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ABSTRACT
Impacts of Land Use/Land Cover Changes on Land Surface Temperature, Soil Erosion
and Soil Quality Deterioration in Suha Watershed, Northwestern Highlands of Ethiopia

Suha watershed found in the Upper Blue Nile Basin of Ethiopia is facing severe soil erosion and
soil quality degradation problems due to its biophysical and socioeconomic characteristics.
However, there is a lack of comprehensive data on the land use land cover changes and their
impacts on land surface temperature, soil erosion risk and sediment yield, soil quality indicators
as well as soil nutrient flows and balances in this watershed. Therefore, this study was
undertaken to analyze the spatiotemporal changes in land use and land cover and to examine
their impacts on the land surface temperature, soil erosion and sediment export, soil quality
indicators and soil nutrient flows in the Suha watershed, northwestern highlands of Ethiopia.
Multi-temporal Landsat images covering the periods from 1985 to 2019 were utilized to examine
changes in land use and land cover (LULC) as well as land surface temperature (LST) variations
with the application of GIS and remote sensing techniques. The process involved image
preprocessing, supervised classification, accuracy assessment, and change detection.
Quantification of soil loss and sediment export was carried out using the Revised Universal Soil
Loss Equation (RUSLE) integrated with ArcGIS. Various data inputs, including digital elevation
model, LULC, precipitation, soil types, and conservation strategies were used for this purpose.
To evaluate the status of soil quality indicators, a total of 27 composite surface soil samples (0-
30 cm) were collected from adjacently located land-use systems in three replications from each
elevation gradient of the watershed. Standard procedures were applied to analyze selected
physical and chemical soil quality parameters. The study also investigated soil nutrient depletion
by quantifying nutrient flows and balances for macronutrients (N and P) in different elevation
gradient of the watershed. Significant changes in land use and land cover were observed in the
Suha watershed over the past 35 years. Agricultural land has increased by 15,418 hectares for the
entire period at the expense of grazing and shrub lands. Barren land also expanded significantly
due to cultivation of marginal and steep slope areas and poor land management. The study also

revealed spatial and temporal variations in Land Surface Temperature (LST), with impermeable



surfaces having the highest values. The average annual soil loss rate in this watershed varied
over the years, with rates of 15, 22, 31, and 30 tons per hectare per year for the periods 1985,
1999, 2009, and 2019 respectively. The mean annual sediment yield was 4, 6, 8, and 8 tons per
hectare per year for the same periods. Soil loss varied across different land use and land cover
categories and landscape positions, with the highest mean value observed in bare land (54-103
t/ha/yr), followed by cultivated land (17-29 t/ha/yr). About 32% (25,660 ha) of the watershed
experienced severe and very severe soil erosion in the past 35 years. The analysis of variance
results of soil quality indicators showed significant changes in selected soil quality indicators
across different land use systems. Specifically, the index of soil aggregate stability (ISS), organic
carbon (OC), total nitrogen (TN), and C: N ratio revealed significant decreases in the cultivated
land use system compared to other land use systems. Conversely, the content of available
phosphorus (AP) was significantly higher in cultivated land. Moreover, the aggregated soil
quality index (SQI) values have shown that soil quality is rated as low in cultivated fields,
optimal in grazing land and high in forest land. The results of soil nutrient balances indicated that
the rate of nutrient depletion is higher in the highland areas than the midland areas. N and P
balances were -77.1 kg N /ha/yr and -11.9 kg P/ha/year for the wheat farming system (highland
area), which are rated as one of the highest in Africa. For teff farming system, the values were -
39.3 kg N/ha/yr and -1.4 kg P/ha/yr. The major negative drivers are removals in the harvested
products (OUT1) and crop residues (OUT2) followed by soil erosion (OUT5). Overall, these
studies provide valuable insights into the changes in land use/land cover, land surface
temperature, soil erosion risk, soil quality and nutrient balances, contributing to a better
understanding of the environmental dynamics. Sub watersheds that are found on the steep slope
landscapes and are experiencing severe soil erosion that demand immediate interventions.
effective soil and water management strategies should be established and integrated with
vegetative measures to provide multiple benefits to the farmers. In order to reduce the volume of
crop residue removal as household energy (OUT2), promoting energy saving technologies such
as the use of fuel stoves, saving stoves and biogas is crucial.

Keywords: LULC change, LST, GIS & remote sensing, Landsat image, RUSLE, Soil erosion,

Soil quality and Soil nutrient flows
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CHAPTER ONE: GENERAL INTRODUCTION
1.1. Background and Justification

Land degradation and its negative impacts, which are primarily driven by land use and land
cover (LULC) changes, are becoming central issues globally (Li et al., 2020). In Africa, the
dynamics of land use and land cover changes are mainly caused by the ever-increasing
population and associated anthropogenic activities (Eva et al., 2006). Land-use change signifies
the transition of an area of land for a specified purpose and is induced by anthropogenic
activities, whereas land-cover change describes the features of the land surface (Patel et al.,
2019). Land use and land cover change is driven by a combination of proximate and underlying
causes, with the former being related to anthropogenic activities and the latter to policy and
socioeconomic factors such as poverty and market incentives. In the Ethiopian highlands,
LLULC changes cause soil degradation, and soil quality deterioration, thereby threatening the
suitability of the agroecosystems. In addition to deforestation, major LULC changes have
occurred in all land use types at the national and local levels. A study conducted by Hassen and
Assen (2018) in the Gelda catchment, northwestern highlands of Ethiopia, revealed that
cultivated land has increased by 58% at the expense of natural forest and grasslands over the
past 57 years (between 1957 and 2014). Similarly, Fentie et al. (2020) reported a significant
expansion of agricultural land at the expense of grazing land, bush and shrub lands and through

the conversion of the natural forest areas to other land-use systems.

Previous studies have shown that land use and land cover changes result in negative impacts
from local to global scales. Li et al. (2020) reported the impacts of LULC changes on the global
environment (e.g., climate change) and their implications for sustainable development. Hassen
and Assen (2018) found that deforestation, soil erosion, soil quality degradation, and water
scarcity are among the land degradation problems related to LULC changes. Impacts on
ecosystem services such as loss of biodiversity and habitat quality were reported by Dinka and
Chaka (2019); Patel et al. (2019). Other studies highlighted the effects of LULC changes on the
local hydrological cycles (Damtea et al., 2020). Impacts on the land surface temperature were
pointed out by (Kikon et al., 2016; Pal and Ziaul, 2017). All these reports point to the need for
the detection and analysis of LULC change and managing its negative impacts for transitioning

to environmental sustainability (Alam et al., 2020; Patel et al., 2019).



Soil erosion is a major challenge worldwide, having negative impacts on social, economic, and
environmental development (Marques, 2021). According to research reports (Opeyemi et al.,
2019), soil erosion accounts for about 84% of global land degradation, with annual soil loss
ranging from 25 to 400 billion tons per year. Sub-Saharan Africa is the worst in the world; on the
other hand, the livelihood of most population in these countries is highly dependent on their
natural resource base (Nkonya et al., 2015). In these regions, soil erosion has threatened the
livelihood of the population, because 67% of the land resource has been degraded in different
severity classes (light to severely degraded classes) (Sileshi et al., 2019). The highlands of
Ethiopia are among the most degraded regions in sub-Saharan Africa (SSA) (Fenta et al., 2021).
The Ethiopian highlands reclamation study (EHRS) estimated an annual soil loss of 42
tons/year/ha (FAO, 1986). Fenta et al. (2021) also documented the soil loss rates in different
River Basins of Ethiopia and confirmed that the highest annual soil loss (573 million tons/year)
was from the Blue Nile (Abay) Basin followed by the Tekeze basin (270.6 million tons/year).
The severe soil erosion in these two basins was related to the rugged topography, deforestation
driven by high population pressure, and poor land use practices (Kebede et al., 2021; Yesuph and
Dagnew, 2019). A catchment level study confirmed that catchments found in the upper part of
the Blue Nile are heavily affected by soil erosion (Berihun et al., 2020). The above findings
confirmed that the severity of soil erosion and sediment export significantly vary across regions
due to the difference in environmental, climatic and anthropogenic factors (Garcia-Ruiz et al.,
2015).

Soil erosion is the major cause of several economic and environmental problems. Globally, it
costs the international community about $400 billion (Opeyemi et al., 2019). In particular, the
effects of soil erosion on soil fertility and food security have been widely reported (Marques,
2021). In Sub-Saharan Africa (SSA), soil erosion is the major factor for the degradation of more
than 65% of agricultural land and subsequent loss of agricultural yield, food security and human
wellbeing (Tully et al., 2015; Vlek et al., 2008). The removal of fertile soil and reduction of
agricultural productivity is more severe in the highlands of Ethiopia as compared to Sub-Saharan
Africa (SSA) due to excessive soil erosion (Dibaba et al., 2021; Hurni et al., 2015). Hurni (1993)
reported that the productivity of soil in the highlands of Ethiopian is reducing at a rate of 2-3%
annually due to soil erosion. Yesuf et al. (2007) also estimated soil erosion cost in terms of the

annual GDP of Ethiopia and reported that GDP is reduced from 2% to 6.75% annually. Among
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the ecosystem services, loss of hydrological regulation that results in contamination of water
bodies and silting up of dams in the downstream areas affects millions of rural and urban
communities (Fenta et al., 2021). The storage capacity and life expectancy of reservoirs and
lakes in Ethiopia have progressively been reduced due to the continuous deposition of sediment
load from the up streams (Haregeweyn et al., 2017). For instance, the study by Zemadim et al.
(2014) showed that 3.5 million m® of sediment has accumulated in the Koka dam in 23 years.
Yitaferu (2007) also estimated siltation in Lake Tana and showed a sediment deposition rate of
14.84 million tons per year. The complete drying up of Lake Haramaya, which is one of the
upland lakes in the Eastern plateau was partly due to silt deposition from the surrounding
agricultural fields (Eshetu et al., 2014) and sediment accumulation in Cheleleka wetland in
Ethiopia’s Central Rift Valley was due to excessive soil erosion and subsequent deposition
(Degife et al., 2019). The problems of siltation and nutrient enrichment in the Gilgel Gibe-I
hydro-power dam were also reported by Devi et al. (2008).

Deterioration of soil physical, chemical and biological properties has become a global
environmental problem, including nutrient depletion, reduced plant rooting depth, soil acidity
and associated problems such as high phosphorus fixation, aluminum toxicity, low CEC and
salinity (Zingore et al., 2015). Estimates of nutrient balances for the Ethiopian highlands
indicated high annual nutrients loss (Teferi et al., 2016). The study of Zingore et al. (2015)
revealed that the negative nutrient balances of macro nutrients (40-70 kg N/ha, 7-10 kg P/ha and
33-50 kg K/ha) were rated as one of the highest in SSA. This is in direct contrast with the SSA
level nutrient balance of -41 kg N, -6 kg P and -26 K per ha (Stoorvogel and Smaling, 1990).
Soil fertility is a key factor that controls agricultural productivity (Elias, 2004). However, soil
erosion, soil quality deterioration and nutrient depletion are major problems observed in the
north western highlands of Ethiopia including the study watershed. Understanding the dynamics
of land use/cover change and soil erosion risk is vital for designing appropriate management
strategies; improving soil health and ensuring agricultural sustainability. Moreover, the
knowledge of soil quality and nutrient flows is crucial for applying location specific management
strategies. However, there is limited information on the extent to which these problems are
severe in this particular study area (Teferi et al., 2013; Simane et al., 2013) and this study was
conducted to fill these gaps. Therefore, the overall objective of this study was to analyze the land

use/cover changes and evaluate their impacts on land surface temperature, soil erosion, and soil
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quality including soil nutrient balances for macro-nutrients (N and P) in Suha watershed of the
Upper catchment of the Blue Nile basin.

1.2.Problem statement

LULC changes have been identified as the main driver of soil degradation in the northern
highlands of Ethiopia. Various studies conducted in different regions of the country have shown
significant transitions in land use and land cover, which have consequently resulted in to soil
degradation (Dibaba et al., 2021; Gashaw et al., 2021). Ota et al. (2018) have highlighted the
negative impact of anthropogenic activities, such as the conversion of forest land into cultivated
fields, on soil fertility and quality. LULC changes driven soil degradation is the typical feature of
the northern highlands of Ethiopia. The Suha watershed is highly threatened by soil erosion and
nutrient depletion. The watershed is one of the catchments in the Upper Blue Nile Basin that
exports large volumes of sediment into the Nile River and potentially causes siltation in the
Grand Ethiopian Renaissance Dam (GERD). Moreover, Simane et al. (2013) have pointed out
that soil fertility issues are not yet resolved in the area and are expected to remain a major
challenge in the future. Local-level studies conducted in the Upper Blue Nile Basin gave more
emphasis on the dynamics of land use land cover change and their driving forces. The impacts of
LULC changes on soil fertility and soil quality have not been adequately studied and
documented. In addition, few studies were conducted in the rural catchments of Ethiopia (Alemu,
2019; Athick et al., 2019) pertaining the impacts of LULC changes on LST. In this regard,
previous studies about land use land cover changes and their impacts on LST were lacking and

this research was conducted to fill these knowledge gaps.

Selection and applications of soil and water conservation technologies are site-specific due to the
variation in physiographic, socioeconomic and climatic factors among regions or catchments
(FAO, 2017). Hence, assessment and quantification of land degradation is the first essential step
to persuade the government and local communities to take action before it is too late.
Identification of the hotspots of soil erosion in the sub-watersheds also provides crucial
information to guide soil conservation interventions and resource allocations. However, the
volume of soil loss by runoff water and its spatial distribution and sediment yield of the Suha
watershed have not yet been quantified. In addition, quantifying the level and direction of soil

nutrient balance and soil erosion rate is imperative to identify the major land use types



responsible for the soil quality degradation. This is necessary to design effective soil and site-
specific management strategies so as to ensure agricultural sustainability, improve ecosystem
services and environmental protection (Nguemezi et al., 2020; Tellen and Yerima, 2018).
However, unlike other parts of the country where studies explore the impacts of LULC change
on soil quality were conducted, no such information exists for the study area. Moreover, the
alteration of soil quality indicators is site-specific depending on the types of management
systems and hence, local level studies are imperative to improve soil condition (Shukla et al.,
2006). Estimating and identifying the magnitude and direction of soil nutrient flows and balances
at the watershed scale is also important to know the level of soil nutrient depletion and to take
corrective measures. The knowledge of soil fertility helps to design effective and site specific
management strategies that enhance agricultural productivity and ensure food security. In this
regard, data on soil nutrient flows, soil nutrient balances and management strategies applied at
the farm level were lacking in the study area. Moreover, the total annual sediment export from
the entire watershed was expected to be high, which indicates the export of substantial amounts
of soil nutrients with sediment.

Hence, regular monitoring of LULC changes and knowing its implications on LST change; soil
erosion risk and sediment yield; soil quality change is crucially important for better management
and sustainable use of environmental resources. It also helps us to identify hotspot areas of the
watershed that demand priority for interventions. Moreover, soil nutrient balance assessment
helps to know the level of nutrient mining and the types of applied management strategies. In
addition, it provides vital information for decision-makers and development organizations to
select sets of soil and site-specific soil management strategies so as to increase agricultural
productivity and improve the livelihoods of the rural community. Suha watershed was selected
for this research because of its environmental problems related to continuous land use and land
cover changes; which in turn brought negative impacts on other environmental issues, including
LST change, soil erosion and soil quality deterioration. During our field work, we have also
confirmed that this watershed was significantly degraded and potential landscapes are still highly
vulnerable to further environmental degradation because of human-induced activities. Moreover,
regional and district offices identified this watershed as one of the catchments that experienced
natural resources degradation and demand detailed research and development interventions.

Generally, the following points were the reasons for the selection of this watershed.



e This watershed represents other catchments found in the northwestern highlands of Ethiopia
because of its biophysical features (climatic conditions, physiographic characteristics, and
soil types) and socioeconomic settings

e This area has been considered as high potential area for agricultural production, but through
time it became under pressure and the potentials of natural resources were degraded and
productivity reduced (Zeleke and Hurni, 2001).

e It is characterized by undulating topography and high population pressure; which are the
major causes of environmental resources degradation

e Environmental resources (soil, forest and water) are highly degraded due to proximity and
underlining causes (population pressure, over exploitation of natural resources, and poor
land use systems).

e The presence of high soil erosion risk and sediment yield that causes soil nutrient export and
high replacement cost; which intern results in food insecurity at the household level.

e This watershed has the potential of producing a significant amount of sediment to the Nile
River and finally causing siltation in the GERD.

e The presence of poor land use systems; which are the proximity causes for critical
environmental issues.

1.3. Research objectives

1.3.1. General objective

The general objective of this study was to analyze the land use and land cover change and
evaluate its impacts on land surface temperature, soil erosion and sediment yield, and soil quality
including soil nutrient balances for macro-nutrients (N, and P) in the Suha watershed of the
Upper catchment of the Blue Nile basin.
1.3.2. Specific objectives
e To analyze the spatio-temporal land use/cover and land surface temperature
changes in the Suha watershed over the past 35 years;
e To quantify LULC change-induced soil loss and sediment yield at the watershed
level;
e To evaluate the impacts of LULC changes on soil quality in terms of its physical and

chemical fertility along the toposequence of the watershed



e To quantify soil nutrient flows and balances in contrasting agroecologies under
cereal-based agroecosystems.
1.4. Research questions
Based on the above specific objectives, the following general research questions were addressed
during the course of this study.
+* What seems the trend of LULC and LST changes in Suha Watershed over the past 35

years?

*%* How land use and land cover changes and landscape positions affect the rate of soil
loss and sediment yield in Suha Watershed?

% IS there a significant change in soil physical and chemical quality indicators along the
toposequence of the watershed under different land use systems?

** What seems the rate of soil nutrient flows and balances in different agroecosystems at

the watershed scale?

1.5. Significance of the study

The findings of this research provide vital information for watershed level land restoration
including the identification of priority areas for restoration investment, sites of nutrient losses
and accumulation and sustainable land use practices. Given that the study area is situated in the
headwaters of the Great Ethiopian Renaissance Dam (GERD), the findings are relevant to control
soile erosion and sediment export that are vital for controlling the siltation of GERD and other
water bodies. Points of departure in this study were exploring land use land cover changes and
subsequent soil erosion rates across different land use types and nutrient balances by means of
empirical modelling and primary data collection. Therefore, the findings are relevant for future
research, development planning and policy decision. There are a number of NGOs and
development partners in the area such as, Sustainable Land Management programme (SLMP),
Climate Action through Land Management (CALM), Integrated Soil Fertility
Management(ISFM), and Agricultural Growth Program (AGP) that can use the results of this
research as an input in developing plans and implementation. The outcomes of this study can
also be used by other researchers as baseline information to conduct additional research on
relevant themes. It also provides new knowledge for researchers and professionals better

understand the dynamics of land use and land cover, as well as their consequences on LST, soil



erosion and soil quality deterioration. Moreover, it helps to raise awareness among the local
community about the problems of natural resources degradation and to get them involved in
watershed development programs.

1.6. Structure of the dissertation

This PhD dissertation has 5 chapters. The first chapter explains the general background of the
thesis. It presents an over view of the dynamics of land use land cover change and its associated
impacts; with emphasis given to Sub-Saharan Africa and Ethiopia’s condition. It also highlights
the extent and rate of soil erosion, sediment yield and their casual factors; soil quality changes
and soil nutrient flows and balances. Chapter 2 provides a literature review on land use land
cover dynamics and their drivers; impacts of LULC change on LST, soil erosion and soil quality.
It also gives an over view of soil nutrient flows and balances at different spatial scales and
management strategies. Methodological approaches were also explained in this part. Chapter 3
deals about materials and methods section (descriptions of the study area; materials and methods
used in this research). Chapter 4 presents the results and discussion for each research objective.
Chapter 5 deals with the conclusion and recommendations part. It outlines major findings, their

implications and suggested recommendations for identified problems.

CHAPTER TWO: LITERATURE REVIEW

2.1. Land use/ land cover changes and major land use types (LUTS)

2.1.1. Trends of land use / land cover changes in Ethiopia
Land use/land cover (LULC) change is the major factor for various environmental problems and
understanding the trend of LULC change is crucial to develop sustainable management strategies
(Gashaw et al., 2017). In Ethiopia, several studies of LULC changes were carried out at different
spatial scales; from Basin to watershed levels (Teferi et al., 2016; Minta et al., 2018). Most of
these studies indicated that, there has been significant expansion of cultivated land at the expense
of natural forest and grazing areas. Beyond deforestation, there have been significant changes in
land use and land cover across all land use categories at national and local levels. A study
conducted by Hassen and Assen (2018) in the Gelda catchment, northwestern highlands of
Ethiopia revealed that farmland land has increased significantly by 57.68% at the expense of
natural forest and grasslands in 57 year period (between 1957 and 2014). The results of Fentie et

al. (2020) demonstrated that forest and shrub land use systems are reduced due to an expansion



of cultivated land. Dinka and Chaka (2019); Gedefaw et al. (2020) from their local-level studies
demonstrated the occurrence of significant LULC changes. The findings of Gashaw et al. (2017)
also revealed that the area of cultivated land has increased by 22.5% during 34 years period
(195-2018) in the Upper Blue Nile Basin where as grass land, natural forest cover and shrub land
decreased by 36.1%, 45% and 41.5% respectively for the same period. The decline in forest
cover was believed to be due to the expansion of agricultural land which was also observed in
the Upper Gilgel Abay watershed of the Blue Nile basin (Rientjes et al., 2011). The expansion
of crop lands was even more remarkable in the Derekolli catchment which increased from 65%
in 1957 to 71% in 1986. Conversely, shrub land has diminished at the rate of 1.6% and 0.31%
per year between the 1957-1986 and 1986-2000 periods, respectively (Tegene, 2002). Dessie and
Johan (2007) illustrated the decline of forest cover in the south central Rift Valley region from
16% in 1972 to 2.8% in 2000.

