t ha! y™!) sediment yield (%)
Control SWC Afforestation 2002 2019
Mean | STD | Mean | STD | Mean STD SWC | Afforestation

1 47.8 23.1 33.6 16.1 12.1 5.6 -29.7 -74.8
2 52.7 25.0 32.6 15.2 23.7 114 -38.2 -55.1
3 87.4 41.3 59.8 | 28.2 8.1 5.5 -31.5 -90.7
4 5.0 2.1 2.8 1.2 26.0 12.1 -44.5 422.9
5 26.4 12.1 13.2 6.1 7.7 3.5 -49.9 -70.8
6 44.5 20.7 18.8 8.7 11.8 54 -57.7 -73.4
7 15.3 7.0 12.1 5.6 10.7 4.8 -20.9 -30.1
8 3.9 1.7 1.9 0.9 11.2 5.6 -51.7 187.4
9 43.4 20.0 35.5 16.3 42.1 19.0 -18.2 -3.0
10 54.6 24.2 22.1 10.0 4.9 2.2 -59.4 -91.0
11 20.1 9.1 16.2 7.4 50.5 22.4 -19.3 150.6
12 50.2 22.2 21.5 9.7 3.2 2.5 -57.3 -93.5
13 3.2 1.4 1.6 0.7 3.9 1.7 -50.6 20.1
14 4.0 1.8 1.9 0.9 14.1 6.2 -53.0 251.2
15 28.6 12.7 11.9 54 53.0 23.1 -58.4 85.1
16 49.5 21.9 26.2 11.9 4.4 1.9 -47.0 -91.0
17 0.0 0.0 0.0 0.0 0.1 0.1 0.0 651.9
18 6.3 2.8 2.4 1.1 27.0 11.8 -61.8 325.8
19 54.1 24.9 29.9 13.7 4.7 2.6 -44.8 -91.3
20 8.5 4.0 33 1.5 13.7 6.5 -61.8 60.5
21 11.5 53 4.4 2.0 12.9 6.1 -61.9 12.4
22 1.6 0.8 0.7 0.3 3.0 1.4 -54.9 85.6
23 38.1 17.4 22.6 10.4 253 11.5 -40.6 -33.6
24 7.0 3.1 4.5 2.0 5.4 2.4 -34.6 -21.8
25 19.4 8.4 9.4 42 2.2 1.1 -51.3 -88.5
26 5.7 3.0 4.1 2.2 7.0 3.6 -28.5 22.9
27 12.9 6.5 8.4 4.3 5.4 2.6 -35.3 -58.5

In figure 14 there is a clear shift visible from erosion hotspot between the control and the
afforestation practice. The areas with high erosion in the control have changed to some extent
from cropland to A. decurrens plantations and pasture. However, in the centre of the watershed
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cropland was extended in some area resulting in a shift of soil erosion hotspots. In the
afforestation scenario, the hotspots are areas with cropland and they have mainly a slope of
>20%.

The HRUs with 4. decurrens were having a higher sediment yield than the forest land use.
The sediment yields would have been similar to the forest land use if not for the fact that during
the first year of the agroforestry rotation the 4. decurrens seedlings are intercropped with teff.
Consequently, during the first year the sediment yields were similar to those of cropland. Even
when not intercropped with teff, a higher soil erosion would be expected due to the bare soil
during this stage. The other years the forest and A. decurrens land uses had roughly the same
sediment yields. For the A. decurrens, excluding the first year of the cycle, the mean sediment
yield ranged from 0.03 — 0.20 t ha! y!, which was close to the range of the forest land use of
0.02-0.20 tha y'!,

Comparing the sediment yields with the soil loss that the SWAT model calculated, there are
some differences. On average the soil loss is 2 t ha™! y'! higher than the sediment yields. For the
plantations the soil loss is 1-2 t ha™! y! higher and for the cropland 0.5-15 t ha! y'!. However,
for pastures and forest land use the values are rather similar. In appendix C, the soil loss per
land use and slope class.

Table 11. Mean annual sediment yield in t ha' y for the different land uses and slopes for the control, SWC and
afforestation scenarios. ADEC; A. decurrens, FRST; forest, PAST; pasture, TEFF; teff.

Annual sediment yield (t ha! yr'!)
Land use Slope Control | SWC ‘ Afforestation | Control | SWC ‘ Afforestation
Mean STD
ADEC 0-5 - 0.9 - -
ADEC 5-12 - 1.5 - 0.13
ADEC 12 -20 - 2.5 - 0.19
ADEC 20 -30 - 2.8 - 0.23
ADEC >30 - 3 - -
FRST 0-5 0.01 0.02 0.003 0.0005
FRST 5-12 0.07 0.07 0.02 0.0002
FRST 12-20 0.1 0.1 0.02 0.0008
FRST 20-30 0.2 0.2 0.02 0.002
FRST > 30 - 0.2 - 0.004
PAST 0-5 0.05 0.06 0.03 0.001
PAST 5-12 0.2 0.2 0.07 0.004
PAST 12-20 0.3 0.3 0.1 0.01
PAST 20 -30 0.5 0.5 0.2 0.01
TEFF 0-5 1.3 0.9 7.1 4.6 1.7 0.5
TEFF 5-12 29.5 10.4 23.6 24.5 8.5 1.9
TEFF 12-20 38.6 17.9 33.5 36.8 16.9 2.7
TEFF 20-30 75.5 | 63.6 59.4 48.8 | 41.0 3.9

33




5. Discussion

The water balance partitioning did show some unexpected changes with the implementation
of afforestation practices in this study. The results have shown that it is more than likely that
crop parameters of the A. decurrens have impacted the water balance. In this discussion a
comparison of results with other studies, data limitations and model errors and steps to further
develop the SWAT model.

5.1. Comparison of results with other studies

Comparing the land use change from an annual cropping to an afforestation system in the
watershed with the overall land use change in the Fagita Lekoma District there are some
similarities. In the watershed there is an annual increase of cultivated and natural forest of 19%,
Belayneh et al. reported a similar increase of 18% for the district. The cropland in the watershed
reduced between 2002 and 2019 annually with 2%. Wondie and Mekuria (2018) reported an
annual decrease in cropland of 2% (2000-2010) and of 1% (2010-2015) and Belayneh et al.
(2018) reported an annual decrease of 2% (2003 - 2017). Neither Belayneh ef al. or Wondie
and Mekuria reported a decrease in the district of grassland while in the watershed there is an
annual decrease of approximately 4%.

The effects of afforestation on water availability is contested by scientist, since trees use a
lot of water. The afforestation practices in arid regions in China could potentially lead to water
scarcity, reduced runoff and a drier climate (Zastrow 2019). According to Zethof et al. (2019)
water availability in the semiarid regions of Spain might be enhanced by better infiltration of
rainwater through preferential flow paths. Studies in different countries mention the
improvement of soil quality and reduction of erosion as an important reason to implement
afforestation practices (Ilstedt et al. 2007; Nadal-Romero et al. 2016). Several studies have
been conducted on the hydrology of the Upper Blue Nile Basin, however there is a focus on
impacts of e.g. SWC practices or climate change on the streamflow and runoff on catchment
scale (Dile et al. 2013a; Lemann et al. 2017; Melaku et al. 2018) or soil erosion and runoff on
plot scale (Dagnew et al. 2015; Ebabu et al. 2018). However, there are no estimates of the
impact of the afforestation practices on the landscape water balance.