The unique feature of the Upper Blue Nile basin is the expansion of not only crop lands but also
barren land, and wooded grassland over the past four decades (1973-2000). An increase in the
water body was also basically due to the construction of various hydro electric dams in the basin
including the Ethiopian Great Renascence dam (Gebremicael et al., 2013). A reduction of
grassland cover (88%) from 1972 to 2007 periods was also observed in the northern Afar
rangelands while Bush land cover and cultivated land increased more than threefold and
eightfold, respectively (Tsegaye et al., 2010). Tekle and Hedlund (2000) who studied LU/LC
change in Kalu District of North-eastern Ethiopia reported a reduction in coverage of scrublands,
riverine vegetation and forests, and an increase in remaining open areas, settlements, floodplains,
and water bodies between 1958 and 1986 periods. In Kalu District, the area under cultivation
was almost unchanged. In the same manner, forest cover continuously decreased in Lake
Hawassa between 1986 and 2011 periods while woodland cover increased.

However, the change in cropland, bare land and grassland were very small (Wolka et al., 2015).
On the other hand, some studies previously conducted in the degraded parts of northern Ethiopia
such as Bantider et al. (2011) in the eastern Escarpment of Wello; Mekonen and Gebreyesus
(2011) in Medego watershed and Haregeweyn et al. (2015) in Enabered watershed revealed the
improvement of vegetation cover due to community afforestation, land rehabilitation and

integrated watershed management activities,



2.1.2. Drivers of LULC changes

The drivers of LU/LC changes are classified as proximate and underlying causes. Among the
proximate causes include land conversion from natural to agricultural land use leading to
overgrazing, and deforestation (Twisa and Buchroithner, 2019) and weak institutional setup
(Dinka and Chaka, 2019). Among the underlying causes include familiar themes such as
population pressure, poverty, and policy disincentives including insecurity of land holding.

In the case of Ethiopia, most LULC changes are driven by underlying factors mainly population
pressure and poverty (Abate, 2011b; Gashaw et al., 2014). For example, increase in population
pressure in the highlands since the mid to the turn of the 20th century had accelerated
deforestation and intensified cultivation (Hurni et al., 2015). Yalew et al. (2016) also
demonstrated that the major land use/cover change drivers in the Upper Blue Nile Basin, Jedeb
catchment were ever increasing human and livestock populations and weak infrastructure

development such as lack of roads, markets and water sources.

Besides these causes, institutional and policy factors were found the drivers for the reduction of
forest and grassland and the increase of cultivated land, bare land and shrub land in Geleda
catchment during the 1957-2014 periods (Esa et al., 2018). For example, land tenure insecurity
results in deforestation and extractive livelihood strategies. Urbanization, industrialization, and
institutional building were found the drivers of LULC changes as demonstrated around Mekelle
city in the Tigray region of Ethiopia (Tahir et al., 2013). Conversely, small-scale agriculture,
commercial logging and commercial farms were the causes of forest cover loss in the south-
central Rift Valley region during the 1972-2000 periods (Dessie and Johan, 2007). Therefore, the
major drivers of LULC changes in Ethiopia emanated mainly from population growth, which is
manifested mostly through the expansion of cultivated lands, even in areas where cultivation is

almost impossible, and urban expansions.

The LULC changes pose multi-dimensional impacts on local climatic and environmental
systems. The event influences the temporal and spatial dynamics of environmental and
ecological systems including greenhouse gas emissions and biodiversity losses (Barlow et al.,
2016); soil erosion and sedimentation (Debie et al., 2019); water resources (Birhanu et al., 2019;
Dinka and Chaka, 2019); and climate change (Brovkin et al., 2013).Moreover, LU/LC changes
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influence surface energy balance, which is the major underlying process for temperature change
(Jain et al., 2017), as well as additional severe weather conditions, such as drought and flooding.
2.1.3. Land surface temperature (LST) change driven by LULC changes

Land surface temperature (LST) refers to the radiative land surface skin temperature, which is
highly variable following the thermal properties of land surface features (Pal and Ziaul, 2017;
Zhang et al., 2009). The change in LST is a regional climate response to global climate change
and has research and development importance in agriculture, water resource, ecology, agro-
meteorology, and climate change over large spatial and temporal scales (He et al., 2018; Zhang
and He, 2013). Therefore, studies on the relationship between LST and LUCCs are essential to
provide the basis for regional and national planning and environmental monitoring and
management. Besides, it is also essential to identify factors which control the spatial-temporal
variation of land surface temperature triggered by LU/LC change (Haylemariyam, 2018; Balew
and Korme, 2020). For instance, Sahana et al. (2016) investigated the effects of land use change
from natural forest to paddy rice and settlement and found an increase in land surface
temperature in the Sundarban Biosphere Reserve of India. Besides land use/land cover, elevation
and other topographic features can cause changes in the land surface temperature (He et al.,
2018). In the Russian Altay Mountains, topographic features like elevation were found to be the
main drivers of land surface temperature changes. He et al. (2018) have concluded that
topographic features such as elevation, slope and aspect significantly affect spatial variation of
LST in the mountainous areas in the north east China. In areas where there is modification of
vegetation cover like in urban centers, there is a change in the thermal regime which further

triggers an increase in the air temperature of the surrounding areas (Zhang et al., 2009).

2.2. Concepts of soil quality and the effect of LULC changes on soil quality
2.2.1.Conceptual issues
Soil quality refers to the capacity of soil to give its ecosystem services, within the natural and
managed ecosystem boundaries, to sustain biological productivity, maintain and enhance water
and air quality, and support human health and habitation (Blinemann et al., 2018; Andrews et al.
2004). Hence, it is more complex than water and air quality as it provides multiple ecosystem
services/functions. The concept of soil quality has emerged during the last decades and is used to
assess land or soil quality under various systems (Ezeaku, 2015). This parameter determines the

capacity of soil to deliver a range of functions that support ecosystem services including human
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health and wellbeing (Corstanje et al., 2017). Soil quality is a dynamic interaction between
various physical, chemical and biological soil properties, which are influenced by many external
factors such as land use/ land management and socio-economic priorities; these parameters are

involved in the critical functioning of the soil (Maurya et al., 2020).

Soil quality can be categorized as inherent and dynamic qualities (Karlen et al., 2008; Larson and
Pierce 1994). Inherent soil quality is the natural capacity of soil to function in certain climatic
conditions. These characteristics are permanent and do not change by management or land use.
They are often used to evaluate the suitability of soils for specific uses. On the other hand,
dynamic soil quality describes the response of soil functions to land use/land cover changes or
specific management strategies (Braimoh and Vlek, 2006), and hence the dynamic soil quality is
the focal point of soil sustainable land management assessment. Land use change/management
will result in a net positive or negative impact on the quality of the soil. For example, land
use/land cover changes from forest land to other land use systems results in soil erosion (Bewket
and Teferi, 2009; Haregeweyn et al., 2015), increases compaction (decreases the content of soil
organic matter, water holding capacity and nutrient availability(Bewket and Stroosnijder, 2003).
These effects ultimately lead to negative changes in soil quality indicators from the perspective
of sustainable land use systems.

Soil quality cannot be measured directly; rather it is determined based on soil quality indicators
(soil physical, chemical and biological properties) (Zornoza et al., 2015). The changes of these
indicators due to land use changes and management activities can help us to evaluate whether the
soil quality is degraded, stable or improved (Blnemann et al., 2018; Huang et al., 2021).
Quantitative determination of these indicators is also site-specific due to the difference in soil
management strategies in various ecosystems (Zhao et al., 2021). The sustainability of ecosystem
service could be ensured if and only if soil quality is improved and maintained (Delelegn et al.,
2017).

2.2.1.1. Soil quality indicators

Soil quality evaluation enables researchers to get a thorough understanding of the soil; to explore
its responses to LULC changes and to develop sustainable management strategies (Rahman et
al., 2020). It cannot be measured directly. As a result, soil quality indicators are required to
evaluate its status. Scientists consider a wide range of measurable physical, chemical and

biological soil parameters as the quantitative indicators of soil quality like soil texture, aggregate
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stability, soil organic carbon (SOC), electrical conductivity (EC), total nitrogen, CEC,
exchangeable bases, soil pH, soil microbial characterization etc. The assessment of soil quality
by understanding the threshold range of these indicators in certain ecology also shows the
sustainability potential of that soil. There are three main categories of soil quality indicators;
which include: chemical, physical and biological. The selection of soil quality indicators needs to
ensure that they are sensitive and responsive to land use changes/ land management strategies
across space and time scales (Corstanje et al., 2017).

Soil physical quality indicators: refers to soil physical properties which include soil texture,
soil depth, bulk density, aggregate stability, crusting, porosity and compaction. Physical
indicators primarily reflect limitations for root growth, and water infiltration within the soil
profile.

Soil chemical quality indicators: The soil’s chemical condition affects soil-plant relations,
water quality, buffering capacities, availability of nutrients and water to plants and other
organisms, mobility of contaminants, and some physical conditions, such as the tendency for the
crust to form. Chemical soil quality indicators include soil pH, soil salinity, nutrient availability
(N, P, K, micro-nutrients), cation exchange capacity (CEC), exchangeable bases, and the
concentrations of elements that may be potential contaminants (heavy metals, radioactive
compounds, etc.).

Soil biological quality indicators: Biological soil quality includes a variety of soil functions
associated with the living component of the soil ecosystem. Prominent biological soil quality
indicators include the diversity and composition of species of soil organisms, particularly soil
microorganisms and soil flora (the types of plants, their root systems and the vegetative litter
produced at the soil surface). In this respect, the amount and quality of soil organic matter
(SOM) or organic carbon (SOC) is a reflection of the nature and abundance of soil flora and
fauna (Bajracharya et al., 2007). Hence, soil organic matter (SOM) content is widely considered
a key indicator of soil biological quality indicator. Moreover, SOM has been found to be
beneficial for nutrient retention/recycling, soil productivity, water-holding capacity and carbon
sequestration (Seely et al., 2010; Six and Paustian, 2014). For soil quality evaluation, integration
of soil physical, chemical and biological properties and establishing soil quality index is
required. The result of SQI provides a single numerical value by integrating the values of

measured soil properties.
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Fig 2.1. The relationship between soil threats, functions and ecosystem services (adapted from
Brussaard, 2012).

2.2.2. Impacts of land use/cove changes on soil quality

LULC change is the foremost cause for soil quality (SQ) change and information on the
responses of SQ indicators is essential to develop a sustainable land management plan (Ayalew,
2015). Soil quality assessment with respect to land use change is very crucial particularly in
tropical regions to improve land use systems (Yimer et al., 2006). The conversion of forest land
into other land use systems such as cultivated land (CL) and grassland (GL) caused a decline in
soil quality, thereby reducing its potential for actual productivity (Wei et al., 2014). Land
use/land cover change in Sub-Saharan African region has brought the failure of soils to provide
essential ecosystem services as a result SQ decline has become a major challenge (Diao et al.,
2010).

LULC changes coupled with climate change are known to have causing soil degradation due to
alterations in the individual soil quality parameter. For instance, the loss of SOC and soil
microbial biodiversity is the result of the conversion of forest land into cultivated land which is
widely documented in (Padbhushan et al., 2022; Nath et al., 2018). In addition, LULC change
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affects the distribution and supply of soil nutrients by directly altering soil properties and by
influencing biological activities. Deforestation increases CO, and other GHG emissions
contributing to climate change (Sanderman et al, 2017). Therefore, enhancing SOC
sequestration plays a great role in reducing loss of SOC, mitigating climate change and reducing
associated impacts of ecosystem services.

However, anthropogenic activities are the major proximity causes for environmental changes at
various spatial scales (Hegazy and Kaloop, 2015). Soil quality deterioration and other
environmental problems like soil erosion, climate change, loss of biodiversity, carbon cycle and
impairment of ecosystem services are the consequences of land use/land cover changes (Lepcha
and Devi, 2020; Wang et al ., 2016). In Africa, soil quality deterioration has been aggravated due
to population pressure and subsistence farming associated with poor land use systems; in turn
resulted in declining of agricultural productivity and food insecurity (Alarima et al., 2020;
Obalum et al., 2012). Previous studies conducted in the highlands of Ethiopia indicated that land
use land cover changes have many implications on soil degradation, soil quality deterioration and
suitability of an area for specific use (Pham et al., 2018). Changes from natural forest to
agricultural land are the major causes of extensive soil quality deterioration, depletion of soil
nutrients and declining of agricultural production in the highlands of Ethiopia (Molla et al., 2022;
Aredehey et al., 2019), Dagnachew et al. (2019) and Teferi et al. (2016) also showed that human-
induced activities in the Upper Blue Nile Basin had a substantial impact on major soil quality
indicators. The highlands of Ethiopia faced critical soil related problems from the perspectives of
soil quality and fertility. These include: soil acidity that covers about 40% of cultivated fields;
high rate of soil organic matter loss and depletion of macro nutrient (high rate of negative
nutrient balances), Addressing the problems of soil fertility component has become a major
policy issue in Ethiopia, since the agricultural sector is the major pillar of economic and social
development (Neglo et al., 2021). Therefore, improving and maintaining soil quality is a pre-
requisite for agricultural sustainability. Hence, soil quality evaluation is crucial to understand
the basic problems of soil quality indicators; to design site-specific and effective management
strategies (Rahman et al., 2020).

In Africa, agricultural lands, including marginal lands are intensively cultivated and become
under pressure due to ever increasing population. In developing countries were the livelihoods of

the community is dependent on agricultural activities, loss of soil fertility is the major constraint
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to food security and rural poverty (seifu et al., 2020). In these countries, soil nutrient losses from
agricultural lands and their negative consequences are the highest in the world. Agricultural
productivity is affected by fragmented ecosystems, low inherent fertility of soil and insufficient
application of external inputs (Juilo and Carlos, 2006). Moreover, the application/utilization of
appropriate soil management strategies still continues as a major problem in these countries
(Onduru and Du Preez, 2007). In these regions, soil nutrient losses from agricultural lands and
their negative consequences are the highest in the world. Hengl et al. (2015) reported that 80% of
African agricultural land has soil fertility below threshold level as a result of progressive nutrient
loss due to poor soil management systems. Even when compared to other African countries,
agricultural sustainability is becoming a major threat in SSA due to soil erosion, low application
of external inputs and low inherent soil fertility which are the major factors for soil nutrient
depletion (Harris and Consulting, 2014; Van Beek et al., 2016). Therefore, the application of
sufficient amount of external input is required to reverse progressively increasing depletion of

macronutrients and to increase agricultural production in these countries (Zhang et al., 2020).

2.3. Soil erosion and sediment export

Soil degradation in the form of water erosion has become an important global concern because of
its impacts on agricultural productivity, and food security as it increases the cost of production
(Teferi et al., 2016; Ferreira et al., 2015). Soil erosion is a particular concern in Asia and Africa
where agriculture is the bases for the livelihoods of the population (Tamene and Le, 2015). In the
African continent about half of the population is affected by soil erosion which is the highest in
the world (Blanco-Canqui and Lal, 2008). Soil erosion is particularly severe in agricultural land
use systems causing the loss of nutrient-rich top soil which leads to a decline in agricultural

productivity (Erkossa et al., 2015; Haregeweyn et al., 2017)

Ethiopia is one of the African countries that are severely affected by soil erosion (Samuel et al.,
2016). Soil erosion is reportedly severe in the highlands because of the rugged terrain,
inappropriate land management practices and socioeconomic characteristics of these regions.
Land conversion to expand arable land often included the cultivation of marginal lands with
steep slopes where the poor farmers cannot afford to construct terraces. In addition to this, the
problem of over grazing and complete removal of crop residues from agricultural fields that

predispose the soil to the impacts of the monsoon rains that result in massive soil erosion
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(Erkossa et al., 2015; Addis et al., 2016). Other studies conducted in different parts of the
country also confirmed this condition.

2.3.1. The rate of soil erosion in Ethiopia

Soil erosion rates aggregated for all land use types ranged between 3.4 and 85 t/ha/year
depending on climate and land use type; the rates for cultivated fields was from 50 to 179
t/ha/year (Hurni et al. 2015; Adimassu et al. 2012). The results of Sonneveld et al. (2011)
demonstrated the outputs of mean soil loss map at national level using different models. The soil
erosion rate varied significantly and reaches to a maximum of more than 100t/ha/year in the
north western part of the country. The soil conservation research project (SCRP) found the
highest erosion rates of 110 t/ha/year at Anjeni experimental site in the Upper Blue Nile Basin
(SCRP, 1996). Taye et al. (2013) also documented the significant impacts of land use and land
cover changes on soil loss; with a soil loss rate of 38.7 t/ha/year from rangeland as compared to
cropland (7.2 t/ha/year). Variations in land use (i.e., cover and management factors of erosion)
and climatic conditions particularly rainfall (i.e., the R-factor) was found to explain about 35%
of the differences in soil loss across different locations in Ethiopia. The findings of (Nyssen et
al., 2009) from northern Ethiopian and from the Central Rift Valley region (Meshesha et al.,
2014) reported larger erosive power of rainfall as compared to other areas in the country. Fenta
et al (2021) demonstrated that soil loss was highly variable in Ethiopian River Basins with a
national mean value of 16.4t/ha/yr. From this study it was observed that the highest soil loss rate
was from Tekeze Basin (43.5 t/ha/yr) followed by Abay Basin (32.8 t/ha/yr) and Omo-Gibe
Basin (22.1 t/hal/yr). Haregeweyn et al. (2017) also demonstrated the severity classes of soil
erosion in various landscape positions of the highlands of Ethiopia (Table 2.1).

Table 2.1. Soil erosion severity classes in Ethiopia

Soil erosion rate (t/ha/yr) Severity class Reference

0-5 very slight

5-15 slight Haregeweyn et al. (2017)
15-30 Moderate

30-50 Severe

>50 Very severe
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Hurni et al. (1993) reported that soil loss tolerance level in Ethiopia ranged from 2-18 t/ha/yr,
Soil loss assessment results of Ethiopian highlands revealed that soil erosion rates are greater
than this soil loss tolerance level.

2.3.2. Impacts of soil erosion

Soil erosion causes adverse economic and environmental impacts which include soil quality
deterioration, declining in agricultural productivity and sediment deposition overlying fertile
topsoil, infrastructure destruction, siltation of dams and water reservoirs and damage to the
irrigation canals (Tsegaye, 2019). FAO (2015) estimated that each year about 100,000 km? of
crop land has been lost due to soil erosion. Soil erosion also affects other components of land
resources like vegetation, water and air (Teferi et al., 2016).

The impacts of erosion are categorized as on-site and off-site or downstream effects.

2.3.2.1 On-site effects

Soil erosion is a dominant land degradation process that significantly degrades soil quality and
soil fertility thus reducing agricultural productivity (Mekonnen et al. 2017; Tsegaye 2019). Soil
nutrient losses and declining of agricultural productivity in the Ethiopian highlands are due to
extensive soil erosion (Haregeweyn et al., 2008). The on-site effects are associated with
declining crop yields as a result of loss of nutrients, water holding capacity and rooting depth of
the eroding soils. The findings of Tamene and Vlek (2008) showed that soil erosion results in a
2.2% annual decline in land productivity and projected a 30% reduction in the per-capita income
of the population of Ethiopian highlands. Soil fertility decline is manifested in terms of loss of
nutrients (N, P, K) and organic matter-rich upper layers of the soil. With loss of organic matter-
rich water holding capacity as erosion results in the breakdown of soil aggregates and the
removal of smaller particles. In areas with severe soil erosion, the removed nutrients with
sediments are three times higher than nutrients in the eroding soil (Narendra et al., 2017). The
estimated proportions of top soil nutrients removed ranged from 1 kg to 6 kg for nitrogen, 1 to 3
kg for phosphorus and 2 to 30 kg for potassium. The on-site crop yield loss has been aggravated
by soil nutrient depletion, arising from continuous cropping coupled with the removal of crop
residues, low external inputs and the absence of adequate soil nutrient saving and recycling
technologies. Gebreselassie et al. (2016) also explained the impact of soil erosion on agricultural

productivity and its associated economic loss with an annual cost of US$4.3 billion.
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2.3.2.2 Off-site impacts of soil erosion

Besides on-site effects, soil erosion also inflicts off-site impacts as a result of the movement of
sediment and agricultural pollutants into the river courses (Setegn et al., 2009). In some cases,
increased downstream flooding may also occur due to the reduced capacity of eroded soil to
absorb water in the upper catchments. Sediment loads from unmanaged upland areas can lead to
the silting-up of dams and water reservoirs, disruption of the ecosystems of lakes, and
contamination of drinking water. Power generation reservoirs like Koka, Gilgel Gibe I, Aba
Samuel, and Melka Wakena; water supply reservoirs including Angereb, Legedadi, Borkena and
Adrako and irrigation reservoirs in the northern highlands (Wolka et al., 2015) are highly
affected by sediment loads. For instance, the storage volume of Koka dam has been reduced due
to sediment accumulation with the loading of 3.5 million m*® of sediment in 23 years period
(Zemadim et al., 2014). The results of Degfie et al. (2021) from Lake Hawassa catchment
confirmed that the area of Lake Hawassa has increased by 232 ha in 16 years (on average, 14.5
ha/yr) as a result of sediment load (14,168t/yr) from the upland areas. The study of Yitaferu
(2007) from Lake Tana Basin indicated that the capacity of the Lake Tana has decreased because
of siltation with sediment loading rate of 14.84 million tons per year.

The loss of Cheleleka wetland in the Central Rift Valley of Ethiopia (Degife et al., 2019) was as
the results of excessive soil erosion and subsequent siltation. Devi et al. (2008) also emphasized
that siltation and nutrient enrichment are the main problems of Gilgel Gibe-1 hydro-power dam.
Mekonnen et al. (2022) also demonstrated that the capacity of Adebra NSR reservoir was
decreased from 36,902 m® in 2012 to 27,722 m® in 2020 due to sediment load. These findings
confirmed the loss of 24.8% its capacity during 8 years period. The average sediment deposition
rate was estimated to be 1147.5 m3 /year. Abijatta Lake in the Central Rift Valley region of
Ethiopia may dry out in the future because of siltation (Temesgen et al., 2014a). Similarly, in the
East African region, the Sinnar, the Rosieres and the Khashmel Girba reservoirs in Sudan
(Bekele et al., 2008) and the High Aswan reservoir in Egypt (Ahmed and Ismail, 2008) have lost

substantial proportions of their planned storage capacities due to sedimentation.

Soil erosion also causes negative impacts on water quality and aquatic ecosystems due to the
high concentration of sediments and associated nutrients from land into water bodies. The effects

of sediment load on the performance of a water treatment plant include: high turbidity, high cost
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of coagulants to be used in water treatment, low quantity of water to be supplied, and fills of
tanks and pipes with mud (Munyaneza, 2015). Most of the aquatic habitats are destroyed by
eroded soil from the upland areas. The eroded soil flows in to rivers, lake and water reservoirs
with a lot of quantity of chemicals and heavy metals which causes excess turbidity and water
eutrophication that harms aquatic life and makes the water less useful for domestic use and
recreation (Bing et al., 2013; Wilson et al., 2008).

2.4. Soil nutrient flows and balances at different spatial scales
2.4.1. Concepts of soil nutrient flows, stocks and balances

Soil nutrient flow is understood as the amount of soil nutrients that flow in and out of a system or
area. Nutrient flow can be measured at different spatial scales, plots, farm, catchments, districts,
regions, national, and higher levels.
Nutrient balance is the difference between the sum of nutrient input flows and the sum of
nutrient output flows in agro-ecosystems with predefined spatial-temporal boundaries
(Bindraban et al., 2000). This parameter helps us to explore the consequences of farming system
on soil fertility as well as the sustainability of agroecosystems.
Soil nutrient stock refers to the total amount of nutrients found in the upper 30 cm of the soil
depth. Both the nutrients in the organic matter fraction and nutrients absorbed in to the solid
phase are considered part of the stock.
In Africa, the fertility level of soils is significantly variable and soils respond differently to
external inputs. Low inherent soil fertility, limited replenishment of removed nutrients and high
erosion rates in mountainous areas cause soil fertility decline that become a major threat to
current and future food security (AGRA, 2014). Maintaining and improving soil fertility in this
continent is crucial to attaining the Millennium Development Goals, especially contributing to
‘Eradicating extreme poverty and hunger (MDG 1)’ and ‘Ensuring environmental sustainability
(MDG 7)’. Despite major efforts from research centers, NGOs, and governments, applying
effective soil fertility management strategies is still remain a major challenge in SSA (Onduru
and Du Preez, 2007) as human-induced activities and biophysical factors are affecting the
potential of soil resources in these areas. The main factors contributing to soil nutrient depletion
through physical and chemical properties of soils together with climatic conditions in tropical
Africa and particularly SSA, are generally loss of nitrogen (N) and phosphorus (P) through wind

and water erosion; as well as leaching away of nitrogen and potassium (Henao and Baanante,
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2006; Amede, 2003).Therefore, using soil quality indicators which are reliable to estimate the
level of soil nutrient mining is crucial to identify agroecologies and farming systems with high
level of soil depletion (Sheldrick and Lingard, 2004). According to Hartemink (2010) soil
fertility decline can be assessed via expert knowledge systems, the monitoring of soil chemical
properties over time or at different sites, and the calculation of nutrient balances, with the last
one being the most used and cost-efficient technique.

In Africa, the nutrient balance approach became relevant starting from the study of Stoorvogel
and Smaling (1990), and the research is still on the agenda (Vitousek et al., 2009). The average
nutrient depletion rates for macro nutrients at continental scale were 20 kg N/ha/yr, 10 kg P/ha/yr
and 20 kg K/ha/yr; whereas the depletion rates of these nutrients in East Africa (typical examples
are Kenya and Ethiopia, where there is high soil erosion rate) were two times higher than the
continental mean values (40 kg N/ha/yr, 20 kg P/ha/yr and 40 kg K/ha/yr). The study results in
this continent showed evidence of widespread nutrient mining leading to severe nutrient
deficiencies across ecological zones. High spatial variability of soil nutrient mining in the sub-
humid and humid West and East Africa countries is due to the variation in the management of
agricultural lands (Henao and Baanante, 2006). Soil nutrient depletions have been considered a
serious threat to agricultural productivity and have been identified as a major cause of yield
reduction in SSA (Smaling et al. 2013; Henao and Baanante, 2006). Moreover, nutrient stocks
are not static and continued nutrient mining of soils would result in increased poverty, food

insecurity, and social and political instability.

The findings of Elias (2004) and Elias et al. (1998) from southern Ethiopia also emphasized that
the depletion of soil nutrients from cultivated fields is the most challenging problem to insure
agricultural sustainability in Ethiopia. By the same author, it was confirmed that soil fertility
management strategies are significantly variable across locations and monitoring the levels of
soil fertility for agricultural lands helps to identify appropriate management strategies inorder to
counter balance the depletion of soil nutrients. Moreover, quantification of soil nutrient flows
(nutrients entering in to the system and leaving the system) are a good indicators of whether the
farming system is sustainable or not. Nutrient flows and balances are not meaningful without the
knowledge of nutrient stocks. Linking nutrient balances and flows to soil nutrient stocks creates

a valuable indicator for sustainability assessment in agricultural land use systems (Bahr et al.,
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2015). Hence, the nutrient balance should be related to the nutrient stock to determine the
sustainability of a system as described in (Table 2.2).

Table 2.2. Relationship between soil nutrient depletion and soil nutrient stock

Nutrient depletion Soil nutrient stock

Very small | small moderate Very large

Very low 3 2
Low 4 3
moderate

High

Very high

Nutrient depletion almost negligible compared to soil nutrient stock: no
effects to be expected in the future

Extremely high nutrient depletion: Immediate action required

2.4.2. Soil nutrient flows and balances in Ethiopia

Ethiopia is among the sub-Saharan African (SSA) countries with very high nutrient depletion
rates because of its mountainous topography and intensive farming systems (Elias et al., 2019;
Teferi et al., 2016). More soil nutrients are exported compared to natural and anthropogenic
inputs (Van Beek et al., 2016; Haileslassie et al., 2005). The presence of high nutrient mining is
an indicator of poor management of the soil resource. Nutrient balance results from previous
studies, irrespective of the type of balances, spatial scale, and units, indicated that most systems
had negative N and K balances. These values become more negative in regions where land users
are extensively mining soil resources for their livelihoods with less/no supply of external inputs
to their farmland. For P the trend was less remarkable. Based on the findings of VVan Beek et al. (
2016), the national average soil nutrient balances were -32, 9 and -7 kg/ha/yr for N, P and K

respectively (Table 2.3). Negative P balances were found in some locations and most locations
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showed positive values. The variation between districts/sites might be attributed to the difference
in the agroecology, land use type and management strategies. The study of Haileslassie et al.
(2005) also showed that the national averages of nutrient balances were estimated at -84 kg N, -4
kg P and -53 kg K/ha/year, which is among the highest nutrient depletion rates for sub-Saharan
Africa. A negative nutrient balance indicates that more nutrients are exported from the system
than supplied into the system. The most contributors to nutrient exports are soil erosion and
harvested products (Haileslassie et al., 2006). Van Beek et al. (2016) also showed that soil

erosion accounted for about 50 % of the nutrient losses at a national scale.

Table 2.3. Nutrient balances in different spatial scales in Ethiopia (kg/ha/yr)

Study area Spatial N P K Reference
scale

CASCAPE project sites of | District -32 9 -7 Van Beek et al. (2016)
the country
Northern Ethiopia Catchment -41 1 -36 Gebremedhin et al. (2014)
Southern Ethiopia Farm +68 +7 -23 Haileslassie et al. (2006)
Central Ethiopia Farm -50 -4 -64 Haileslassie et al. (2006)
Western Ethiopia Catchment -46 +3 -75 Haileslassie et al. (2006)
Ethiopia national -122 -13 -82 Haileslassie et al. (2005)
Tigray Region Catchment -65 -6 -34 Assefa et al. (2005)
Southern Ethiopia National -92 +5 -49 Elias (1998)
Ethiopia National -47 -7 -32 Stoorvogel and Smaling (1990)
Western Ethiopia Farm +3 +5 - Aticho et al. (2011)
Northern Ethiopia Farm -20.9to | -0.7t0 | -26.7to | Gezie (2019)

-61.4 +11 -37.8
Northern Ethiopia Farm -26.2to | +3.9t0 | -5.2to - | Mesfin et al. (2021)

-17.9 +6.7 +2.9
Northern Ethiopia Catchment | -21to- | +3.5t0 |-12.8t0 | Kiros etal. (2014)

17.7 +8.0 -5.6
North western Ethiopia Catchment | -112.4 | -23.6 |-130.2 Lewoyehu et al. (2020)

to to -20.6 | to

—89.4 —124.7

2.5. Over view of the methodological approaches used in this study

2.5.1. Application of GIS and remote sensing in LU/LC and LST change analysis
Using remote sensing (RS) data together with Geographic Information Systems (GIS) proved the
effectiveness of this technique for monitoring the spatio-temporal dynamics of land use/cover
(LULC) and land surface temperature (LST) ( Kimuku and Ngigi, 2017). The use of satellite

images and data to assess and analyze changes in land use and land cover (Chowdhury et al.,
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2020; Congedo, 2021) has become the most recognized and powerful technique to obtain more
accurate information on land surface characteristics at different temporal and spatial scales.
Therefore, RS can be used to carry out studies at different spatial and temporal scales
(Haylemariam, 2018) in such a way that information can be useful for monitoring changes in
LULC and LST and the relationship between these parameters can be established.

2.5.1.1. Methods to Retrieve LST from remotely sensed data

Nowadays, one of the principal methods replacing the use of information obtained from surface
stations is the retrieval of LST through RS techniques. It has been demonstrated to be one of the
preferred methods to analyze LST because a product with better spatial coverage can be obtained
in near real-time (Schuch et al., 2017). For this purpose, several algorithms can be used to
calculate LST, including the use of the single-channel algorithm to retrieve the LST of products
derived from Landsat satellites (Mujabar, 2019; Haylemariyam, 2018).

A single channel algorithm could be applied following the process described by Mujabar (2019).
The first step to retrieve LST is the conversion of digital number (DN) to radiance (LA) as
described in equation 1(for Landsat 5 and 7). The thermal band with spectral radiance values
would be converted to effective at sensor brightness temperature (Tg,). Brightness temperature
includes atmospheric effects such as absorption and emissions. This parameter considers the

Earth’s surface as a black body (Chander et al., 2009).

LA = (LMAXA - LMINA)
~ (QCALMAX - QCALMIN)

*(QCAL — QCALMIN)+ LMINA

Where, La= at sensorspectral radiance; QCALMAX = maximum DN value of pixels;
QCALMIN = minimum DN value of pixels; QCAL = DN value of the pixel; LMAX) = maximum

spectral radiance of the sensor and LMINA = minimum spectral radiance of the sensor

Where Tg is effective at-sensor brightness temperature (°K); band 6 calibration constants (\W/m2
srum) are K1= 607.76 and K2 = 1260.56, whereas band 10 calibration constants are K1= 774.89
and K2 = 1321.08.

Once TB is calculated, it is necessary to estimate the land surface emissivity, which is a crucial
factor for LST retrieval. Land surface emissivity was calculated using the following equation
(Mujabar, 2019) :
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(E) = 0.004*PV + 0.986

Where, E is the land surface emissivity (dimensionless); PV is the Proportion of Vegetation
(dimensionless). PV can be calculated using equation 6, which involves the use of the
Normalized Difference Vegetation Index (NDVI).

PV—( NDVI-NDVI min )2
" \NDVI max—NDVI min

NDVI = (Band 5—Band 4)

Band 5+Band 4
Where NDVI (dimensionless, values from -1 to 1) can be obtained through equation 5 reported

by Van de Griend & Owe (1993). Finally, LST was calculated using the following equation
Mujabar (2019).

BT
[1+{@a %)*ms}]]

LST =

Where, Tg corresponds to effective at sensor brightness temperature (°K); LA is the central
wavelength of the emitted radiance; p is a constant equal to 14,380 umK (p =h x c¢/c, where o is
the Boltzmann constant =1.38x10-23 J/K, h is the Planck's constant = 6.626x10—34 Js, and ¢ is
the velocity of light = 2.998x1014 um/s); € is the land surface emissivity.
All these analyses can be done using GIS and remote sensing. Hence, this technique is a power
full tool for retrieving remotely sensed data and analyzing land use/cover and land surface
temperature changes.

2.5.2. Integration of GIS with soil erosion models in quantifying soil erosion and mapping

its spatial distribution

Understanding the extent and magnitude of soil erosion risk is a prerequisite to design effective
management strategies (Benavidez et al., 2018). soil erosion assessment methods can be grouped
into three main approaches: a runoff plot experiment that provides net soil loss (Hurni, 1985;
Herweg and Stillhardt, 1999), a field survey that involves the measurement of visible soil erosion
indicators and the combination of erosion-influencing factors (Whitlow, 1986), and erosion
modelling that involves the use of empirically derived equations or process-based models
(Wischmeier and Smith, 1978; Helldén, 1987). Soil erosion models are the most commonly used

options to assess soil erosion risk, sediment flux, and design and evaluation of the effectiveness
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of soil conservation and management technologies (Easton et al., 2008). Different erosion and
sediment models exist focusing on different spatial and temporal scales with different degrees of
complexity and precision to address the practical implication of soil erosion at the landscape
level. However, researchers (Coppus and Imeson, 2002) proved that there is no single erosion
model that can be universally accepted and applied. There is also no clear agreement in the
scientific community that which kind of model is more appropriate to estimate soil erosion in a
given catchment since those models have their own potentials and limitations (Tamene et al.,
2006).

Based on the nature of the basic algorithms, there are three main types of erosion models.
According to Wheater et al. (1993) and Argent et al. (2005), these models are classified as
empirical, conceptual and physical based models. Among these models, empirical models are
simple and widely applied in data scarce regions. They are based on extensive experimental
results (site-specific observations) and input-output relationships. The data and computational
requirements for such models are usually less than those from conceptual and physically-based
models (Li et al., 2009). These models have limitations of applicability in areas where data were
not used for model development (Merritt et al., 2003) but such models simply calibrate a
relationship between inputs and outputs without any effort to describe the condition caused by
each processes (Argent et al., 2005). Typical examples of this model include the Universal Soil
Loss Equation (USLE), Modified Universal Soil Loss Equation (MUSLE) and Revised Universal
Soil Loss Equation (RUSLE). Conceptual models usually represent catchments as a series of
internal storages (Chandramohan et al., 2015). They define the general mechanisms that govern
the interchange of sediment and water between these storages. Input parameters are usually
obtained in calibration with respect to field-measured data, and evidence shows that determining
the optimal set of values can be cumbersome and in some cases even harder to determine
(Merritt et al., 2003).

Physical (process)-based models are based on the understanding of the physics of flow and
sediment transport processes and their interaction using equations governing the transfer of mass,
momentum and energy (Kandel et al., 2004). These models are based on the computation of
erosion using mathematical representations by knowing the concepts and main processes of

hydrology and soil erosion (Argent et al.,, 2005). They are commonly applied to small
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catchments represented by detailed data. Examples of this model are: Water Erosion Prediction
Project (WEPP); European Soil Erosion Model (EUROSEM) (Morgan et al., 1996). The main
limitation of these models is the requirement of intensive data for model parameterization, and
calibration and more particularly the lack of data for validating the spatial pattern of runoff,
sediment and soil nutrients losses in order to apply a model to a wide range of field conditions.
The other major limitation of these models is that they are too complex and their reliance on data
to test and calibrate for assessment of performance before the model output is used for decision
making (Argent et al., 2005). It is difficult to reliably apply most of the physical-based models
developed in the data-rich regions to developing countries, where both data availability and
quality are critically poor. Selection of appropriate model(s) that can suit the areas under study is
therefore crucial and needs to be based on the objective, availability of data and other resources
and scale of investigation required.

2.5.3. Soil quality assessment methods

The ultimate purpose of assessing soil quality is to improve agricultural productivity, water
quality, and habitats of all organisms including human beings (USDA, 2006). For soil quality
assessment, integration of static and dynamic soil chemical, physical, and biological quality
indicators need to be defined in order to identify different managements and environmental
scenarios. Several methods of soil quality evaluation have been developed, including soil card
design and test Kits, geostatistical methods or soil quality index methods (Blinemannet al., 2018).
In general, soil quality assessment is carried out by selecting a set of soil properties which are
considered to be indicators of soil quality (Vasu et al., 2016). The use of one indicator or indices
integrating only two parameters has many limitations and provides insufficient information about
soil quality and degradation (Bastidaet al., 2008; Masto et al., 2015). Recently, the new
methodological approach (soil management assessment frame work) that focused on the
derivation of multi-parametric indices by combining different parameters (soil physical,
chemical and biological quality indicators) has been widely used. This approach involves three
steps: indicator selection, indicator interpretation, and integration into a soil quality index
(Andrews et al., 2004). A soil quality index (SQI) could be defined as a minimum set of
parameters that provides numerical data concerning the capacity of soil to carry out one or more
functions (Garrigues et al., 2012; Asensio et al., 2013). The selection of a minimum soil data set

(MDS) is based on either expert opinion (subjective), or mathematical and statistical (objective)

27



methods (Bastida et al., 2008; Biinemann et al., 2018). In recent times, statistical data reduction
by using multivariate techniques such as principal component analysis (PCA), redundancy
analysis, discriminate analysis and multiple regressions have become more common.
2.5.4. Methodological approaches and scale issues in soil nutrient balance studies
Soil nutrient balance studies conducted in Africa adopted the method of Stoorvogel and Smaling
(1990), which accounted for five nutrient inflows and five nutrient outflows. For those fluxes
which are difficult to measure, transfer functions/regression equations were integrated to
quantify nutrient balances (Bindraban et al., 2000; Lesschen et al., 2007). Nutrient balances can
be assessed using partial and full nutrient balance approaches (Haileslassie et al., 2005). The
partial nutrient balance approach considers easily measured parameters, which include two
nutrient inflows (organic and inorganic inputs) and two outflows (harvested crop yield and
residue) (FAO, 2003). The numerical value of nutrient balance for macro nutrients (N, P and K)
for a given agroecosystem is the difference between the sum of nutrient inputs and nutrient
outputs. The spatial scale of the study of nutrient balance ranged from plot level to continental
level depending on the objectives of the study. The scales include: Macro-scale, Meso-scale, and
Micro-scale (FAO, 2003). Macro-scale studies were undertaken at a country and continental
level using the methodological approach of Stoorvogel and Smaling (1990). Soil nutrient balance
studies conducted in Sub-Saharan Africa by FAO (2003) are typical examples of this. Meso-
scale studies reflect soil nutrient balance analysis at the district level. Data inventories and
identification of soil management strategies are better than the macro-scale approach. Micro-
scale studies considered farms/agroecosystems as the unit of soil nutrient balance studies. In this
approach, the socio-economic status of household groups and integrated nutrient management
aspects could be addressed. Moreover, nutrient balance studies at the micro-scale differ
considerably from macro and meso scales as they are generally based on on-site inventories and
monitoring studies that provide first hand data. However, they all utilize regression models to
estimate difficult flows, such as leaching and gaseous losses.
CHAPTER THREE: MATERIALS AND METHODS

3.1. Description of the study area

3.1.1 Location and Biophysical characteristics
Suha watershed is geographically located between 37° 56' 15" and 38° 18' 49"E and 10° 06' 46"
and 10° 41' 56"N in the north western highlands of Ethiopia and covers an area of 80,340
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hectares (Fig 3.1). The altitude ranges from 1040 to 3986 meters above sea level (m.a.s.l) and
characterized by complex topographic features that extend from flat to very steep slopes. Based
on FAO (2006) slope classes, the watershed has seven slope categories (Table 3.1). Flat to very
gently sloping (0-2% slope), gently sloping (2-5% slope), sloping (5-10% slope) strongly sloping
(10-15% slope) and moderately steep (5-30% slope). Steep (30-60% slope) and very steep
(>60% slope) classes characterize the upper part of the watershed.

Table 3.1. Slope classes and proportion of each class in Suha watershed (based on FAO, 2006
classification)

No. Slope (%) Slope class Area (ha) Proportion
range (%)

1 0-2 Flat to very gently sloping 2586.7 3.2

2 2-5 Gently sloping 10748.4 13.4

3 5-10 Sloping 19234.7 23.9

4 10-15 Strongly sloping 12380.7 15.4

5 15-30 Moderately steep 19471.7 24.2

6 30-60 Steep 12231.2 15.2

7 > 60 Very steep 3686.9 4.6
Total 80340.3 100
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Fig 3.1. Location map of the study area

Based on the classification of Elias (2016) and MoARD (2005), the study area falls under the
Tepid sub-humid mid highlands agro-ecological zone. In this classification, the basic parameters
considered were climatic variables (temperature and moisture) and elevation. High rain fall
coupled with poor land use systems in sloping areas is the cause of soil erosion and sediment
source (Monsieurs et al., 2015). The climatic features are characterized by tepid mid highlands.
Based on the long-term weather data obtained from nearby metrological stations (i.e., Bichena,
Dejen, Kuy and Robgebeya), the area receives means annual rainfall in the range of 1213 mm at
the lower part to 1396 mm in the upper part of the watershed (Fig 3.2). The mean minimum and

mean maximum temperatures of the area are 8°c and 25°c. The rainfall pattern is characterized
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by a unimodal type with rains falling during the monsoon season (June to September) with a
peak in August.