IIstedt e al. (2007) touched on the fact that studies suggest that afforestation increased the
infiltrability in tropical soils. Knowledge on impacts of species, techniques and also the
infiltration rates is severely lacking and there is only a limited amount of studies conducted on
soil physical properties.
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Tadesse (2020) assessed the infiltration rates under different land use practices at four sites
in the studied watershed. The 4. decurrens plantations had the highest infiltration rates followed
by cropland and grazing land and this did not significantly differ between sites except for the
infiltration at four year old A. decurrens plantations. Improved bulk density and organic carbon
in the A. decurrens plantations potentially resulted in higher infiltration rates. These results can
however not be scaled up from plot to landscape scale in the watershed, since so many factors
influence the infiltration rates and they can be site specific. With the SWAT model the
percolation is simulated and not the infiltration. The percolation is the water flux that passes
the bottom boundary of the soil profile into the saturated zone. While infiltration is the water
entering the soil from the soil surface. The percolation in this study is highest for the A.
decurrens and forest land uses. Cropland and pasture land uses both had a lower percolation
rate. These results are in line with measurements by Tadesse (2020). However, since there was
a lower ET, this could have resulted in higher percolation rates for the afforestation scenario
with a maximum rate of 7 mm d'. The infiltration rate, although not measured, is higher than
the percolation rate and in the model it was assumed there is no surface sealing taking place
and that there is no dynamic soil structure that would account for the improved soil quality.

Abtew and Dessu (2019b) referred that land use and land management change in the Upper
Blue Nile Basin could potentially reduce the flow in the Blue Nile. A lower streamflow and
baseflow coming from upstream can have a severe impacts on areas further downstream. Based
on this SWAT simulation the streamflow is not reduced but slightly increased for the
afforestation scenario in comparison with the control. Also the baseflow seems to be steadier
during the year in the afforestation scenario.

According to Abera et al. (2020) soil loss for Ethiopia is ranging from 3.4 till 84.5 tha™! y!
with a max. rates of 300 t ha! y'!. In the studied watershed, the overall sediment yields that
were simulated ranged from 15.3 till 26.5 t ha'! y'! and were within the range of Abera et al.
(2020). The soil loss, calculated in SWAT for comparison reasons, was approximately 2 t ha™!
y! higher than the sediment yields, still well within the range of Abera et al. (2020).

The soil loss in Ethiopia was found to be highest for cropland, ranging from 50 to 179 t ha!
y'! (Abera et al. 2020). The higher soil erosion rates for cropland in this study were also in line
with Abera et al. (2020). Land cultivated with teff, dependent on the slope, had mean soil
erosion rates ranging from 1 to 84 t ha™! y'!. There were maximums simulated over a 30 year
period of 114, 121 and 136 t ha! y'..

The effect of biological interventions on plot level, such as afforestation and grass strips,
have a mean effect size of -90% to -68% on soil erosion and -48% to -21% on runoff (Abera et
al. 2020). Also a significant reduction of soil erosion and runoff is mentioned for terraces.
Although this study was not conducted on plot level, at subbasin level there are reductions
visible between the control and the other two scenarios. There were reductions of sediment
yield ranging between 18% and 62% for the control with improved SWC practices. For the
afforestation scenario the reduction was specific per subbasin but reductions between 3% and
94% were simulated.

The impact of climate change on water balance partitioning was beyond the scope of this
study. Nevertheless, there are concerns by countries in the Nile Basin on potential changes in
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the river discharge and adaption strategies implemented in upstream areas. Several studies have
been done on the impact of climate change on the discharge of the Blue Nile. The results of
these studies are highly variable and often the effects of (future) land use change were not taken
into account (Tesemma et al. 2010).

5.2. Data limitations, model errors and next steps

Input data limitations

For the watershed there is at the moment little empirical data available. Empirical data and
ground truthing of this watershed is currently still under way. The input data was collected from
different sources and there were limitations when it came to resolution, validation and ground
truthing of the data. The watershed is only 32 km? and some of the input data was coarse for a
watershed of this size.

The DEM used in this study had a resolution of 90 m (Jarvis et al. 2008). This resulted in,
when modelling the watershed, that the land use and soil maps were both transformed to a
resolution of 90 meter. For further development of the model a DEM with a resolution of 10 or
30 meters should be used to improve the resolution of land use and soil data in SWAT. The
stream network that was created for the watershed was for this study burned in. The burn in
function defines the location of the stream network in SWAT (Luo et al. 2011). Defining the
stream network without the burned in function resulted in a coarse stream network in the
watershed. With a higher resolution DEM, a better representation of the stream network is
expected as well.

The WRB soil map (Hengl et al. 2017) used in SWAT is homogeneous for the watershed
and the surrounding area. Because of this the SWAT program assumed there is in the watershed
only one soil type; Nitisols. The soil physical properties were only altered on subbasin level,
which was done based on the soil maps (Hengl et al. 2015). However, based on the soil maps
there were within subbasins variations, e.g. bulk density, organic carbon and clay content.
Creating a more detailed soil map to account for these variations would be a possibility to
improve the soil data in the model. Also, changes for different land uses could be made for the
soil physical properties, this to also further improve the soil data in the model. The depth of the
soil profile was defined in the study to be 2 meters. There are however areas in the watershed
where the soil profile would probably be shallower or considerably deeper. Adapting the soil
depths in slope and lowland areas in the watershed should also be considered to better represent
the soil profile in the watershed. The available water capacity (AWC) and saturated hydraulic
conductivity (Ksat) were determined based on coarse maps (250m and 1000m resolution) and
limited literary sources. Both parameters are important for the water holding capacity in the
soil. Measuring the field capacity and permanent wilting point on samples taken in the
watershed is highly recommended to determine the AWC. Also the K.t will need to be revisited,
field or lab measurements can be used to calculate the Ksat.

The parameters for the 4. decurrens were determined based on literature research. Several
studies mention the height, diameter at breast height (DBH) and wood and foliage biomass, see
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appendix D (Kindu et al. 2006; Mekonnen et al. 2006; Ferede et al. 2019; Amha et al. 2020).
However, for the A. decurrens there is little work done on the effects of water stress, nutrient
uptake, root depth, root distribution and growth response. For parameters like the leaf area index
(LAI) and radiation efficiency (RUE) values from the Acacia mearnsii were used. Although the
two trees are similar there could have been an over- or underestimation of values. To improve
the crop parameters field verification needs to be done on the growth response parameters and
water and nutrient uptake parameters.

SWAT model calibration and validation

During this study, the SWAT model was not calibrated and validated, despite that it is an
essential part of the modelling (Arnold ef al. 2012b). Model calibration and validation can be
done by comparing model predictions with observed data and better parameterize the model
(calibration) and eventually comparing the calibrated model predictions with observed data
(validation). Because of a limited amount of empirical data this could not be done at this time.
The calibration and validation are important steps in the further development of the model.

Due to limited availability of empirical data for the watershed another way of calibration
and validation is needed. If there is streamflow data available for the watershed this can be used
to calibrate and validate the model (Dile et al. 2013a; Lemann ef al. 2017). Nevertheless, (long
term) streamflow data might not be available on the watershed. Remotely sensed data to derive
1.e. the evapotranspiration can be used as an alternative for the calibration and validation of the
model because of the limited available hydrological data (Senkondo ef al. 2019). Long-term
data needs to be collected to be able to derive the ET, and to have a considerable validation and
calibration time. Senkondo et al. (2019) used satellite images, i.e. emissivity, normalized
difference vegetation index and albedo, of the moderate resolution imaging spectroradiometer
(MODIS) to derive the ETa. There are several models that can be used to derive the required
ET. data e.g. surface energy balance models, surface balance algorithm for land model or
operational simplified surface energy balance model (Senkondo 2020). The change of land use
can alter the ET, and data should be used with some caution.

Change from annual cropping to afforestation in 17 years

The land use classification was done based on satellite images (Google Earth et al. 2002;
Google Earth & CNES / Airbus 2019; ESRI et al. 2020). To make sure as little area was over-
or underestimated, both Google Earth and Landsat images with agriculture and vegetation
rendering were used. Maps created were compared carefully with the original satellite images
after land use classification. The intercropped A. decurrens seedlings could possibly have been
classified as cropland. Also, fields where the 4. decurrens has just been harvested and charcoal
has been made on the fields, might in some cases have been classified as cropland or pasture,
this due to the colouring of the fields. On the land use map of 2002 there are no buildings
classified, while in 2019 buildings are classified. There is a clear change visible in the roofs
between 2002 and 2019, where in 2002 there were mainly grass thatched roofs and in 2019
there are corrugated roofs. The corrugated roofs were classified as buildings while the grass
thatched roofs were classified as either cropland or pasture. The mild cloud cover on the 2002
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satellite images might also have resulted in some minor errors in the land use classification.
During this study the use of a map with minor cloud cover was chosen because maps without
were having a much lower resolution and were not available of the growing season. Overall the
certainty can be improved by creating a wider set of land use maps and closely comparing them
with satellite images and by doing further analysis with ArcMap.