The geology of the Upper Blue Nile Basin is part of Shield VVolcanoes and the Semen Mountains
of the Ethiopian flood basalt plateau (Williams, 2016) dominated by alkali basalts, although
metamorphic and sedimentary rocks can also be found in the lowlands of the basin (Ermias,
2015). According to the Abay Basin Master Plan (MoWR, 2011), the major soil types are
Vertisol (57.3%), Leptosol (26.7%), Cambisol (9.6%), Luvisol (6.1%) and Nitosol (0.3%) were
present; the central part of the watershed is predominantly covered by Vertisol. The distribution
of soil types is mainly slope dependent.

Land use systems

Based on the Landsat image (2019) analysis results, six land use land cover classes were
identified (Yeneneh et al., 2022). The largest proportion of land use class is cultivated field
which accounts for 74 % of the catchment area. The other land use types include: grazing land
(9.1%), forest land (1.3%), shrub land (4.9%), bare land (8.4%) and built-up area (2.0%).
Currently Eucalyptus plantation is expanding in farm lands for different purposes. Agriculture is
based on a mixed crop-livestock farming system. Major crops in the upper catchment include
food oats (Avena sativa), barely (Hordeum vulgare), potato (Solanum tuberosum), bread wheat
(Trticum vulgare) and onion (Allium cepa) are cultivated. In the middle part teff (Eragrostis teff)

is predominantly cultivated and in the lower part sorghum is the dominant crops.
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Figs 3.2. The long-term (1987 - 2019) mean annual rainfall and air temperature of the study area.

Source: National Meteorological Service Organization.

3.2 Land use and land cover change detection
3.2.1 Satellite image pre-processing
The general frame work of the methodology was depicted in (Fig 3.3). For this study various
data inputs were collected from different sources. The main data sources were Landsat satellite
images, digital elevation model (DEM) and referenced data. Landsat images for the periods of
1985 (TM), 1999 (TM), 2009 (ETM+) and 2019 (OLI_TIRS) were freely obtained from the
United States Geological Survey (USGS) (http:// earthexplorer.usgs.gov). Satellite datasets were
projected to the Universal Transverse Mercator (UTM), map projection system zone 37N and
datum of World Geodetic System 84 (WGS84). To get better cloud-free images and avoid
variation because of seasons dry season periods (January and February) were preferred for image
downloading (Belay and Mengistu, 2019). In addition, ground truth data were gathered using
Global Positioning System (GPS) during the field survey and additional reference datasets were
generated from Google Earth for supervised classification, and accuracy assessment of classified

images.
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The first step in Landsat image analysis was preprocessing, which corrects distortions of satellite
images and ready them for further analysis (Young et al., 2017; Mancino et al., 2014). Land sat
sensors, solar radiation, atmosphere and topographic features are major factors for distortions of
satellite images. Layer stacking, radiometric calibration, and atmospheric corrections were
conducted using ENVI 5.3.software. Detailed descriptions of satellite images used for this study
are given below (Table 3.2). The study watershed was extracted (prepared) using Arc Hydro tool
in ArcGIS.

Supervised classification technique was employed in this study and a support vector machine
(SVM) algorithm was applied to classify land use and land cover classes from Landsat5, Landsat
7 and Landsat 8 data. Different scholars showed that this algorithm has better accuracy compared
with other algorithms, like maximum likelihood classification (Ahmad et al., 2018; Mondal et
al., 2012). Support vector machine is different from other classification algorithms because of the
way they choose the decision boundary that maximizes the distance from the nearest data points
of all the classes. The supervised classification technique is recommended compared to
unsupervised classification because of its quality result, provided that sufficient training data are
available for the study area (Belay and Mengistu, 2019; Congalton, 2009). It is obvious that for
supervised classification techniques reference data (ground truth data) are required. Hence,
referenced data (ROIs for classification) were collected for different features using Google Earth
for the study periods (1985, 1999, 2009 and 2019), Spectral separability of ROIs has been
analyzed and pair separation results were compared based on Jeffries-Matusita, Transformed
Divergence. Based on this classification technique, six land use/cover types were identified
(Table 3.3).

Table 3.2. Details of landsat images used in this study.

Landsat Sensor_ID  Date of Path _Row No. of Resolution  Source
image acquisition bands (m)

Landsat5 TM 1985-01-09 169 & 53 7 30 USGS

Landsat5 TM 1999-02-01 169 & 53 7 30 USGS

Landsat 7 ETM+ 2009-02-04 169 & 53 8 30 USGS

Landsat 8 OLI_TIRS 2019-01-23 169 & 53 11 30 USGS
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Table 3.3. Land use and land cover categories in suha watershed.

LULC Description

category

Agricultural Areas used for annual crops production which includes cereals, pulses,
land horticultural crops and oil crops

Grazing land Areas covered with grass and used for communal grazing land

Forest land Sites covered by dense forest with closed canopies (eucalypts plantation

found in homesteads and farm lands also considered in this class).

Shrub land Refers to small trees, bushes and shrubs with some grasses.

Bare land Includes degraded areas, over-exploited cultivated farmlands, exposed bade
rocks

Built up Sites covered by buildings both in urban and rural areas, institutions and road
infrastructures.

Accuracy assessment

This method is an important component of land use land cover classification and it is used to
compare classified images with the ground truth data. On the basis of confusion matrix results, it
is possible to evaluate whether an image is correctly classified or not. Referenced data sets (ROIs
for validation) were collected for each period (1985, 1999, 2009 and 2019) using Google Earth
Maps for each land use/ land cover class. A total of 300 reference data were collected using a
random sampling technique for accuracy assessment. Over all accuracy and kappa coefficient
values were analyzed by confusion matrix using the ground truth ROIs tool in ENVI software.
Kappa coefficient result indicates overall agreement and its value lies between 0 and 1 (Foody
and Mathur, 2004). User’s accuracy and producer’s accuracy were also analyzed to evaluate the
accuracy of classified images of each land use/ land cover class. User’s accuracy measures error
of commission or false positive, whereas producer’s accuracy measures error omission or false
negative. Overall accuracy and Kappa coefficient were calculated using the following equations
(Congalton, 2005).

OA = (X/Y) * 100 Eq (1)
Where, OA is the overall accuracy, X is the correct value in the diagonal of the matrix and Y is a

total number of values taken as a reference point.
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N2-YT_, (xi+ * x+i)

K=

Eq (2)

Where, K is the kappa coefficient, r is the number of rows in the matrix, xii is the number of
observations in row i and column i, xi+ are the marginal totals of row i, X + i are the marginal
totals of column i, and N is the total number of observations.

Change detection

Change detection is a post-classification technique that helps us to evaluate the conversion of one
land use/land cover class to another category for multi-temporal classified images (Alawamy et
al., 2020; Young et al., 2017). Change matrix analyses were employed for images of consecutive
periods of 1985 and 1999, 1999 and 2009, 2009 and 2019, 1985 and 2019 using a change
detection tool in ENVI 5.3 software. From the results of the change detection matrix, it is
possible to present loss (error of omission) and gain (error of commission) for each LULC class
for a given period of analysis. Percent of change and rate of change between periods were
computed using the following equations (Temesgen et al. 2014a).

Area final - Area initial

Percent change = ( )*100 Eq (3)

Area initial

Area final - Area initial

Rate of change (ha/yea) = Eq (4)

Time interval

3.2.2 Extraction of land Surface Temperature (LST) from Thermal bands

Thermal bands of Landsat images (Landsat 5, 7 and 8) were used to generate LST values for the
study period (1985 - 2019). Band 6 and band 10 were used for Landsat5, Landsat 7 and Landsat
8 respectively. Thermal band 11 of Landsat 8 was not considered in this study following USGS
recommendation (Avdan and Jovanovska, 2006). Mono-window algorithm used by other
scholars (Imran et al., 2021; Kafy et al., 2020; Pal and Ziaul, 2017) was adopted for this study.

The following steps were followed to generate LST from thermal bands.

The first task was the conversion of the digital number (DN) of the thermal band to the top of the
atmosphere (TOA) radiance (L1). Satellite sensors measure reflectance from the earth’s surface
as digital numbers (DN) representing every pixel of the image. Because of this, the step is a
prerequisite for the upcoming activities. For Landsat 5 and Landsat 7, the following equation

was applied to extract spectral radiance from DN (Landsat 7 Data Users Handbook, 2019).
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(LMAXA - LMINA)
LA =
(QCALMAX - QCALMIN)

*(QCAL — QCALMIN)+ LMINA Eq(5)

Where, LA is at-sensor spectral radiance;

QCALMAX = maximum DN value of pixels;

QCALMIN = minimum DN value of pixels;

QCAL = DN value of pixel,

LMAX3) = maximum at-sensor spectral radiance and

LMINA = minimum at-sensor spectral radiance;

For Landsat 8, band 10 was used to extract spectral radiance. Calibration notifications from
USGS indicated that data obtained from the thermal infrared sensor (TIRS) Band 11 has
uncertainty and suggested using TIRS Band 10 data as a single spectral band for LST estimation
(Rongali et al. 2018). The following equation described by Chander and Markham (2003) was
employed for conversion of the digital number (DN) to the top of the atmosphere (TOA)
radiance (LA).

L).=ML*QCAL + AL Eq (6)

Where, LA = Spectral Radiance of top of the atmosphere;
ML = the band- specific multiplicative rescaling factor (0.0003342) (Table 3.4);
AL = the band- specific additive rescaling factor (0.1) and,;
QCAL = Digital number (DN) of band 10

The next step was the conversion of spectral radiance to satellite brightness temperature (BT) as
follows (equation 7).

BT = -273.15 Eq (7)

In[ (5)+ 1]

Where, BT = At-satellite brightness temperature;
LA = TOA spectral radiance (equation 6);
K1 and K2 are calibration constants (Table 3.5) and;

A = spectral radiance in watts per meter squared steradian micron (W/ (m?*sr* um)).
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The third step was calculating the proportion of vegetation (PV). Vegetation cover (greenness) is
one factor for the spatial variation of land surface temperature. For this reason, input data used to
estimate PV value was the Normalized Difference Vegetation Index (NDVI) which is calculated
using equation (9) as proposed by Wang et al., (2015); PV was calculated using the method
proposed by Sobrino and Romaguera (2004).

NDVI—NDVI min )2

PV = (NDVI max—NDVI min Eq(8)
_ (Band 5—Band 4
NDVI = (Band 5+Band 4) Eq(9)

Where, band 5 is near infra-red (NIR) and band 4 is red
The fourth step involves the calculation of surface emissivity (E): It is an important parameter to
estimate LST (Meng et al., 2019). The value of this variable is obtained by taking the ratio of
two different emitted radiances (actual emitted radiance and radiance from the perfectly emitting
surface) under the same temperature condition (Norman and Becker, 1995). Hence, accurate
estimation of land surface emissivity is a pre-requisite to extract land surface temperature from
Landsat images. It was calculated using the proportion of vegetation (PV). The following
equation was applied to estimate this parameter (£€) (Wang et al., 2015).
Land surface emissivity (£) = 0.004*PV + 0.986 Eq (10)
The last step was estimating land surface temperature (LST) using the following equation
proposed by Artis & Carnahan (1982) and Jeevalakshmi et al. (2017).

BT

[[1+{(LA* %)*lns}]]

LST = Eq (11)
Where,
LST = Land surface temperature;
BT = at satellite brightness temperature (K);
LA = wave length of emitted radiance in meters;
p = h*c/ o =emitted radiance: (p = h xc/o = 1.438 * 10— 2 MKk);
o = the Stefan—Boltzmann constant;
h = is Planck’s constant;

¢ = the velocity of light, and
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¢ = the land surface emissivity (LSE).

Table 3.4. TM, ETM+ and TIRS thermal band calibration constants (K1 and K2 values)

Thermal bands Constantl- K1 Constant 2- K2
(watts/(meter squared x ster (Kelvin watts/(meter
X pum)) squared X ster X pm))

Landsat 5 (band 6) 607.76 1260.56

Landsat 7 (band 6) 666.09 1282.71

Landsat8 (band 10) 774.89 1321.08

Table 3.5. Rescaling factors for Landsat 8 (band 10)

Rescaling factor Band 10 Source of data
Mc (Radiance mult. band) 0.0003342 Meta data
AL (Radiance add band) 0.1 Meta data
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Fig 3.3. Methodological frame work applied for LULC and LST analysis.

3.3 . Quantification of soil erosion and sediment delivery

Soil loss and sediment yield were estimated using various data sources (Table 3.6). The Digital
Elevation Model (DEM) of the study area derived from ASTER (Advanced Space borne
Thermal Emission and Reflection Radiometer) with a spatial resolution of 30m * 30 m was
used as data input to generate the slope map and to calculate the slope length and slope
steepness factor (LS-factor) of the study area. Land cover factor (C_factor) and
management/conservation practice (P_factor) were generated from land use/cover raster maps.
The rainfall data was obtained from the National Meteorological Agency, Ethiopia and soil
data from Abay Basin Master Plan (MoWR, 2011). These data inputs were integrated in
RUSLE model using ArcGIS 10.5 software.
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Table 3.6. Data inputs used for RUSLE model to estimate soil loss and sediment yield

Datatype  Source Reference

DEM ASTER USGS (http://gdex.cr.usgs.gov/gdex)

Soil Abay Basin master plan project MoWR, 1998 (Abay Basin master
plan project)

Rain fall Data from stations (1974 - 2019) National Meteorological Agency,
Ethiopia

LU/LC Land sat satellite images (1985, 1999, 2009 USGS (https://earthexplorer.usgs.gov/)

and 2019)
C factor Land use land cover classes Own analysis
P factor LU/LC class maps and slope map Own analysis

3.3.1. The RUSLE-factors

The processes of soil erosion are influenced by two major factors, geomorphology (physical
features) and hydrology of the catchment (Aga et al., 2019; Marttila and Klgve, 2010). The
spatial variability of soil erosion is due to the variation in climatic conditions, physiographic
characteristics of an area and anthropogenic activities (Shen et al., 2017). Depending on their
data requirements and applicability, different methods (models) were developed to estimate soil
erosion risk in different parts of the world. In this study RUSLE with GIS and remote sensing
was employed to quantify annual soil loss (Auerswald et al., 1992). This model is one of the
empirical models and widely applied in regions where data sources are scarce (Hurni, 2002;
Bewket and Teferi, 2009). The effectiveness of this model has been confirmed by previous
studies (Markose and Jayappa, 2016; Rozos et al., 2013). Soil loss estimation using RUSLE in
the GIS environment involves the integration of five different parameters (R, K, LS, C and P) as
shown in equation (12) below (Renard, 1997; Sheikh et al., 2011). Hence, the accuracy of soil
erosion modelling using RUSLE is influenced by proper estimation of soil erosion controlling
factors and their data sources. However, this method only estimates soil loss from sheet and rill
erosion, not considering gully and stream bank erosion. In addition, it is incapable of estimating
SDR and SY. Because of this, other methods were applied with this model to estimate SDR and
SY.
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A = R*K*LS*C*P Eq (12)
Where, A is the annual soil loss (metric tons/ ha/year); R is the rainfall erosivity factor (MJ mm/
h/ ha/ year); K is the soil erodibility factor (metric tons/ ha/MJ /mm); LS = slope length and
steepness factor (dimensionless); C is land cover factor (dimensionless); and P is conservation

practice factor (dimensionless).

Rational of using RUSLE for soil erosion modelling

The Revised Universal Soil Loss Equation (RUSLE) was developed by Weltz et al. (1998) to
address the limitations of USLE by accounting for the soil erosion factors. RUSLE modifies
R_factor to include the impacts of raindrops on the detachment of sol particles in flat slopes.
Improvement in slope length and steepness (LS) factor in RUSLE is a major change that
accommodates complex slopes. Moreover, modifications were considered in the C_factor
(contribution of residue considered) and P_factor (strip cropping included). RUSLE can also
incorporate converging and diverging terrain and areas of net sediment accumulation. All these
improvements in soil erosion factors enable users to apply this model in the study of soil erosion
risk and sediment delivery in different catchments having various spatial scales and complex

topography.

Rain fall erosivity (R) factor

Rain fall erosivity is one of the factors of soil erosion and it is an index that quantifies detached
and transported sediment from sheet and rill erosion by rainfall/runoff (Wischmeier and Smith,
1978; Woldemariam and Harka, 2020).This parameter can be estimated by considering the
Kkinetic energy of the storm and the maximum 30-minute intensity (Wischmeier and Smith,
1978). However, meteorological stations lack long-term data of 30-minute intensity and because
of this gap other empirical equations that correlate mean annual rainfall and R factor were
developed (Manaouch et al., 2021). For this study, rainfall data of the watershed were obtained
from National Meteorological Service Agency. Data from four stations (Bichena, Kuy,
Robegebeya and Yetmen) were used to calculate R- factor values of the study area (Fig 3.4 and
3.5; Table 3.7). Monthly rainfall records from these stations covering the period of 45 years
(1974- 2019) were used. The mean annual rainfall was first interpolated to generate continuous
rainfall data for each grid cell by “3DAnalyst Tools Raster IDW Interpolation” in Arc GIS
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environment. Then, the erosivity (R) factor value was calculated using equation (13) suggested

by Hurni (1985) for the Ethiopian conditions.

R=-8.12 + 0.562P

Where R is the rainfall erosivity factor and P is the mean annual rainfall (mm).

Eq (13)

Table 3.7. Average annual rainfall and R- factor values for stations in and near the Suha

watershed
Rainfall Geographical Elevat Mean annual rainfall (mm) and R- factor values
) location ion(m)
Station ~ritude  Longitude 1974-1985 1085- 1999  1999-2009 2009 - 2019
RF R- RF R- RF R- RF R-
(mm) factor (mm) factor (mm) factor (mm) factor
Bichena 38.204 10.445 2532 - - - - - - 1322 735
Debre
Markos 37.739 10.326 2446 1336 743 1327 7376 1416 788 1341 746
Dejen/
Yetnora 38.151 10.171 2448 1036 574 1255 697 1410 784 1213 673
Robege
beya 37.87 10.55 2940 - - 1391 774 1505 838 1396 777
Kuy 37.594 10.3 2420 - - - - - - 1316 731
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Legend
® RF station
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Fig 3.4. Rain gauge stations found in and around the Suha watershed
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Fig 3.5. R_factor maps of a) 1985 and b) 2019

Soil erodibility (K) factor

Soil erodibility is the most important factor that determines soil erosion and it signifies the
inherent characteristics of the soil to erosion (Manaouch et al., 2021). The severity of soil erosion
and its spatial variability is due to the variation in soil texture, OM content, aggregate stability
and permeability (Uddin et al., 2019; Panagos et al., 2014). It is an important parameter in
understanding soil erosion mechanisms (processes). Different methods can be applied in
estimating soil erodibility; which includes: examining soil properties and using different
experiments like score, rainfall simulation and plot experiments (Song et al., 2005). An equation
was developed to measure the K- factor using soil texture and organic matter as data input (Pham
et al., 2018).

K =2.1*10% M4 (12 -OM) + 0.325 * (P-2) + 0.025 * (S - 3) Eq (14)
Where, M = (percentage silt + percentage very fine sand) (100 percent clay); OM = the

percentage of organic matter content; P = profile permeability; and S = structural class.

However, in data-scarce regions, like Ethiopia, data from literature can be applied. In this study,
the calculation of soil erodibility involved the identification of soil types and estimating

corresponding K- factor values. First, soil types were extracted from Abay Basin master plan
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(MOWR, 2011) using “Spatial Analyst Tool’’ in GIS environment and six soil types were
identified. K-factor values, which are recommended for Ethiopian conditions, were adopted from
Hurni (1985) and Hellden (1987) for each soil type. Using these values raster maps were
prepared and reclassified for further analysis (Fig 3.6). The soil types and their erodibility factors
are presented in (Table 3.8).

Table 3.8. Soil types and adopted K - factor values in Suha watershed

Soil types Area (ha)  proportion K -values  References for (K - values)
in %
Eutric Cambisols 7680.3 9.6% 0.2
Eutric Leptosols 10829.1 135% 0.2 Hurni (1985); Hellden
Eutric Vertisols 46123.4 57.4%  0.15 (1987); SCRP (1996)
Haplic Nitosols 210.5 0.3% 0.25
Haplic Luvisols 4900.6 6.1% 0.2
Rendzic Leptosols 10599 13.2% 0.2
Total 80343 100.0
38°0'0"E 38°10'0"E 38°20'( 3890'0"E 38910'0"E 38920'0"E
a) b)
N S W N

10°40'0" N L 0o400" N { b A
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Major soil types K factor
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Fig 3.6. Map of a) soil type and b) K_factor for Suha watershed
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Topographic (LS) factor

One of the most crucial variables affecting soil erosion rate is topography, which quantifies the
combined impact of slope length (L) and steepness (S) on soil erosion. Slope length (L) and
slope steepness (S) characterize the topographic feature of an area. LS factor is the ratio of soil
loss from a given area to that of RUSLE standard plot with length (22.13 m) and steepness (9%),
while maintaining other factors constant ( Renard et al., 2011 ). The values of the LS factor are
influenced by the landforms of the catchment, as well as the flow direction and accumulation.
Various algorithms have been developed to estimate LS factor values. The first algorithm was
developed by Wischmeier and Smith (1978) (Equation 15).

LS=(A/22.13)™ * (65.4 * sin?p + 4.5 * sinp + 0.00654) (Eq15)

Where, B is the slope angle in radiance and m is the power exponent. The value of m is between

0.2 and 0.5 depending on the slope of the catchment.

Another method developed by McCool et al. (1989) also considered slope length and slope of the

catchment to calculate LS_factor values (Equation 16).

(10.8sing + 0.03) if B < 0.09
LS = (/22.13)™ «{ (16.8sinp — 0.5) if p > 0.09 Eq(16).
(3sin®8B + 0.56) if A < 4.5m

Moore and Burch (1986a) also modified previously developed methods.
LS = (AS/22.13)™ * (sinB/0.0896)" Eq (17)
Where, m = 0.4 (values ranged from 0.4 to 0.6) and n= 1.3 (values ranged from 1.22 to 1.3)

Even though different algorithms were developed so far, most of them are site-specific and LS
values are highly variable across regions. In this study, the method proposed by Hurni (1985) for
the Ethiopian condition was adopted to generate LS_factor values (Table 3.9). A digital elevation
model (DEM) of 30 m x 30m spatial resolution was used to generate the slope of the watershed

and slope length using “Spatial Analyst Tool Surface Slope” in Arc GIS 10.4 environment.
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The approach was, first to analyze the slope length and slope of the watershed then reclassified

based on factor_L and factor_S values and finally superimpose these two maps to get LS_ factor

value which gave us reasonable value compared to other algorithms (Fig 3.7).

Table 3.9. Factor_L and Factor_S values derived from the slope length and slope of the Suha

watershed
Slope length (m) Factor L Slope (%) Factor S  Reference
<5 0.5 <5 0.4
5-10 0.7 5-10 1.0 Hurni, 1985
10-20 1.0 10-15 1.6
20-40 14 15-20 2.2
40-80 1.9 20-30 3.0
80-160 2.7 30-40 3.8
160-240 3.2 40-50 4.3
> 240 3.8 > 50 4.8
a 38°0'0"E 38°10'0"E 38°20'0"E b 38°0'0"E 38°10'0"E 38200"E

10°40'0"N-

10°30'0" N+
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Legend
Slope (%)

Value
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10°40'0"'N+

10°30'0""N+
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Legend

LS_factor
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o High : 18.24

B pow:02

Fig 3.7. Slope map (a) and LS_factor map (b) of Suha watershed
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Land cover factor(C)

This factor represents the extent of land cover by different vegetation types, from dense forest to
annual crop cover. The values of this parameter ranged from 0 to 1, in which the lower value
represents dense forest cover and the higher value represents bare lands (Erencin et al.,
2000).Values can be estimated using various techniques; one of the methods used is the
application of the Normalized Difference Vegetation Index (NDVI) (Yan et al., 2020;
Karaburun, 2010). To estimate C factor values, the primary task was computing NDVI values
from Landsat satellite images using Near Infrared (NIR) and Red (R) bands which have different
spectral reflectance (Arekhi et al., 2012). The minimum and maximum values of NDVI were -1
and 1 respectively. The lower value represents bare land and the largest value for land covered
with dense forest. NDVI and C factor values were computed as follows.

_ NIR-RED

NDVI= NIR+RED Eq (19)
1-NDVI
c= (T) Eq (20)

Another approach (adopting C-factor values from literature), commonly used by other
researchers in Ethiopian conditions, was applied for this study. For each land use/ cover class,
C_factor values were assigned by adopting the recommendation of Hurni (1985); Degife et al.
(2021); Gashaw et al. (2017) for the Ethiopian condition (Fig 3.8); other scholars also used a
similar approach (Degife A. et al., 2021; Fenta et al., 2021). Then, raster maps were prepared to
integrate with other factors in RUSLE. Six types of land use and land cover classes were
identified in the study area; their spatial and temporal variability and magnitude of changes are
described in (Table 3.10).
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Table 3.10. Land use/cover classes and their corresponding C- factor values in the Suha
watershed

LULC class Area (ha) adopted C-factor values

1985 1999 2009 2019 values Reference

Agricultural land  44313.9 519389 57523.8 59731.5 0.25
Hurni, 1985; Degife et

Grazing land 257622 182723 113295 71938 0014 . o0,
Forest land 668.0  543.6 8832 10765 0001 Gashawetal, 2017
Shrub land 74413 65925 43645 3897.1  0.02

Bare land 1417.7 1967.4 48545 67149 0.6

Built up area 7257 10169 13764 1719.7  0.05
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Fig 3.8. C-factor maps of LULC classes a) 1985, b) 1999, ¢) 2009 and d) 2019

Conservation or management factor (P - factor)

The application of conservation strategies can effectively mitigate the primary driving forces of

soil erosion, the velocity and concentration of runoff (Renard, 1997). The p-factor serves as an

indicator of the impact of soil and water conservation technologies on soil erosion. This

parameter represents the ratio of soil loss from managed fields to bare land or cultivated fields




that are sloping up or down (Morgan, 1996; Wischmeier and Smith, 1978). The values of the p-
factor range from 0 to 1, with the lowest value indicating well-managed fields and the highest
value representing unmanaged fields (Morgan, 1996). To calculate the RUSLE - P factor values,
two data inputs are required: land use type or management and the slope of the catchment
(Behera et al., 2020). In this particular study, the P_factor values recommended for Ethiopia
conditions (Hurni, 1985) were adopted and assigned to each land use/cover class to generate
P_factor raster maps for further analysis (Fig 3.9 and Table 3.11). Other researchers (Atoma et
al., 2020; Tadesse et al., 2017; Tamene et al., 2017) have also utilized the same approach to
assess soil erosion risk in Ethiopia.

Table 3.11. P_factor values adopted for different land use classes in the Suha watershed

Land use land cover class P_factor value Reference

Agricultural land 0.9 Moisa et al. (2021); Atoma et al. (2020)

Grazing land 0.6 Moisa et al. (2021) ; Atoma et al. (2020);
Tadesse et al. (2017)

Forest land 0.53 Moisa et al. (2021); Atoma et al. (2020)

Shrub land 0.63 Moisa et al. (2021)

Bare land 1 Modified from Moisa et al. (2021)

Built up area 0.7 Modified from Moisa et al. (2021)

3.3.2. Sediment delivery ration (SDR) and Sediment yield (SY) estimation

Since the RUSLE model is incapable of estimating SDR and SY, other methods are employed
and integrated with RUSLE. So far various methods/ models have been developed and used to
quantify SDR in different parts of the world (Bekele and Gemi, 2021). Differences in
biophysical, climatic, and hydrologic factors and the availability of the data force researchers to
develop different approaches to estimate SDR for a given catchment. The results of these studies
are highly variable across regions/ catchments. For data-scarce regions other approaches were
developed and used by different researchers. Since measured sediment data is scarce in the study

area, the following two methods were employed and the results of these methods were compared.
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Fig 3.9. P_ factor maps of a) 1985; b) 1999; c) 2009 and d) 2019 for Suha watershed

Sediment delivery ratio (SDR) is the proportion of eroded sediment that reaches the outlet of the

catchment to the total amount of eroded sediment (Julien and Frenette, 1998). It is an input data

used to estimate sediment yield (SY). The amount of sediment reaching the outlet of the

catchment is governed by the physiographic characteristics of the catchment (catchment area,




soil type, topography, runoff and stream channel slope (Aga et al., 2019). In this study, SDR and
SY were estimated using drainage area as data input (equation 21). The same approach has been
employed by different scholars (Bekele and Gemi, 2021; Sharda and Ojasvi, 2016).
SDR = A0? Eq (21)
Where, SDR = sediment delivery ratio and

A = area of the catchment in square kilometers (km?).
Sediment delivery ratio (SDR) estimation using stream channel bed slope
Another method that can be used to estimate SDR in data-scarce regions is using stream channel
bed slope as data input in Arc GIS environment. This approach has been applied in different
catchments of Ethiopia where data availability is challenging (Zerihun et al., 2018). In this study,
DEM with 30m*30m resolution was used as data input for this purpose. Flow direction,
accumulation and stream network were analyzed from this DEM. In addition, the HEcGeoHMS
tool in Arc GIS was applied to calculate the stream channel bed slope using DEM and flow path.

SDR = 0.627 * (SCS)0403 Eq (22)

Where, SDR is the sediment delivery ratio and SCS is the stream channel bed slope (%).
Sediment yield (SY)

It is the amount of sediment that leaves the watershed (Sharp et al., 2018).The scarcity of
measured sediment data is the main problem in the study of sediment dynamics. In this case,
another approach, integrating gross soil loss raster layers with SDR of the watershed using
spatial analyst tool in ArcGIS and computing SY is applicable (Equation 23) (Mutua et al.,
2006). The same approach was applied in this study.

SY =E *SDR Eq (23)
Where, SY = Sediment yield (ton/yr);
SDR = the proportion of sediment reaching in the outlet of the watershed

E = Total soil loss (ton/yr) of the watershed

Sediment retention
It refers to the amount of sediment that is deposited in the landscape position along the flow path
of the sediment (sediment deposited downstream of the catchment/not reaching the outlet of the

catchment).This data is required for identifying sediment sources and designing management
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strategies. The amount of sediment retained in pixel i, Ei of the catchment can be calculated
using equation (24):
E’i=RUSLE'i * (1 — SDRi) Eq(24)

3.3.3. Identification of soil erosion hotspots

To delineate sub-watersheds, Arc Hydro Tools in ArcGIS10.5 environment was applied. Step
by-step processes were followed using a 30*30 meter resolution of SRTM DEM as an input in
the terrain processing of Arc Hydro tools. Fill sink, flow direction, flow accumulation, stream
definition, stream segmentation, catchment gird delineation, catchment polygon processing,
drainage line processes and drainage point processing were the steps followed. Based on the
analysis result, the study catchment was classified in to 24 sub-watersheds (Fig 3.10).

Prioritization of the sub-watersheds was carried out based on the magnitude of the rate of soil
erosion, which was obtained by superimposing a map of annual soil loss of the watershed with
sub-watershed maps in Arc GIS. The application of zonal analysis based on the hydrological
response unit (HRU) by grouping identical hydrological responsive areas, is also becoming a
useful approach to delineate landscapes having similar soil erosion rates (Kumar and Mishra,
2015). This task is essential for resource use efficiency and effectiveness of watershed
development. Soil and water conservation activities demand huge investments (resource and
labor-intensive), implying that limiting available resources for priority areas is essential. The

general framework of this study is highlighted in (Fig 3.11).
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3.4 .Monitoring soil quality
3.4.1. Soil sampling
Prior to soil sample collection, the watershed has been stratified in to three strata based on its
altitudinal gradient using the digital elevation model (DEM) of the watershed. These strata were
classified as upper (2700-3900 m.a.s.l), middle (2400-2700 m.a.s.l) and lower (1080-2400
m.a.s.l) parts of the watershed. Then, tentative soil sampling sites were fixed on the land use/
land cover maps along the toposequence of the watershed. In addition, a reconnaissance field
survey and discussion with development agents were carried out to get a general over view of the
watershed. A totally of 27 composite surface soil samples (0-30 cm) were collected using a soil
auger in three replications from adjacently located land use systems (agricultural land, grazing
land and forest land) having similar slope gradient soil type and climatic condition from each
stratum (upper, middle and lower part of the watershed). Ten to fifteen primary samples were
collected to prepare one composite sample. Frame work of the methodology was highlighted in

(Fig 3.12). Soil quality indicators including soil particle size distribution, Index of soil aggregate
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stability (ISS), soil water contents, soil pH-H20, organic carbon (OC), total nitrogen (TN),
carbon to nitrogen ration (C:N), available phosphorus (Av.P), Exchangeable bases (Na*, K*, Ca?*
and Mg®*), PBS and cation exchange capacity (CEC) were considered in this study.
Geographical locations and elevation of sampling sites were gathered using a global positioning
system (GPS).
3.4.2. Laboratory analysis

One kg of composite samples were prepared, packed in plastic bags, labeled and taken to
Ethiopia Construction, Design and Supervision Corporation for analysis. Soil samples were air-
dried, crushed and sieved through a 2 mm and 0.5 mm mesh sieve to remove coarser particles.
Standard laboratory procedures were followed in the analysis of soil physical and chemical
quality indicators.

Particle size distribution was determined by the Boycouos hydrometric method (Bouyoucos,
1962) after destroying organic matter (OM) using hydrogen peroxide (H20>) and dispersing the
soils with sodium hexameta phosphate (NaPO3). The index of soil aggregate stability (ISS) was
determined using equation (2) as described by (Pieri, 1992). Determination of soil water
contents, FC and PWP were determined at 1/3 bar and 15 bar respectively by pressure
membrane suction method (Estefan et al., 2013).Then, plant available water holding capacity

(AWHC) was calculated using equation (25)

_ 0Cx1.724

*
ISS = LiA) 100 Eq. (25)
Where, ISS= index of soil aggregate stability; OC= organic carbon; L= silt proportion and A=

clay proportion.

AWHC (%) = FC — PWP Eqg. (26)
Where, AWHC, available water holding capacity; FC, field capacity and PWP, permanent

wilting point

Soil pH was determined in water (pH- H20) using a 1:2.5 soil to water solution ratio with a pH
meter as outlined in Van Reeuwijk (2006). The Walkley and Black wet digestion method was
used to analyze soil OC content (Van Ranst, 1993). Total N was analyzed using the Kjeldahl
digestion, distillation and titration method as described by Bremner and Mulvaney (1982).

Available soil P was analyzed according to the standard procedure of Olsen et al. (1954).
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Exchangeable bases (Ca** Mg?*", K" and Na*) were determined by ammonium acetate (1N
NH40AC) at pH 7.0. Exchangeable Ca** and Mg?* in the extracts were measured using atomic
absorption spectrophotometer, while K* and Na* were determined by a flame photometer (Van
Ranst 1993). Cation exchange capacity (CEC) was estimated titrimetrically by distillation of
ammonium that was displaced by sodium from NaCl solution (Chapman, 1965).Percent base
saturation (PBS) was calculated by dividing the sum of basic cations (Ca2+, Mg2+, K+, and
Na+) by the CEC of the soil and multiplying by 100.

BS% = Ca?" +Mg?+K*+Na" (cmol(+)/kg) X 100 Eq. (27)

CEC cmol(+) /kg

Where, BS% is base saturation in percent (PBS)

ESP = Na* (cmol(+)/kg) X 100 Eqg. (28)

CEC cmol(+) /kg

Where, ESP is exchangeable sodium percentage
3.4.3. Soil quality deterioration index (SQDI)

Soil quality deterioration index (SQDI) for each soil quality indicator under different land use
systems and elevation gradient was computed using an undisturbed ecosystem (forest land) as a
reference and evaluation of soil parameters of other land systems againist this reference as
described by (Abera and Assen, 2019; Gui et al., 2009). Deterioration index (DI) Values were
computed by taking the difference between the mean values of quality indicators in the given
land use and the mean values in the referenced land use system. From the total of 19 soil quality
indicators, 13 indicators (clay, silt, ISS, AWC, pH, OC, TN, Av.P, Ca+, Mg2+, Na+, K+ and
CEC) were selected using an expert opinion (Anderson, 2002) to compute SQDI values. Most of

these indicators are sensitive to land use change/ land management (Abera and Assen, 2019).

Individual soil quality indicators couldn’t give a proper estimation of soil quality and hence the
combination of soil quality indicators is required. So far different approaches were developed to
assess soil quality. However, there is no universally accepted technique that could be applied to

evaluate soil conditions in various ecosystems (Mukherjee and Lal, 2014; De Paul and Lal,
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2016). Recently, Soil Management Assessment Framework (SMAF) approach is becoming
widely accepted and applied in different countries/regions (Andrews et al., 2004) (equation 29).

SQI = YN, WiXi Eq(29)

Where, SQI is the soil quality index; W is the normalized indicator; X is the indicator score; i is a

soil property and n, is the number of soil properties.
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Fig 3.12. Framework of the methodology for soil quality assessment
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3.5. Quantification of soil nutrient flows and balances in cereal-based agroecosystems
3.5.1. Selection of case study farms
Two different agroecologies (highland and lowland) were selected to study soil nutrient flows
and balances. The representativeness of soil type, and wealth class of farmers were considered
for the selection of the case study farms. For a detailed analysis of soil nutrient flows and
balances, a total of 9 farms (3 from the highland and 6 from the midland) were selected by
considering the wealth status (rich, medium and poor) of the households. The analysis of N and P
balances was conducted based on nutrient fluxes (input and output flows) which enable us to
identify areas of nutrient depletion and management options. Data of farm management
strategies, type and amounts of inputs used (mineral and organic inputs), crop harvested products
(yield and residue) and crop residue management strategies were collected through field surveys
and interviews with farmers. Data on crop harvests were substantiated with field measurements.
The methodological approach used in this study was presented in (Fig 3.13).
3.5.2. Quantification of soil nutrient inflows and out flows
To quantify the nutrient flows and balances of macronutrients (N, and P), four input flows and
five output flows were considered (Tables 3.12). Estimation and quantifications of soil nutrient
flows and balances were based on the data obtained from field measurements, field surveys
(interviews) and data from the literature. The values of soil nutrient balances are indicators of
either nutrients are accumulated in the soil (positive balances) or the occurrence of nutrient
depletion (negative balance) (Elias et al., 2004; Haileslassie et al., 2005; Nandwa and Bekunda,
1998).
Table 3.12. Nutrient inflow processes, data sources and methods applied to quantify nutrient
Contents (adapted from Elias et al., 1998; Lesschen et al., 2007; Lewoyehu et al., 2020)

Inflows Nutrients Data types/sources Method of quantification
Mineral fertilizer Type of fertilizes applied ; nutrient Field survey and secondary
((IN1) N and P contents of fertilizers data

Organic input Amount of organic inputs applied  Field survey and secondary
(IN2) N, and P Nutrient contents of organic input  data

Atmospheric Regression equations
deposition N, and P Annual rainfall (transfer functions)

(IN3)

N- fixation Rainfall; amount of N- fixed Regression equation
(non-symbiotic) N (transfer functions)

( IN4b)
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Table 3.12. Continued. Nutrient outflow processes and methods

Outflows Nutrients Data types/sources Method of quantification

Crop harvest N, and P Crop yield; nutrient content of the  Field measurement and

(OUTY) grain secondary data

Crop residues Removed crop residues from the Field measurement and

(OUT2) N, and P field; nutrient contents of residue secondary data

Leaching Annual rain fall; chemical and Regression equations

(OUT3) N organic inputs; soil fertility class (Stoorvogel and Smaling,
1990)

Gaseous loss Annual rain fall; nutrient content of

(OUT4) N chemical and organic inputs; SOC  Regression equation
(FAO, 2003)

Erosion DEM, soil erodibility, rainfall RUSLE model

(OUT5) N, and P erosivity, slope length and

steepness, LU/LC and soil
management practices

3.5.2.1. Quantification of nutrient input flows

Chemical fertilizers are the main sources of nutrient inputs for N and P nutrients. The data on the
type and amounts of mineral fertilizers applied in each farm were collected through field
surveys, interviews with farmers and secondary data (district data of mineral fertilizers used).
Based on these data sources, mineral fertilizers commonly used were NPSB and Urea. The
chemical composition of NPSB is 18.9% N, 37.7% P20s, 6.95% S and 0.1% B, whereas, Urea
contains only 46% of N. The amount of fertilizers applied varies across the field due to the
difference in soil type, farming systems and economic capability of the household to purchase
these inputs. The amount of N and P supplied to each farm was calculated by multiplying the
amount of applied chemical fertilizers and the corresponding compositions of N and P (Elias et
al., 1998; Mulualem et al., 2021).

The amount of nutrients supplied in to the farming system from the organic inputs can be
estimated by multiplying the dry matter of this material by the nutrient contents (Aticho et al.,
2011). The data of organic inputs (N2) were collected through field surveys and interviews with
the farmers. In the study area, there was no experience of applying organic inputs to the

farmlands which were found far from the residential area (there has been some experience of
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using it around homesteads). Because of this, nutrient input from this component was not
considered.

The amount of wet deposition of nutrients depends on the amount of annual rainfall. These
values were estimated using the transfer function developed by Stoorvogel and Smaling (1990);
in which the mean annual rainfall was the main source of data. The coefficients of 0.14, 0.023
and 0.092 were used for N, P and K respectively. Other scholars (Mulualem et al., 2021; Cobo et
al., 2010; Lesschen et al., 2007; Van Beek et al., 2016) also used the same approach to estimate
the atmospheric deposition of nutrients in various spatial scales. The rainfall data of the nearby
stations of the watershed were used for this purpose.

IN3 (N) = 0.14*/P

IN3 (P) = 0.023*/P

IN3 (K) = 0.092*\/P
Where, the nutrient inflows are in kg/ha and p is rainfall in mm/yr.
Estimating the amount of nitrogen added to the system through N-fixation (IN4)
This is the forth path way of nutrient inflow (IN4) for nitrogen input. Free-living bacteria can fix
atmospheric nitrogen (N2) and fulfill 60% of the N requirement of legume crops (Haileslassie et
al., 2005;Sheldrick et al., 2003). Smaling et al. (1993) also reported that 60% of the N uptake
was fixed by legumes symbiotically. About 39% of the N requirement of plants can be fixed
non-symbiotically at natural conditions (Dobereiner, 1996). In this study, the amount of nitrogen
fixed (N4b) non-symbiotically was estimated using the transfer function (Lesschen et al., 2007;
FAO, 2003).

IN4 (N) = 0.5+ 0.1*/P

Where, p is the amount of rainfall (mm/yr)

3.5.2.2. Quantification of nutrient outflows
Nutrient removal with crop harvest is the most important pathway of nutrient export from the
agroecosystems. Two important parameters (productivity and nutrient contents) are required to
know the amounts of nutrients removed with harvested products from the field. To quantify
OUTL, vield data were collected from 9 farm fields using quadrants (4 m?). These data were
substantiated by the data on the average productivity of crops in the district. The nutrient

contents of products were adopted from literature (FAO, 2003; Henao and Baanante, 2006)
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(Table 15). Then, nutrients removed with crop harvest from the field (OUT1) were quantified
using the method suggested by Gallagher et al. (2012).

OUT1 (N) = Y*N

OUT1 (P)=Y*P
Where, Y= yield (kg); N = nitrogen content (kg N/ ton of yield) and P= phosphorus content (kg
P/ ton of yield).
Estimate nutrient exported with residues (OUT2)
Application of organic inputs in to the soil (leaving the residues on the field after harvest) will
enhance SOM content and improve the availability of essential nutrients to crops. However,
literature showed that around 80% of crop residue has been removed from the field for different
purposes and substantial amounts of nutrients are exported from the agroecosystem (Elias et al.,
1998; Kiros et al., 2014; Haileslassie et al., 2005). In this study, data on residue were collected
through field measurements and the nutrient contents were obtained from the literature (FAO,
2003; Henao and Baanante, 2006). Finally, the nutrients exported with crop residues were
estimated by adopting the nutrient contents of each crop from literature (Table 3.13) and using

the following equations.
OUT2 (N) = R*N* F
OUT2 (P20s5) = R*P* F

Where, R is the amount of residue (kg/ha); F, is the residue removal factor; N, is nitrogen content

(kg N/kg of residue); P, is phosphorus content (kg P/kg of residue).