In SWAT the land use was slightly altered by the program when creating HRUs, see table
12 for the altered values. In SWAT the certainty can be improved by making sure there is a
higher resolution DEM and to change the threshold values.

Table 12. HRU land cover for 2002 and 2019 and the changes between the land class classification (LCC) and
the HRU.

Land cover 2002 2019

Area Area LCC and Area Area LCC and

(ha) (%) | HRU change (ha) (%) HRU change

(%) (%)

Pasture 1,058 33 2.4 215 7 -46.2
Teff 1,913 61 7.3 1,504 48 15.4
Forest 190 6 -44.8 336 11 -31.5
Acacia decurrens - - - 1,106 35 14.4
Urban - - - 1 0.03 N/A

Rainfall characteristics

MERRA-2 global atmospheric reanalysis datasets (NASA 2018) were used to obtain the
required climate data. The grid points that represent the stations were located outside the
watershed. A t-test ran on the datasets and showed no significant difference between the two
datasets. There are some limitations when it comes to the use of the MERRA-2 data.

The grid points were located at an elevation of 1,864 and 1,839 meter, at some distance from
the watershed. However the watershed is located at an elevation of 2,390 to 2,915 meter. The
high topography can cause problems in MERRA-2 which could result in excessive precipitation
in these areas (Gelaro et al. 2017). MERRA-2 is corrected with local observations to improve
the data quality (Gelaro ef al. 2017). The highlands of Ethiopia are a data scarce area in terms
of observed continuous data. Meteorological stations are spread irregularly and the data is
missing from time to time. Preferably one or more meteorological stations in the watershed
would be helpful to account for the rainfall variability and patterns at this altitude.

The second point is that the importing of the data into SWAT can cause additional errors.
The precipitation in the watershed was based on the two grid point that were used by SWAT to
determine the regional precipitation. Only a fraction of the true precipitation is in this way
captured (S.L. Neitsch et al. 2011). Any regional variations in precipitation are because of the
limited data around the watershed not captured.
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Actual evapotranspiration

The ET, for the 4. decurrens, based on the simulation results, was in comparison with the
other land uses low (table 13). The STD of the ET. for the 4. decurrens was higher which would
indicate a higher variation. An ET. similar to the forest land use was expected for the A.
decurrens. The ET, of the A. decurrens also varies during the different stages of the agroforestry
cycle.

Table 13. Mean and standard deviation of the actual evapotranspiration for the afforestation land uses.

A. decurrens | Forest Teff Pasture
Annual mean (mm y') 567 791 910 1,126
Standard deviation (mm y!) | 229 60 83 99

The aforementioned crop parameters for the 4. decurrens are based on literature (Appendix
B). To optimize the ET, the crop parameters should first be re-evaluated. The LAI and stomatal
conductance of water vapour are two parameters that have an impact of the ET.. Three
parameters are needed to model the stomatal conductance in SWAT; the maximum stomatal
conductance at high solar radiation and low vapour pressure deficit (m s™), the vapour pressure
deficit (kPa) and the fraction of maximum stomatal conductance (-) (Arnold et al. 2012a). The
parameters were defined as 0.0036 m s!, 4 kPa and 0.75. The stomatal conductance is for most
trees either 0.0036 or 0.007 m s™\. The maximum potential leaf area index (BLAI) was defined
as 3.5. Comparing the predefined forest land use the BLAI is for most trees between 2 and 5.
By adapting the stomatal conductance to 0.007 m s! and the BLAI to 5 the annual mean ET,
was increased from 567 to 725 mm y! (STD of 189 mm y!).