Table 3.13. The amount of nutrient exported with crop harvest (yield and residue)

Crop N (kg/ton) P (kg/ton) K (kg/ton) source
type yield Residue yield Residue yield Residue

Wheat 22.3 4.3 4.3 1.8 5.8 26.7 FAO=2003;
Teff 17.3 6.1 3.4 1.89 4.8 16.86 Stoorvogel and
Barly 155 7.0 2.8 1.6 6 21 Smaling (1990);
Maize 15.8 7.6-11.8 94 3.0-5.8 5.7 23.0-28.4  Henao and

Baanante (2006)
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Nutrient loss through leaching (OUT3)

Easily soluble nutrients, like nitrogen and potassium, are prone to leaching loss from the surface
of the soil. On the other hand, the literature showed that the loss of phosphorus by this process is
almost null, since it is attracted and tightly held by soil particles (Carmo et al., 2017; Ahmed et
al., 2006). Hence, leaching loss for P was not accounted for in this study. The degree of leaching
varies depending on the amount of rainfall, soil characteristics and management strategies. In the
present study, the amount of N and K losses through leaching were estimated using transfer
functions described by Stoorvogel and Smaling (1990). They estimated these losses by
considering soil fertility classes, annual rain fall and plants nutrient uptake of N and K. Other
scholars (Mulualem et al., 2021; Cobo et al., 2010; Van Beek et al., 2016) also used the same
approach in their study.

OUT3 (N) = 2.3 + (0.0021 + 0.0007 * F) * p + 0.3 * (IN1 + IN2) — 0.1 * TNU

OUT3 (K) = (0.6 + (0.0011 + 0.002 * F) * p+ 0.5 * (IN1 + IN2) — 0.1 * TKU)

Where P is the mean annual rainfall (mm); F: soil fertility class (1 = low, 2 = medium and 3 =
high); IN1 + IN2: are mineral fertilizer and organic inputs applied (kg N and K h** year?) and
TNU and TKU: total N and K uptake (kg h* year?) respectively.

Loss of N in the form of gas emission from farming systems (OUT4)

Denitrification and volatilization are the two processes of gaseous losses of nitrogen from the
farming systems. Denitrification is a process that takes place in anaerobic conditions in which
the soil is becoming entirely saturated. Loss of N through volatilization is linked with the amount

of chemical and organic inputs applied. In the denitrification process, the loss of N is in the form

of N20O, NO and N; in the volatilization process, it is lost in the form of NH3 (Stoorvogel and

Smaling, 1990). To quantify N loss, the two processes are considered in combination (Mulualem

et al., 2021; FAO, 2003).The loss of N through these processes was estimated using the
regression equation developed by FAO (2003).

OUT4 (N) = (0.025 + 0.000855* P +0.01725 * IN1 + IN2 + 0.117* OC) + (0.113 * IN1 + IN2)

Where P is the mean annual rainfall (mm/year); OC, soil organic carbon (%); IN1 + IN2 are

mineral and organic fertilizers applied (kg N/ha/yr).

Estimating nutrient loss by soil erosion (OUT5)
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Soil erosion was recognized as the major cause of soil nutrient depletion in the highlands of
Ethiopia (Van Beek et al., 2016; Haileslassie et al., 2005). The nutrient loss due to soil erosion
can be estimated using the rate of soil loss and the nutrient content of the sediment. Revised
Universal Soil Loss Equation (RUSLE) was applied to estimate soil loss and sediment yield by
water erosion. Five data inputs (rainfall erosivity, soil erodibility, slope length and steepness,
land use land cover and management factors) were used to run the RUSLE model. Slope length
and slope steepness factor was derived from the digital elevation model (DEM) of the study area.

A = R*K*LS*C*P

Where, A is annual soil loss rate (t/ha/yr); R is rainfall erosivity; K is soil erodibility; LS is, slope

factor; C is cover factor, and P is management factor.

The contents of N, P and K exported with sediment were quantified by multiplying the amount
of soil loss, nutrient contents and enrichment factors of N, P and K (Roy et al., 2003) (Table
3.14). Enrichment factors of 1.5 for N and K and 2 for P were used by Gachene (1995).
Haileslassie et al. (2005) also used an enrichment factor of 1.5 for N, P and K; while Stoorvogel
and Smaling (1990) used enrichment factor of 2 for all nutrients. In this study, an enrichment
factor of 2.3, 2.8 and 3.2 proposed by Smaling et al. (2013); Wasige (2013) were used for N, P

and K respectively.

N loss (kg/ha/yr) = enrichment factor * N content * soil loss (kg/hr/yr)
P loss (kg/ha/yr) = enrichment factor * P content * soil loss (kg/hr/yr)
K loss (kg/ha/yr) = enrichment factor * K content * soil loss (kg/hr/yr)

Table 3.14. The amount of nutrients exported with sediment (%) at different fertility levels

Soil fertility category N content P205 content K20 content
1 0.05 0.02 0.05
2 0.1 0.05 0.1
3 0.2 0.1 0.2

1 = low soil fertility; 2 = medium soil fertility and 3 = high soil fertility. Source: Stoorvogel and
Smaling (1990).
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3.5.3. Nutrient balance calculation

The balances of N, P and K were calculated from the above described four nutrient inflows and
five out flows. Both partial and full nutrient balance methods were applied. In partial nutrient
balance calculation, only two nutrient inflows (IN1 and IN2) and two outflows (OUT1 and
OUT2) were considered; whereas in full nutrient balance calculation, the four nutrient inflows
and the five outflows were considered. Partial balance is more accurate than full balance as the
flows are easily measured; however, as the name implies, they are incomplete since other
nutrient fluxes are missed. Even though there are uncertainties in the full nutrient balances, they

indicate the rates of soil nutrient losses (Smaling et al., 2013).

PNB = (IN1+IN2) - (OUT1+OUT?2)
FNB = (IN1+IN2+IN3+IN4) - (OUT1+OUT2+0UT3+0OUT4+0UT5)

Where, PNB = Partial nutrient balance and FNB = Full nutrient balance

Data sources

' ! ‘ .
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i - External inputs (chemical i i i
E and organic) data i i | Inflows Out flows i
E - Climate (Rainfall) data i i - Chemical - Removal with i
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Fig 3.13. General frame work of the methodology
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3.6. Data analysis

ENVI 5.3, ArcGIS 10.4 and Microsoft excel 2007 were used to analyze Landsat images, generate
data and preparation of map layouts. Zonal statistics were also conducted to generate the value of
LST in each land use/ land cover class. Correlation analysis was also employed to evaluate the
relationship between NDVI and LST. Arc GIS and RUSLE models were also applied to estimate
soil loss and sediment yield; identify vulnerable landscapes that demand immediate action. Two-
way analysis of variance (ANOVA) following the generalized linear model (GLM) procedure
was applied to test the difference between the mean values of soil quality indicators in different
land use systems, elevation gradient and their interaction effects. The mean values of statistically
different soil quality indicators were separated by Duncan’s Multiple Range Test using SAS
software version 9.0. In addition, linear correlation analysis was performed to explore the
relationships among soil properties. Furthermore, principal component analysis (PCA) was
applied as the method of factor extraction to identify key soil quality indicators (SQIs) and to
group analyzed soil properties into major varimax rotated components of the soil quality index
(SQI). The study area and soil maps were prepared using ArcGIS software version 9.5. Mean

separations were also performed using least significant difference test (p<0.05).

CHAPTER FOUR: RESULTS
4.1.Detection of LULC and land surface temperature changes using GIS and remote
sensing

4.1.1. Accuracy of Classified Images

The results of land use and land cover classification are summarized and presented below (Fig.
4.1 and Table 4.1). From the output maps of classified images, six types of land use and land
cover categories were generated, including agricultural land, grazing land, forest land, shrub
land, bare land, and built-up areas. In all study periods, the largest share of the watershed is
covered by agricultural land, and the lowest proportion is forest land (1985 - 2019). The area
covered by agricultural land increased dramatically from 44313.9 ha (55.2%) in 1985 to 59731.5
ha (74.4%) in 2019. In contrast, forest land covers 668.0 ha (0.8%) and 1076.5 ha (1.3%) in 1985
and 2019, respectively (Fig 4.2). Although it covers the lowest proportion, it has an increasing
trend after 1999. In all the study periods agricultural land, bare land, and built-up area showed

significant increments, while grazing land and shrub land decreased considerably.
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Unless accuracy assessment has been carried out for classified images, errors will occur on the
output maps. For this purpose, a confusion matrix was applied and results showed that the
overall accuracies for classified images for 1985, 1999, 2009, and 2019 were 90.6%, 94.8%,
96.9%, and 95.9% respectively. In addition, the Kappa coefficient values were 0.86, 0.91, 0.89
and 0.87 for 1985, 1999, 2009, and 2019 (Table 4.2). The overall accuracy values are above the
recommended minimum value of 85% suggested by (Eniolorunda and Bello, 2016) and the
values of the kappa coefficient are more than 0.85, which shows the best agreement between
classified images and referenced data (Monserud and Rick, 1992). Hence, the accuracy

assessment results confirmed that further analysis can be done.
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Fig. 4.1. LU/LC class maps of the Suha watershed for the year a) 1985; b) 1999; c) 2009, and

d) 2019
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Table 4.1. Area coverage of each land cover class in the Suha Watershed (1985- 2019)

1985 1999 2009 2019
LU/LC class Area Area Area Area
ha % ha % ha % ha %
Agricultural land 443139 55.2 519389 64.7 575238 71.6 597315 744
Grazing land 25762.2 321 18272.3 227 113295 141 7193.8 9.1
Forest land 668.0 0.8 543.6 0.7 883.2 1.1 1076.5 1.3
Shrub land 7441.3 9.3 6592.5 8.2 4364.5 5.4 3897.1 4.9
Bare land 1417.7 1.8 1967.4 2.4 4854 .5 6.1 6714.9 8.4
Built up 725.7 0.8 1016.9 1.3 1376.4 1.7 1719.7 2.0
Total 80328.8 100 803316 100 80331.9 100 803335 100
O\O
k=
2
(&)
; W 1985
- W 1999
2009
13.1 18 [l 08 2 m2019
S S S
& & & . \@Q
S &P
S 9
&
v,%
LULC class

Fig. 4.2. Proportion (%) of LU/LC from the total area in suha watershed for consecutive study

periods (1985 - 2019).
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Table 4.2. Results of the accuracy evaluation of classified images (1985 — 2019)

1985 1999 2009 2019
LU/LC Class UA (%) PA(%) UA(%) PA%) UA(%) PA(%) UA(%) PA (%)
Agricultural
land 94.97 91.22 96.51 98.54 98.47 98.9 99.32 97.40
Grazing land 96.07 95.60 97.48 89.64 97.19 91.39 75.65 90.80
Forest land 81.28 84.83 86.89 05.17 09.53 82.56 95.12 80.43
Shrub land 78.67 84.22 89.56 82.97 49.63 68.56 77.11 91.04
Bare land 98.56 97.86 89.47 100 09.34 09.34 08.91 95.77
Built up 73.68 100 97.44 56.72 94.74 100 100 96.23
Over all 0 0 0 0
accuracy 90.6% 94.8% 96.9% 95.9%
(%)
Kappa 0.86 0.91 0.89 0.87
coefficient.

Note: UA = User’s accuracy; PA = Producer’s accuracy
4.1.2. Change detection

A significant transition of LU/LC from one class to another was observed for the entire study
period. The transitions of land-use types were evaluated by considering two consecutive periods,
1985 - 1999, 1999 - 2009, 2009 - 2019, and the entire period (1985 - 2019). Between 1985 and
1999, agricultural land, bare land, and built-up area were increased by 7625 ha (17.2%), 547.9 ha
(38.8%), and 291.2 ha (40.1%), respectively. On the contrary, grazing land, forest land, and
shrub land were reduced by 7489.9 ha (29.1%), 114.4 ha (17.1%), and 848.8 ha (11.4%),
respectively (Table 4.3 and 4.4). In the second time interval (1999 - 2009), agricultural land,
forest land, bare land, and built-up area were increased by 5584.9 ha (10.8%), 339.6 (62.5%),
2887.1 ha (146.7%), and 359.5 ha (35.4%) respectively. The forest land changed from
decreasing trend to an increasing trend in this period. Grazing and shrub land were decreased by
6942.8 ha (38.0%) and 2228 ha (33.8%) respectively. The trend of land use/ land cover change is
illustrated in (Fig 4.3). From the results of the transition matrix table, it is possible to detect the
gains and losses of each land use and land cover class (Table 4.5). Values found on the diagonal
of the matrix indicate persistent change, whereas off-diagonal values indicate conversion from

one class to the other.
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From 2009 to 20109, still, considerable changes have been observed following the same trend as

in previous periods. Agricultural land, forest land, bare land, and built-up area were increased by
2207.7 ha (3.8%), 193.3 ha (21.9%), 1860.4 ha (38.3%), and 343.3 ha (24.9%), respectively. On
the contrary, grazing and shrub land decreased by 4135.7 ha (36.5%) and 467.4 ha (10.7%),
respectively. For the entire period (1985 -2019), highly significant transitions occurred.
Agricultural land was greatly expanded (15417.6 ha) followed by bare land (5297.2 ha) and built

area and forest land increased by 994 ha and 408.5 ha, respectively. However, grazing and shrub

lands were reduced by 18568.4 ha and 3544.2 ha and converted to other types of land use.

Table 4.3. LULC changes between two consecutive periods in the Suha watershed from 1985-

2019
LU /LC change (%) Rate of change (ha/yr)
Land use/cover type ~ 1985- 1999-  2009- 1985-  1985- 1999-  2009- 1985-
1999 2009 2019 2019 1999 2009 2019 2019
Agricultural land 17.2 10.8 3.8 34.8 508.3  558.5 220.8 453.5
Grazing land -29.1 -38.0 -36.5 -72.1  -499.3 -694.3 -413.6 -546.1
Forest land -18.6 62.5 21.9 61.2 -8.3 34.0 19.3 12.0
Shrub land -11.4 -33.8 -10.7 -47.6 -56.6  -222.8 -46.7 -104.2
Bare land 38.8 146.7 38.3 373.6 36.6 288.7 186.0 155.8
Built up 40.1 354 24.9 137.0 19.4 36.0 34.3 29.2

Table 4.4. Net change (ha) of LU/LC in the Suha watershed from 1985 - 2019

Land use/cover Net change (ha)

type 1985 -1999 1999-2009 2009-2019 1985-2019
Agricultural land 7625 5584.9 2207.7 15417.6
Grazing land -7489.9 -6942.8 -4135.7 -18568.4
Forest land -124.4 339.6 193.3 408.5
Shrub land -848.8 -2228 -467.4 -3544.2
Bare land 549.7 2887.1 1860.4 5297.2
Built up 291.2 359.5 343.3 994
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Fig. 4.3. Net change (ha) of the LULC classes in the Suha watershed for consecutive study
periods (1985 -1999, 1999-2009, 2009-2019 and 1985-2019)

Table 4.5. Transition matrix (area in ha) between 1985 and 1999 in Suha watershed

1999

1985 Agricultural  Grazing Forest Shrub Bare Built Grand

land land land land land up total
Agricultural land 38150 3785 77 1653 146 486 44297
Grazing land 10663 12921 26 477 1315 347 25749

Forest land 91 14 298 264 0 1 668
Shrub land 2227 878 142 4168 9 11 7435
Bare land 390 549 0 21 399 58 1417

Built up 381 135 0 3 72 134 725
Grand total 51902 18281 543 6587 1941 1036 80291
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Table 4.5 continued. Transition matrix (area in ha) between 1999 and 2009 in Suha watershed

2009
Agricultural  Grazing  Forest Shrub Bare Built Grand
1999 land land land land land up total
Agricultural land 47295 1997 137 1316 688 478 51911
Grazing land 6774 8207 26 204 2680 390 18281
Forest land 83 14 372 72 0 1 543
Shrub land 2284 904 347 2766 218 67 6586
Bare land 614 122 0 1 1153 52 1942
Built up 454 81 0 2 113 387 1037
Grand total 57503 11325 883 4362 4851 1375 80300
Table 4.5 continued. Transition matrix (area in ha) between 1999 and 2009 in Suha watershed
2019
Agricultural  Grazing  Forest Shrub Bare Built Grand
2009 land land land land land up total
Agricultural land 52562 857 299 1574 1794 421 57508
Grazing land 4156 5201 32 227 1389 319 11325
Forest land 97 35 498 253 0 0 883
Shrub land 1941 296 229 1860 25 11 4363
Bare land 609 723 0 2 3226 292 4852
Built up 396 123 0 1 231 624 1376
Grand total 59761 7235 1059 3916 6667 1668 80306
Table 4.5 continued. Transition matrix (area in ha) between 1985 and 2019 in the Suha
watershed
2019
Agricultural  Grazing Forest Shrub Bare Built Grand
1985 land land land land land up total
Agricultural land 39940 1099 262 1065 1024 906 44296
Grazing land 15482 4667 134 459 4467 540 25749
Forest land 117 29 364 151 2 4 668
Shrub land 3308 1308 298 2235 228 57 7434
Bare land 457 123 1 3 782 51 1417
Built up 443 7 1 1 163 110 725
Grand total 59747 7234 1058 3915 6667 1668 80290

The diagonal values (bold values) in the matrix showed land use/ land cover classes that

remained unchanged (persistent to change).
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4.1.3. Spatial and temporal changes of LST in the Suha Watershed

The temporal and spatial variability of the land surface temperature for the study periods (1985 -
2019) is illustrated in Fig. 4.4 (a-d)). Spatial variability is observed from the output maps of LST.
The highest value of LST was observed predominantly in the lower part of the watershed and the
lowest value was observed primarily in the upper part of the watershed in all study periods. The
summarized results of LST are also shown in (Table 4.6). In the first study period (1985), the
LST value ranged from 10.4 °C to 40.7 °C with a mean value of 25.5 °C. In the year 1999, its
value ranged from 9.5 °C to 41.8 °C with a mean value of 25.65 °C and in the last period (2019)
its value ranged from 12.5 °C to 42.9 °C with the mean value of 27.7 °c. The mean value of LST
has increased by 2.15°C in 35 years.

4.1.4. Impacts of land use/cover change on land surface temperature in the suha

watershed

Zonal statistical analysis was performed using the spatial analyst tool in ArcG1S10.4 to generate
LST values in different land use land cover classes for each study period (Fig.4.5). Obtained
results depicted that LST values (minimum, maximum and mean) vary significantly in different
land use/ land cover classes and different locations. The mean value of LST ranged from 20.3 to
30.6 °C, 21.9 to 32.3°C, 24.87 to 34.87 °C and 23.5 to 33.1 °C for the year 1985, 1999, 2009 and
2019 study periods, respectively. The highest value was recorded in built areas and bare land and
the lowest value was recorded in forest land followed by shrub land in all study periods. From

1985 to 2019, the mean LST value of built area increased from 30.6 °C to 33 °C followed by bare
land from 30.6 °C to 32.2 °C and in forest land, it increased from 20.3 °C to 23.5 °C (Table 4.6).

From the results of the change in LU/LC, it is observed that impervious surfaces (bare land and
built area) increased continuously over 35 years and these land uses increase LST throughout the

study periods.
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Fig.4.4. Land surface temperature maps of a) 1985; b) 1999; ¢) 2009 and d) 2019
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Table 4.6. Mean values of land surface temperature (°C) under different land use classes

(1985 - 2019)

Land use class 1985
mean

1999 2009

mean mean
temperature (°c)  temperature (°c) temperature (°c)

2019
mean

temperature (°c)

Agricultural land 28.6 29.8 31.58 30.3
Grazing land 29.4 30.5 31.52 31.4
Forest land 20.3 21.9 23.93 23.5
Shrub land 26.7 26.9 27.87 27.0
Bare land 30.6 31.9 34,51 32.2
Built up 30.6 32.3 34.87 33.1
Mean LST (°c)
40.00
35.00 34.51 34.87
30.00 1985 - mean LST
;J 25.00 1 ® 1999 - mean LST
2000 - 2009 - mean LST
21 1500 58 =2019 - mean LST

10.00 -
5.00 -

0.00 -

Land use/land cover class

Fig. 4.5. Land use/cover change and LST relationship in the Suha watershed from 1985 to 2019

4.1.5. Relationship between NDVI and LST

To evaluate the relationships between LST and NDVI, a simple linear correlation was analyzed

and the results are depicted in Fig8 (a-c). NDVI values are highly variable across locations in the

watershed. The highest values of LST are recorded in land use /land cover classes that have the

lowest NDVI value and vice versa (Fig 4.6 and Table 4.7). Areas covered with forests have the
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highest NDVI value but the lowest LST value. On the other hand, areas covered with built-up
and bare land have the lowest NDVI value but the highest LST value.
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Fig. 4.6. Correlation between NDVI and LST in the Suha watershed for a) 1985; b) 1999
and c) 2019 periods.
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Table 4.7. Coefficient of determination and coefficient of correlation of NDVI versus LST
NDVI versus LST

period Coefficient of determination Coefficient of correlation
(R?) (R)

1985 - 0.865 - 0.930

1999 - 0.914 - 0.956

2019 - 0.827 - 0.909

Note: The - sign indicates an inverse relationship between the two variables (NDVI and LST).

4.2. Quantification of soil erosion and sediment yield in response to land use land cover
change using GIS and RUSLE model

Extent and spatial variability of soil loss rate in the Suha watershed (1985-2019)

The trend of annual soil loss, and its spatial distribution in the watershed are depicted in (Fig 4.7;
Table 4.8 and 4.9). Total soil loss of the catchment was 1,221,214; 1,751,477; 2,522,770 and
2,426,359t/yr in 1985, 1999, 2009 and 2019 respectively. The highest value of annual soil loss
was observed on the upper and lower part of the watershed where there are steep slope
landscapes and poor land management strategies. The mean annual soil loss rates also showed
temporal and spatial variability; 15.2, 21.8, 31.4 and 30.2 t/ha/yr for 1985, 1999, 2009 and 2019

respectively. This variability is also linked with gross annual soil loss.

Estimates of sediment export in the study area
The analyzed results of SDR indicated that its mean values were 0.26 using catchment area as

data input (first approach) and 0.21using channel bed slopes as data input (second approach) in
empirical equations mention in the methodology part. Sediment yield was estimated by
integrating gross annual soil loss and SDR. Obtained results were 3.95, 5.66, 8.16 and 8.02
t/ha/yr for 1985, 1999, 2009 and 2019 respectively for the first approach and for the second
approach; the values were 3.19, 4.57, 6.6 and 6.4t/ha/yr for the same period (Fig 4.8). Sediment
deposition is the amount of sediment displaced from the upstream area and deposited on gentle
slopes and depression areas within the catchment. The total annual sediment deposition values
were 903,698; 1,296,093; 1,866,850 and 1,795,505t/yr for the study periods.
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Fig 4.7. Spatio-temporal variability and severity class maps of soil erosion for a) 1985; b) 1999;
c) 2009 and d) 2019 in the Suha Watershed

79




a

38°0'0"E

38°20'0"E

100" N

10'0"" N

10'0""' N

00" N

Legend
SY (tha/yr)_1985
-3

[ /3.1-6

N 6.1 - 10
[]10.1-15
B =15

38°0'0"E

38°20'0"E

C

10'0"" N

0'0""NA

10'0""N

0'0""NA

Legend
SY (t/ha/yr)_2009
-3

[ ]31-6
Bloi-10

[ ]101-15

| BB N

b 38%0'0"E 38°10'0"E 38°20'0"E
N
10'0"NA A
10'0"'N
Legend
SY (t/ha/yr)_1999
. o-3
31-6
10'0"'N
G1-10
10.1-15
> 15
0'0"NA
0 5 10
———t—t———
38°0'0"E 38°10'0"E 38°20'0"E
N
10'0" N A
"OVOHN.
Legend
SY (t/ha/yr)_2019
-3
0'0"N [ 131-6
[le1-10
[ l101-15
- s
OIONN_
0 5 10
Pttt

Fig 4.8. Spatio-temporal variability map of sediment export for a) 1985; b) 1999; c) 2009 and

d) 2019 in Suha watershed
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Table 4.8. Soil loss and sediment export trends of Suha watershed in the last 35 years.

year Rateofsoil loss  Total annual soil Mean sediment yield ~ Total annual sediment
(t/halyr) loss (t/yr) (t/halyr) yield (t/yr)

1985 15.2 1,221,214 3.95 317,515.5

1999 21.8 1,751,477 5.66 455,384.1

2009 314 2,522,770 8.16 655,920.3

2019 30.2 2,426,359 8.02 630,853.2

Table 4.9. Soil erosion severity classes and area coverage in Suha watershed (1985-2019)

Soil loss Severity 1985 1999 2009 2019

rate class Area (%) Area (%) Area (%) Area (%)

(thalyr) (ha) (ha) (ha) (ha)

0-5 Very slight 42957 53.5 32624 40.6 162239 20.2 22252 21.7

5-15 Slight 13826 17.2 14930 18.6 24881.6 31.0 16788 20.9

15-30 Moderate 10852 135 13350 16.6 12211.7 15.2 15643 19.5

30-50 Severe 6126 7.6 8020 10.0 8572.9 10.7 9138 11.4

>50 Very severe 6582 8.2 11419 142 184529 23.0 16522 20.6
Total 80343 100 80343 100 80343 100 80343 100

Severity classification is based on Degife et al. (2021); Yesuph and Dagnew, (2019);
Haregeweyn et al. (2017).

4.2.1. Impacts of LU/LC change on soil erosion in the Suha Watershed
Zonal statistics in Arc GIS spatial analyst tool was applied to see the impacts of land use land
cover classes on soil erosion. Raster maps of LU/LC classes were used as the input raster and
land cover class as the zonal field and soil loss map as the input value raster. Significant
variation was observed in the values of mean annual soil loss rate among different land use/cover
classes. The highest mean value of soil loss was observed in bare lands followed by cultivated
land and built-up areas (Fig 4.9 and Table 4.10). The lowest value was recorded in forest land
followed by shrub land. Slope length and slope steepness play a great role in the processes of soil

erosion. Significant differences were also observed in soil erosion rate in different landscape
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positions of the watershed. Landscape positions with slope gradients greater than 30% showed a
mean soil loss rate from 26.6 to 60.9t/ha/yr (Fig 4.10 and Table 4.11).

Table 4.10. Mean soil loss in different land use/ land cover classes in the Suha Watershed (1985-

2019)

Land use type Mean annual soil loss Rate (t/ha/yr)

1985 1999 2009 2019
Agricultural land 17.3 24.4 29.4 27.5
Grazing land 10.3 13.1 18.0 19.2
Forest land 6.6 10.4 14.0 13.4
Shrub land 12.8 16.6 18.5 20.4
Bare land 53.7 57.6 102.7 81.9
Built up 16.8 20.5 324 32.0
Total mean 15.2 21.8 31.8 30.4

Table 4.11. Mean annual soil loss Rate (t/ha/yr) in different slope classes in Suha watershed

Slope class (%) Mean soil loss Rate (t/ha/yr)

1985 1999 2009 2019
0-5 6.4 8.3 10.2 10.1
5-10 8.6 11.7 14.7 14.6
10-20 14.1 20.9 28.6 28.8
20-30 22.4 32.3 50.1 49.4
30-50 27.8 38.0 60.9 58.6
>50 26.6 41.5 60.6 57.9
Over all mean (t/ha/yr) 15.2 21.8 31.4 30.2
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4.2.2. Soil erosion severity in sub watersheds (1985 - 2019)

Soil erosion severity classes were analyzed by reclassifying the soil loss map and adopting the
class ranges of Haregeweyn et al. (2017). The analyzed results ranged from very slight to very
severe severity class. In the entire watershed, significant variation was observed among sub-
watersheds in terms of their spatial distribution of soil erosion risk (Fig 4.11 and Table 4.12).
Fourteen sub-watersheds are classified under severe and very severe soil erosion severity
classes and these sub-watersheds are found in the slope gradient greater than 30%. The results
also showed that from the total area of the watershed 55.5% experienced greater than 30t/ha/yr
mean annual soil loss.

Table 4.12. Mean soil loss and SY of sub-watersheds

No. Sub Area Rate of soil loss(t/ha/yr) Mean SY (t/halyr)
watershed (ha) 1985 1999 2009 2019 1985 1999 2009 2019
1 Swil 1901.1 163 281 468 463 42 73 122 120
2 Sw2 80176 19.0 329 482 432 49 85 125 112
3 Sw3 18036 198 381 398 430 51 99 104 11.2
4  Swi 70495 151 269 371 393 39 70 97 102
5 Swbh 49429 107 162 203 201 28 42 53 5.2
6 Sw6 2112.9 92 114 144 143 24 30 37 3.7
7 Sw7 60339 101 166 211 215 26 43 55 5.6
8 Sw8 3366.4 11.0 133 163 171 29 34 42 4.4
9 Sw9 1617.4 93 112 132 131 24 29 34 3.4
10 Swi0 3217.2 85 110 136 143 22 29 35 3.7
11 Swill 2912.6 6.3 93 123 126 16 24 32 3.3
12 Swil2 7195.7 81 111 132 127 21 29 34 3.3
13 Swi3 3436.7 174 199 417 380 45 52 108 9.9
14 Swil4d 2568.3 221 263 444 473 57 6.8 115 123
15 Swis 18109 20.1 185 516 564 52 48 134 147
16 Swil6 956.3 216 331 454 459 56 86 118 119
17 Swl7 4643.1 266 327 518 470 69 85 135 122
18 Swis 827.5 274 338 695 646 71 88 181 16.8
19 Swil9 40754 152 218 262 255 39 57 6.8 6.6
20  Sw20 23746 238 330 402 418 6.2 86 105 109
21  Sw2l 14022 189 239 406 406 49 6.2 106 10.6
22 Sw22 25238 185 226 326 300 48 59 85 7.8
23 Sw23 29537 256 332 466 467 6.7 86 121 122
24 Sw24 1882.1 6.6 89 111 110 17 23 29 2.9

SY= Sediment yield
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Fig 4.11. Mean sediment yield (SY) variability in sub watersheds during the study period
(1985-2019).

Validation of RUSLE results

Validation of model results is required to see the fitness of the model and the accuracy of
modeled results with measured values. However, the absence of measured sediment yield data in
most catchments is the basic problem for this task. The same holds for the study area, in which
measured sediment yield data are very fragmented and even in some years, data is missed for
consecutive years. Due to this reason, analyzed results were validated using the findings of
previous studies conducted in the north-western highlands of Ethiopia. Moreover, a field survey
was conducted and related information was gathered from development agents and households.

Similar approaches were used by Bekele and Gemi (2021); Fenta et al. (2021); Haregeweyn et

al. (2017) due to lack of measured data for validation.

4.3. Monitoring soil quality in terms of its physical and chemical fertility along the
toposequence of the watershed

Selected soil physical and chemical quality indicators were investigated under different land use
systems and elevation gradients. The results of descriptive statistics illustrated the minimum and

maximum values of soil quality indicators which revealed the existence of a high degree of
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variability in the study watershed (Table 4.15). The difference in the land use system/land

management, elevation gradient, landscape position and soil type might be the factors for this

variability. The results of ANOVA, correlation analysis and PCA are presented and discussed

below.

Table 4.13. Descriptive statistics of analyzed soil physico-chemical properties in the Suha

Watershed

Soil properties No.of  Minimum Maximum  Mean SE CV (%)
samples

Physical properties
Sand (%) 27 0.24 49.06 13.21 2.57 177.98
Clay (%) 27 5.66 86.04 53.72 3.73 375.72
Silt (%) 27 12.47 45.28 33.07 1.77 84.9
ISS 27 1.05 10.78 4.65 0.53 7.60
FC (%) 27 36.47 72.41 48.57 1.59 68.70
PWP (%) 27 25.12 49.28 33.98 1.11 33.41
AWHC (%) 27 10.00 23.13 14.59 0.57 8.73
Chemical properties
pH-H20 27 4.93 6.31 5.78 0.06 0.11
OC (%) 27 0.38 4.60 2.27 0.23 1.44
TN (%) 27 0.05 0.35 0.15 0.01 0.00
C:N 27 7.6 20.14 15.11 0.72 13.83
Av.P (mg kg™) 27 10.10 64.50 27.20 3.87 223.27
Ex. Na* (cmol(+) kg?) 27 0.48 2.51 1.37 0.09 0.21
Ex. K* (cmol(+) kg™?) 27 0.17 3.28 1.07 0.13 0.49
Ex. Ca®* (cmol(+) kg™) 27 18.94 58.77 37.69 2.07 116.26
Ex. Mg?* (cmol(+) kg?) 27 7.36 22.14 13.59 0.78 16.74
CEC (cmol(+) kg}) 27 45.58 88.55 69.44 2.24 135.31
BS (%) 27 56.9 99.4 76.48 2.24 148.51

4.3.1. Effects of land use systems and elevation gradient on selected soil physical

guality indicators

Particle size distributions, Index of soil aggregate stability (ISS) and soil water

content

The analysis of variance results of soil physical quality indicators under different land use types

and elevation gradients were depicted in (Table 4.16). The results revealed that soil separate

groups (sand, clay and clay) showed significant differences (p < 0.05) between agricultural and



forest land use types in the upper part of the watershed. In the other cases, non-significant
differences were observed in the main and interaction effects of land use systems and locations.
The mean value of sand ranged from 2.55% to 35.12%; for clay fraction it ranged from 19.85%
to 72.66% and for silt fraction it ranged from 24.78% to 47.36%. The textural class of soils in
most locations and land use systems is clay; other textural classes include clay loam, silt clay and
sand clay. When clay fraction is removed from the surface by soil erosion the content of sand
increases which is evidenced from negative and significant correlation (r = - 0.755, p < 0.01)

between these fractions.

Significant differences (p <0.05) were also observed for ISS among treatments (land use systems
and elevation gradients) and their interaction effects. The lowest (2.06%) and highest (7.21%)
values were recorded in the agricultural land and forest land use system respectively. Pieri
(1992) classify structural degradation of soils as stable structure when ISS > 9%; low risk of
structural degradation when 7% < ISS < 9%; high risk of structural degradation when 5% < ISS
< 7% and structurally degraded soil when ISS < 5%. Based on these classifications, soils under
agricultural and grazing lands are rated as structurally degraded soils where as soils under forest

land are rated as low risk of structural degradation.

The mean value of soil water content at field capacity (FC) ranged from 36.94% to 59.08% in the
clay loam textural class and from 40.31% to 72.41% for clay textural class. For the same textural
classes, the values of permanent wilting point (PWP) ranged from 25.52% to 43.91% and from
28.84% to 49.28%. For available water content (AWC) the values ranged from 11.42% to
15.17%; and from 11.47% to 23.13% respectively. Statistically significant difference (p < 0.05)
was observed for PWP between the mean values of agricultural land and forest land in the mid
land of the watershed. Though significant differences were not observed for soil physical quality
indicators, marked differences were observed as they are altered by land use systems and

elevation gradients.
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Table 4.14. Mean values of selected soil physical properties under different land use systems and

elevation gradient.

Soil Elevation Land use system
property gradient Cultivated Grazing land Forest land Mean +SE
land

Sand upper 2.55b+ 6.6 15.18ab+ 6.6 ~ 35.12a+6.6 17.62+ 3.84
middle 14.78a+ 6.6 14.34a+ 6.6 3.19a+ 6.6 10.76+ 3.84
lower 15.45a+ 6.6 7.62a+ 6.6 10.65a+ 6.6  11.24+ 3.84
Mean +SE 10.93* +3.84  12.38% +3.84 16.322 +3.84 13.21+2.22

Clay upper 72.66a+ 9.4  49.94a+ 9.4 19.85a+ 9.4  47.48+5.45
middle 54.21a+ 9.4 51.53a+ 9.4 61.03a+ 9.4  55.59+ 5.45
lower 56.53a+ 9.4 56.52a+ 9.4 61.20a+ 9.4  58.08+5.45
Mean +SE 61.132 +5.45  52.66* +5.45  47.36* +5.45 53.72 +3.15

Silt upper 24.78b+ 5.0 34.88ab+ 5.0 45.03a+5.0 34.89+2.89
middle 31.02a+ 5.0 34.13a+ 5.0 35.77a+ 5.0 33.64+ 2.89
lower 28.03a+ 5.0 35.86a + 5.0 27.14a +5.0 30.68+ 2.89
Mean +SE 27.942+2.89  34.96*+2.89  36.31*+2.89 33.07 + 1.67

ISS upper 1.78°+0.78  4.12°+0.78 10.29°+ 0.78  5.40%+ 0.46
middle 2.32°+0.78  4.95°+0.78 5.42%+0.78  4.23%+0.46
lower 2.09°+0.78 495%+0.78 592%+0.78  4.322%+0.46
Mean +SE 2.05°+0.46 4.67°+0.46 7.212+0.46 4.65+ 0.26

FC (v %) upper 48.97a+4.36  50.71a +4.36  41.76a +4.36 47.14 +2.52
middle 41.24a+4.36  46.62a +4.36  48.63a +4.36 45.49+ 2.52
lower 60.10a +4.36  47.35a+4.36  51.71a +4.36 53.05+ 2.52
Mean +SE 50.1% +2.52 48.232 +2.52  47.37°+2.52 48.56 + 1.45

PWP (v %) upper 33.59a+2.95 35.2a+2.95 29.09a+2.95 32.62+1.71
middle 28.31b+2.95 32.57ab+2.95 34.79a+2.95 31.89+1.71
lower 42.21a+2.95 34.04a+2.95 36.00a+2.95 37.41+1.71
Mean +SE 3471 +1.71  33.94*+1.71  33.29*+1.71 33.98 + 0.99

AWC(v %) upper 15.39a+1.71  15.51a+1.71 12.67a+1.71 14.52 +0.99
middle 12.92a+1.71  14.05a+1.71 13.84a+1.71 13.60+ 0.99
lower 17.89a+1.71  13.31a+1.71 15.71a+1.71 15.63+0.99
Mean +SE 15.40%+0.99 14.29%+0.99 14.07+40.99  14.59+ 0.57

Means in the rows followed by the same letter are not significant
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4.3.2. Effects of land use systems and elevation gradient on selected soil chemical
quality indicators

Soil pH, organic carbon (OC), total nitrogen (TN), C: N and available
phosphorus (Av.P)
The analysis of variance results revealed that the mean value of soil pH ranged from 5.56 to
6.13; which is classified as moderately acidic (EthioSIS, 2014). The lowest value (5.56) and the
highest value (6.13) were found in the mid-altitude and low altitude of the cultivated fields. Non-
significant variations were observed between land use systems, elevation gradient as well as their
interaction effects in upper and mid altitudes; whereas, in the lower altitude significant variation

was observed between the cultivated land and other land use systems (Table 4.17).

The mean value of soil organic carbon (SOC) ranged from 1.01% to 3.89%. In all elevation
gradients, the lowest values were recorded in the agricultural land whereas the highest values
were in the forest land (Fig 4.12). Significant differences were observed between the main
treatments (land use types and locations) and their interaction effects (LU*L). Based on the
ratings of EthioSIS (2014), the contents of SOC are very low in the agricultural lands in all
locations, low in the grazing lands and moderate in the forest land use system. This indicates that
soil quality; particularly soil biological indicators are highly degraded in the cultivated and

grazing land use systems.

The results also showed that the mean values of soil TN ranged from 0.08% (agricultural land) to
0.21% (forest land) (Fig 4.13). Significant differences (p <0.05) were observed in the main and
interaction effects of land use systems and elevation gradients. A significant difference was
observed between agricultural land and the other two land use systems. The status of TN is rated
as very low in the agricultural land and moderate in the forest and grazing land use systems
EthioSIS (2014). The mean values of the C: N ratio also ranged from 11.22 to 18.71 and the
overall mean values of the C: N ratio were 12.98, 14. 77 and 17.56 in the cultivated land, grazing
land and forest land respectively. Significant difference (p < 0.05) was observed between
cultivated land and forest land. Though non-significant variations were observed, the numerical
values were higher in the grazing land as compared to cultivated land. The same is true for forest

land and grazing land (Fig 4.14).
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Table 4.15. Mean values of pH, OC, TN, C: N and Av.P under different land use systems and

elevation gradient.

Soil Elevation Land use system Mean +SE
property gradient Cultivated land  Grazing land  Forest land
pH-H,0O Upper 5.85%+ 0.19 5.64°+0.19  5.99%+0.19 5.82 +0.11
middle 5.56%+ 0.19 5612+ 0.19  5.83%+0.19 5.67+0.11
lower 6.13a+ 0.19 5.62b+ 0.19 5.78b+ 0.19 5.84+0.11
Mean +SE  5.84% +0.11 5.69%+0.11  5.79° +0.11 5.78 + 0.07
oC upper 1.01°+ 0.48 2.05"+0.48 3.89%+0.48 2.32+0.28
middle 1.12°+0.48 2.49%+0.48 3.04%+0.48 2.22+0.28
lower 1.09°+0.48 2.69%+0.48 3.07+0.48 2.29+0.28
Mean +SE  1.07° +0.28 2.41°+0.28  3.332+0.28 2.27 +0.16
TN upper 0.09b+0.03 0.13b+0.03  0.21a+0.03 0.14 + 0.02
middle 0.08a+0.03 0.17a+0.03 0.18a+0.03 0.14+ 0.02
lower 0.08b+0.03 0.18b+0.03 0.21a+0.03 0.16+ 0.02
Mean +SE  0.08°+0.02 0.17%+0.02 0.20°+0.02 0.15 + 0.01
C:N upper 11.22b+2.02 15.89a+2.02 18.71a+2.02 15.27 + 1.17
middle 14.38a+2.02 13.83a+2.02 18.57a+2.02 15.59+ 1.17
lower 13.36a+2.02 14.59a+2.02 15.04a+2.02 14.44+ 1.17
Mean +SE ~ 12.98° +1.17 14.77%+1.17  17.56% +1.17 15.11 + 0.67
Av.P upper 45.00a+4.73 18.63b+4.73 27.80ab+4.73  30.47 +2.73
middle 27.83a+4.73 14.93a+4.73 13.10a+4.73 18.62+ 2.73
lower 54.17a+4.73 20.30b+4.73 23.03b+4.73 32.5+ 2.73
Mean +SE  42.33%+2.73 17.95°+2.73 21.31°+2.73 27.2 +1.58

Means in the rows followed by the same letter are not significant
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Fig 4.12. Graph showing the relationship between OC and ISS under different land use
systems

where: OC, organic carbon; ISS, index of soil aggregate stability; CL, cultivated land; GL,
grazing land and FL, forest land.