The roots are another sensitive parameter that can impact the ET.. For the A. decurrens, the
maximum root depth was set to 1 meter due to the shallow root system mentioned in literature.
Water is taken up by the roots and transpired. Potentially the roots of the 4. decurrens were not
deep enough in the model to have access to the required amount of water. The A. decurrens in
the model also went into dormancy for 10 days. This resulted into a loss of leaf biomass and a
drop in ET, at the end of the year. The trees were not expected to go into dormancy, although
some loss of leaf biomass was expected through the year. In the model, the leaf biomass was
decomposed and resulted in an increase of C and N.

Overall it is important that the growth response parameters and root depth of the A. decurrens
are correct because the water balance is sensitive when it comes to these parameters. It is likely
that in this study the 4. decurrens description has affected the water balance. Therefore, the
next steps would be to have field verification of parameters related to the leaf area index,
biomass-energy ratio and stomatal conductance. Verification should be done at different
development stages and preferably during different seasons.

The impact of land use change on the sediment yield
For future reference, the surface runoff that is an important part of the generation of soil
erosion, needs to be evaluated. The surface runoff on the A. decurrens plantations is higher than
expected (table 14). Due to the high LAI, the expectation was that a part of precipitation would
be intercepted the canopy of the A. decurrens and as a result less runoff would be created. For
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the teff and pasture land uses a small decrease is visible, this could be dependent on the slope
and the area. However this cannot be stated with certainty.

The CN value was in this study adapted from 87 to 79 to reduce the runoff, this was done to
have a similar CN value as the forest land use. During further development of the model a close
look will have to be taken at the aforementioned crop parameters and surface runoff
components.

Also, SWC practices, in the form of terraces and contouring, will need to be implemented in
the afforestation model. Farmers use these practices in the watershed to reduce surface runoff
and limit soil erosion. These practices can be implemented in the afforestation model in the

same way as was done for the control with improved SWC practices by altering the CN values,
USLE P factor and slope lengths.

Table 14. Mean surface runoffin mm day™ for the four different land uses of the control and afforestation scenario.

Acacia decurrens Forest Teff | Pasture
Control - 1.6 1.9 1.6
Afforestation 1.8 1.6 1.8 1.5
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6. Conclusion

This study was aimed to explore the impact of agricultural land use change on a landscape
water balance. The modelling resulted in some unexpected changes between the control and
afforestation scenario. The key research questions have led to these results in this study:

1. The agricultural land use in the watershed in the Fagita Lekoma District has changed over
the last 17 years. The watershed was dominated by cropland and pastures in 2002 and there
was only a limited amount of forest left in the watershed. In 2019 the land use has changed
in the watershed, cropland is still dominating but next to annual crops the 4. decurrens
plantations are dominating.

2. Minor changes in the water balance partitioning were visible between the control and the
afforestation land use. In the modelling a higher ET, and a lower surface runoff were
expected due to a high biomass density in the 4. decurrens plantations. The percolation and
subsequently the groundwater flow in the watershed increased significantly in the
afforestation land use but could have been an effect of the lower ETa.. Despite the land use
change there does not seem to be a significant difference for most of the water balance
components.

3. For the field scale soil and water conservation practices in the form of terraces, there were
in essence no significant changes in the water balance. The surface runoff was reduced and
also a minor increase in percolation and groundwater flow could be observed but they were
not significant.

4. The impact of land use change on the sediment yields has led to a reduction in both the
control with improved SWC practices and the afforestation scenario. Targeting the cropland
with SWC practices resulted in a reduction in sediment yield. For the afforestation land use
the same thing can be said but areas with cropland remain prone to soil erosion.

5. The growth response parameters designed for the 4. decurrens have shown to be sensitive
and they have more than likely impacted the water balance in this study. Therefore, next
steps should be field verification of growth response parameters and water and nutrient
uptake parameters. Furthermore, to support calibration and validation of the model higher
resolution input data needs to be acquired.
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