The highest value of available phosphorus was recorded in the cultivated land (42.33 mg kg™
followed by the forest land (21.31 mg kg™) whereas the lowest value was found in the grazing
land (17.95 mg kg™l). Significant differences (p < 0.05) were also observed in the mean values
among locations; where the highest value was observed in the lower part of the watershed and

the lowest value in the middle part where there is Vertisol coverage. Based on EthioSIS (2014)

rating, the status of available phosphorus was low in the grazing and forest land use systems and

moderate in the agricultural land; the overall mean value (27.2 mg kg™) was rated as low.
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where, L1= location 1; L2 = location 2; L3 = location 3; CL = cultivated land; FL = forest land

and GL = grazing land
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Fig 4.14. The Interaction effects of location and land use (L*LU) on the distribution
of (a) C: N and (b) available P

where, L1= location 1; L2 = location 2; L3 = location 3; CL = cultivated land; FL = forest land
and GL = grazing land
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Exchangeable bases (Na*, K*, Ca?* and Mg?*), cation exchange capacity (CEC) and
percent base saturation (PBS)

There is no significant difference in all exchangeable bases in the main and interaction effects of
land use systems and elevation gradients (Table 4.18). However, marked variations were
observed among land use systems. The lowest values of exchangeable Na* and K" were found in
the cultivated land and the highest values in the forest land in all locations. The same is true for
exchangeable Ca** and mg?* Since the critical value of exchangeable Na* varied due to the
variation in CEC, clay content and type of crop grown, its threshold value was more explained
by ESP in which an ESP value of 15% is critical for most crops (Anon, 1954). The lowest
(1.92%) and the highest (2.12%) values of ESP were observed in the grazing and forest land use
systems respectively. Soils of the study area are free of sodicity problem as the values of ESP are
far less than 15%. Based on the classifications of EthioSIS (2014), the contents of exchangeable

bases are rated as high in all locations and land use systems.

The mean values of CEC didn’t show significant differences between the main treatments (land
use type and locations) and their interaction effects (LU*L) except in the mid land of the
watershed where a significant difference was observed between cultivated land and forest land.
Even though non-significant differences were found in the other cases, the numerical values were
substantially varied between land use types and locations. The highest overall mean value (74.07
cmol (+) kg?) was found under the forest land followed by grazing land (68.37 cmol (+) kg™)
and the lowest value (65.69 cmol (+) kg™) under the cultivated land. Base on (Landon, 2014)
classifications, the contents of CEC were rated as very high in all land use systems and locations;
indicating that soils are inherently fertile due to the parent materials from which they are
developed (Elias, 2019; Williams, 2016). The highest mean value (86.12%) of PBS was
observed in the forest land followed by grazing land (78.89%) and the lowest value was recorded
in the cultivated field (74.13%). These values are rated as high and are indicators of good soil

fertility.

94



Table 4.16. Mean values of exchangeable bases (Na*, K*, Ca?" and Mg?*), CEC and PBS under
different land use systems and elevation gradient.

Soil Elevation Land use system Mean +SE
property gradient Cultivated land  Grazing land Forest land
Ex. Na upper 1.322+0.25 1.22°+0.25  1.21°+0.25 1.25+0.14
middle 1.51%+0.25 1.20°40.25  1.52°+0.25 1.41+0.14
lower 0.94%+0.25 1.44*+0.25  1.98°+0.25 1.46+0.14
Mean +SE 1.25%+0.14 1.29°40.14  1.57°+0.14 1.37 +0.08
Ex. K upper 0.84°+0.38 0.55°+0.38  2.00°+0.38 1.13+0.22
middle 0.84%+0.38 1.65+0.38  0.97°+0.38  1.15+0.22
lower 0.90%+0.38 0.76%+0.38  1.12°4+0.38  0.93+0.22
Mean +SE 0.86%+0.22 0.99+0.22  1.36%+0.22 1.07 +0.13
Ex. Ca upper 33.32°+6.80 42.10°+6.80 39.04°+6.80 38.15+ 3.93
middle 28.82°+6.80 33.45%46.80 39.90°+6.80 34.09+ 3.93
lower 51.97%+6.80 40.00°+6.80 41.2°+6.80  40.85+ 3.93
Mean +SE 34.48%+3.93 38.53°+3.93  40.072+3.93 37.70 + 2.27
Ex. Mg upper 13.28°+2.53 15.932+2.53 11.05°+2.53 13.42 +1.46
middle 10.41°+2.53 13.87242.53  14.40°+2.53 12.89+ 1.46
lower 21.42%42.53 13.96°+2.53 13.21*4+2.53 14.45+ 1.46
Mean +SE 13.30% +1.46 14.59°+1.46 12.89°+1.46 13.59+0.84
CEC upper 63.95%+7.00 69.86°+7.00 69.10°+7.00 67.63 +4.04
middle 59.62°+7.00 66.17%°+7.00 72.712+7.00 66.17+ 4.04
lower 74.04%+7.00 69.08%+7.00 80.43°+7.00 74.52+4.04
Mean +SE 65.87%+4.04 68.37°+4.04 74.07°+4.04 69.44 +2.33
PBS upper 74.97°+8.11 82.23*48.11 77.00°+8.11 78.06 + 4.68
middle 70.232+8.11 75.17%48.11 78.43°+8.11 74.61+ 4.68
lower 78.03%+8.11 79.27%48.11 72.93°+8.11 76.76+ 4.68
Mean +SE 74.13°+4.68 78.89°+4.68 86.12°+4.68 76.48 + 2.70
upper 2.22+0.43 1.84+0.43 1.73+0.43 1.93+0.25
ESP middle 2.63+0.43 1.86+0.43 2.09+0.43  2.19+0.25
lower 1.2140.43 2.11+0.43 2.54+0.43  1.95+0.25
Mean +SE 2.02 +0.25 1.94+0.25 2.12+0.25 2.03+0.14

Means in the rows followed by the same letter are not significant
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Fig 4.15. Interaction effects of location and land use type (L*LU) on the distribution of a}
exchangeable K and b) CEC
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Table 4.17. Post hoc multiple comparisons of statistically significant soil properties in
contrasting land use systems

Soil quality indicator Contrasted LU classes P - value

Cultivated land and forest land 0.000

ISS Cultivated land and grazing land 0.000
Forest land and cultivated land 0.000

Forest land and grazing land 0.001

Grazing land and cultivated land 0.001

Grazing land and forest land 0.001

Cultivated land and forest land 0.000

oC Cultivated land and grazing land 0.003
Forest land and cultivated land 0.000

Forest land and grazing land 0.03

Grazing land and cultivated land 0.003

Grazing land and forest land 0.03

Cultivated land and forest land 0.001

TN Cultivated land and grazing land 0.008
Forest land and cultivated land 0.001

Grazing land and cultivated land 0.008

C:N Cultivated land and forest land 0.013
Forest land and cultivated land 0.013

Cultivated land and forest land 0.000

Av.P Cultivated land and grazing land 0.000
Forest land and cultivated land 0.000

grazing land and cultivated land 0.000
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Table 4.17. Continued. Post hoc multiple comparisons of statistically significant soil properties
in contrasted elevation gradients.

Soil quality indicator Contrasted elevation gradients P - value
FC L2 and L3 0.05
L3 and L2 0.05
PWP L2 and L3 0.034
L3 and L2 0.034
Av.P L1land L2 0.007
L2and L1 0.007
L2 and L3 0.002
L3 and L2 0.002

Table 4.18. Soil fertility ratings of some soil parameters used to identify the status of soil fertility
(EthioSIS, 2014)

Soil properties

Fertility classes (Ratings)

Very low low Optimum high Very high
OM (%) <20 2.0-3.0 3.0-7.0 7.0-8.0 > 8.0
TN (%) <01 0.1-0.15 0.15-0.3 0.3-0.5 > 05
AV.P (mg kg™) 0-15 15-30 30-80 80-150 > 150
Ex.K (cmol (+) kg?) < 0.23 0.23-0.49 0.49-1.54 1.54-2.31 > 231
<0.9 0.9-1.9 1.9-6.0 6.0-9.0 >9.0
CEC cmol (+) kg?) <4 4-15 15-25 25-40 > 40
Soil pH-H20 <55 5.5-6.5 6.6-7.3 7.3-8.4 >8.4
(Strongly (Moderately (Neutral)  (Moderately (Strongly
acidic) acidic) alkaline) alkaline)

Where: OM, organic matter; TN, total nitrogen; Av.P, available phosphorus and Ex.K,

exchangeable potassium
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Table 4.19. Pearson’s correlation matrix of selected soil physical and chemical properties

Sand | Clay | Silt FC PWP | AWC | pH OC |[TN [CN |AVP | Na K Ca Mg CEC PBS
Sand |1 7557 | 455~ | -262 |-261 |-223 |-006 |.029 |-075 |.087 |.118 |-182 | .214 |-328" |-364" |-.224 -373°
Clay 1 7057 | 4417 | 932" | 4700 | 210 |-096 |-066 |.076 |-053 |.173 |-.147 | .492% | 542" | 548~ 360
Silt 1 577" | -513~ | -614" |-314 | 455 | 459~ | 022 | -330° |.191 | .293 |-249 |-487" |-453~ | -.093
FC 1 975~ | 899~ | 524~ |-023 |-003 |.035 |.308 |.046 |.056 |.650" |.764~ | .656" 557"
PWP 1 7787 | 527° | -.005 | -.039 |-045 | 292 |.003 |.024 | .650" |.748" | 611" 509™
AWHC 1 4417 | -056 |-085 | .185 |.294 | .122 |.111 | .685" |.764~ | .646" 566"
pH 1 116 | 060 | -.028 | .338" |-512" | .491™ | 486 | 490~ | .456" 425
ocC 1 908 | 487~ | -503" | 154 | 645~ | 459" | .060 311 399
TN 1 125 | -5197 | 232 | 625" | 419" | .069 208 4517
C:'N 1 -232 | .128 | 143 | 337" | .169 A7 126
AvV.P 1 -294 | -186 |-057 |.076 073 -.183
Ex. Na 1 -227 |.082 |-011 | .149 011
Ex. K 1 333" | 114 132 463
Ex.Ca 1 7977 | 8347 8317
Ex. Mg 1 695~ 7537
CEC 1 425"
PBS 1

** significant at p < 0.01 and *, significant at p < 0.05
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4.3.3. Soil quality deterioration index (SQDI) for each quality indicator

Soil quality deterioration index results revealed that most of the soil quality indicators have
negative values in the cultivated and grazing lands; indicating that the soil condition is becoming
poor due to poor management in these land use systems. In the cultivated field, the lowest value
was for ISS (-71.3%) followed by SOC (-67.7%). On the other hand, the highest positive value
was for available P (98.6%) in the same land use system. For grazing land, the highest negative
values were recorded for ISS (-35.1%) and SOC (-27.7%) (Fig 4.16). The aggregated SQDI
values were -12.34% and -10.0 for cultivated land and grazing land respectively (Fig 4.17); these

values were rated as low based on Wang et al. (2001) classification.

Graph of SQDI
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-100.00
Clay | Silt AWC| pH | OC | TN | AP | Nat+ | K+ | Ca2+ |Mg2+| CEC
uSQDI_CL | 29.07 |-23.05 -71.39 9.44 | 0.92 |-67.77|-57.39| 98.64 |-20.21|-36.87-13.96| 3.20 |-11.08
SQDI_GL|11.19| -3.73 |-35.17| 1.56 | -1.67 |-27.70|-15.06|-15.75-18.02|-27.57| -3.85 | 13.24 | -7.70

Fig 4.16. SQDI values of soil quality indicators under cultivated and grazing lands using forest
land as a reference.

Note: SQDI is soil quality deterioration index, CL is cultivated land and GL is grazing land
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Fig 4.17. Aggregated SQDI value for cultivate land (CL) and grazing land (GL) in Suha
watershed

Soil quality index (SQI) computation from production and soil erosion perspectives

The overall SQI mean value under the cultivated land use system was significantly lower than
the forest and grazing lands. The mean values were 0.38, 0.60 and 0.52 for cultivated land,
forest, land and grazing land respectively (Fig 4.18). Based on Li et al. (2018) classification, the

soil quality was rated as low, moderate and high for cultivated land, grazing land and forest land

respectively (Table 4.22).

Table 4.20. Status of soil quality under different land use systems based on Li et al. (2018)
ratings

Land use SQI values for selected indicators Total SQI  Rating

system STC pH OoC NPK

CL 0.04 0.06 0.16 0.12 0.38 Low

FL 0.04 0.06 0.32 0.18 0.60 High

GL 0.04 0.06 0.24 0.18 0.52 Moderate

Note: CL = Cultivated land, FL = Forest land, GL = Grazing land, SQI = Soil quality index, STC
= Soil texture, OC = Organic carbon and NPK = Nitrogen, phosphorus and potassium.
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Fig 4.18. Soil quality index (SQI) values under different land use systems from production and

soil erosion perspectives

4.4. Quantify soil nutrient flows and balances (N and P) in cereal-based agroecosystems
of Suha watershed, northwestern Ethiopia

4.4.1. Nutrient inflows and outflows in different agroecosystems

The results of soil nutrient inputs to the system through the applications of mineral fertilizer,
organic input, atmospheric deposition and N-fixation and nutrient exports through crop harvest
(OUT1 and OUT2), nutrient loss by soil erosion, leaching, and gaseous losses of the two farming
systems are presented in (Table 4.25 and 4.26). The main sources of nutrient inputs for N and P
were mineral fertilizers which include NPSB (18.9% N, 37.7% P205, 6.95% S, and 0.1% B) and
Urea (46% N). The amount of N used ranged from 87.9 kg N/ha/yr to 129.5kg N/ha/yr in the
highland and from 64.9 kg N/ha/yr to 97.4 kg N/ha/yr in the midland. The amount of P ranged
from 17 kg P/hal/yr to 33 kg P/ha and from 17 kg P/ha/yr to 25 kg P/ha for highland and midland
respectively. The utilization of mineral fertilizers for cereal crops has been well adopted in the
area regardless of its ever-increasing price; which is unaffordable for resource-poor farmers.

However, the utilization of only mineral fertilizers does not guarantee the sustainability of soil
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fertility. Potassium (K) containing fertilizers were not applied in the study area assuming that
soils of the highland regions contain as sufficient amount of K (Elias et al., 1998). Organic inputs
(IN2) were not applied to the farmlands which are far from the residential area because of their

competitive use and labor demand for transportation.

Atmospheric deposition (IN3) and non-symbiotic N-fixation were the other nutrient inflows
accounted for in this study. Estimated values of atmospheric deposition for the highland area
were 5.2 kg/ha/yr; 0.8 kg/ha/yr and 3.4k g/ha/yr for N, P and K respectively. In the midland area,
the values were 4.7 kg/ha/yr, 0.8 kg/ha/yr and 3.1 kg/ha/yr for the same nutrients. The amount of
N fixed by non-symbiotic bacteria was 4.2 kg N/ha/yr in the highland area and 3.9 kg N/ha/yr in
the midland area of the watershed. Moreover, the results of nutrient inputs (IN1-IN4) showed

significant differences among socioeconomic groups and farming systems.

The outflow results revealed that, crop harvest (OUT1 and OUT2) was one of the most important
pathways for the removal of N, P and K from all agroecosystems. The contents of N and K in
crop harvest (yield and residues) were higher; whereas, the export of P from the system through
this process was far lower than N. The largest proportion of N was exported with yield; whereas,
removal with residue was the major factor for K. The mean values of N and P exported with
yield and residue were 75.8 kg N/ha/yr and 28.9 kg N/ha/yr; 14.6 kg P/ha/yr and 12.1kg P/hal/yr
respectively for the wheat farm land. For teff farming system, the values of N and P in the crop
yield were 42.1 kg N/ha/yr and 8.3 kg P/ha/yr respectively. The values in the residue were 29.1
kg N/ha/yr and 8.7 kg P/halyr.

Estimated results of nutrient losses through leaching and denitrification processes showed that a
significant amount of N was lost from the farming systems. It was observed that 30.5 kg/ha/yr of
N was lost from the wheat field; whereas, 25.2 kg/ha/yr of N was lost from the teff field through
the leaching process. The amount of exported nutrients through leaching depends on the soil
type, climatic condition and the amount and type of soluble nutrients found in the soil
(Haileslassie et al., 2005). The values of N loss through denitrification were 16 kg N/ha/yr and
11.9 kg N/ha/yr for the wheat and teff fields respectively. Results also showed that denitrification
is the least contributor to N loss from the farming system.

Soil erosion was one of the most important factors in nutrient removal from the system. The

results showed that the values of exported nutrients were higher in the highland area as compared
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to the midland part of the watershed. Quantified values indicated that 48kg N /ha/yr and 10.6 kg
P /ha/yr were removed by soil erosion. In addition, significant differences were observed in
nutrient outputs (OUT1-OUT5) among socioeconomic groups and agroecosystems.

4.4.2. Nutrient balances

The results of nutrient balances (N and P) of different farming systems (highland and midland
areas) were depicted in (Tables 4.27; Fig 4.21 and 4.22). The balance of N was negative in all
farming systems regardless of socioeconomic groups. The mean values of N and P balances were
-77.1 kg N/ha/yr and -11.9 kg P/ha/yr respectively in the highland area (wheat farming system);
whereas in the midland (teff farming system), the values were -39.3 kg N/ha/yr and -1.4 kg
P/ha/yr. Significant variations were also observed among socioeconomic groups and
agroecosystems. It was observed that the balances of N were more negative in all farming
systems and both agroecologies. Moreover, the values were more negative in the highland areas
than the midland areas. Significant differences were observed in the balance of N among
socioeconomic groups and between agroecologies. On the other hand, P balances were less
negative in all farming systems and agroecologies regardless of the socioeconomic groups (Fig
4.21 and 4.22). Even though the values were less negative, considerable differences were
observed among socioeconomic groups and agroecologies. The analysis of variance results also
showed that significant differences were observed in the values of P balances among
socioeconomic groups and agroecologies.

Table 4.21. Nutrient inputs in different farming systems and socioeconomic groups

Agroecology  Wealth IN1 IN2 IN3 IN4 Total (IN1 + IN2 +

group IN3 + IN4)

N P N P N P N N P

Highland R 1295 33 0 0 52 08 42 139 333

M 1209 25 0 0 52 08 42 130 254

P 87.9 17 0 0 52 08 42 97 7.4
Midland R 9735 25 0 0 47 08 39 106 25.6

M 87.9 21 0 0 47 08 39 97 21.5

P 64.9 17 0 0 47 08 39 74 17.4

Where, IN1= input 1; IN2= input 2; IN3 = input 3 IN4 = input4; R = rich; M = medium and P =
poor
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Table 4.22. Nutrient outputs in different farming systems and socioeconomic groups

Outflows Highland (wheat farming Midland (teff farming
system) system)
R M P R M P

OouT1

- N 95.9 78.1 53.5 51.9 41.5 32.9

- P 18.5 15.1 10.3 10.2 8.2 6.5
ouT2

- N 36.1 29.9 20.6 34.2 30.3 22.9

- P 15.1 12.5 8.6 10.1 9.1 7
OuT3

- N 32.9 32.7 26.2 27.8 26.6 21.1
ouT4

- N 18.2 17.1 12.8 13.8 12.6 9.6
OuUT5

- N 48 48 48 23 23 23

- P 10.6 10.6 10.6 6.2 6.2 6.2
Total (OUT1+ OUT2 + OUT3
+ OUT4 + OUT5)

- N 231.1 205.7 161.1 150.6 133.9 109.5

- P 44.2 38.1 29.5 26.4 23.4 19.7
Balances

- N -92.1 -75.4 -63.8 -44.7 -37.4  -35.9

- P -10.8 -12.7 -12.1 -0.8 -1.9 -2.4

Table 4.23. Aggregated nutrient flows and balances of wheat farming system in the highland of
the watershed

Nutrient flows N P Remark
IN1 112.8 25
IN2 0 0
IN3 5.2 0.8
IN4 4.2 0
Sum (IN1+IN2+IN3+IN4) 122 25.4
OuT1 75.8 14.6
ouT?2 28.9 12.1
OuT3 30.5 0
ouT4 16 0
OuUT5 48 10.6
Sum (OUT1+0UT2+0UT3+0UT4+0UT5) 199.2 37.3
Partial nutrient balance +8.1 -1.7  (IN1+IN2)-(OUT1 + OUT2)
Full nutrient balance -77.1 -11.9  (IN1+IN2+IN3+IN4)-( OUT1 +

OUT2 + OUT3+0UT4+0UT5)

Where, OUT1= out put1;0UT2 = out put2;0UT3 = out put3;0UT4 = out put4 and OUT5 = out put5
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Table 4.23. continued. Aggregated nutrient flows and balances of the Teff farming system in the

midland of
the watershed
Nutrient flows N P Remark
IN1 83.4 21
IN2 0 0
IN3 4.7 0.8
IN4 3.9 0
Sum (IN1+IN2+IN3+IN4) 92 21.8
OouT1 42.1 8.3
ouT2 29.1 8.7
OuUT3 25.2 0
OuUT4 11.9 0
OuUT5 23 6.2
Sum (OUT1+OUT2+0UT3+0UT4+0UT5) 131.3 23.2
Partial balance +12.2 +4 (IN1+IN2)-(OUT1+0OUT2)
Full nutrient balance -39.3 -1.4  (INL+IN2+IN3+IN4)- (OUT1 +

OUT2 +0OUT3+0UT4+0UT5)

4.3.1. Replacement cost of depleted nutrients

From the full nutrient balance results, it is observed that a substantial amount of N and P were

removed from the wheat and teff cultivated fields. The amounts of nutrients depleted were

converted in to fertilizer and multiplied by the current price to calculate replacement costs.
Monetary values were 1807 and 3400 ETB/ha/yr for NPSB and Urea fertilizers respectively for
the high land 212.6 ETB/ha/yr and 1899.8 ETB/ha/yr mid land respectively.
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CHAPTER FIVE: DISCUSSION

5.1. Detection of LULC and LST changes using GIS and remote sensing in Suha
Watershed

Land use/cover changes in Suha watershed

Anthropogenic activities continuously alter the land surface features. The results of this study
showed that significant land use land cover changes occurred in the study area for the last 35
years. Agricultural lands increased as the expense of other land use types due to proximity and
root causes. There is high demand for agricultural products and fuel wood because of the ever-
increasing population in the area. This creates greater pressure on the natural resource base.
Grass land decreased during this time, because part of it was distributed to landless youths.
Shrub lands are continuously and illegally cleared by the local community for fire wood. These
uncontrolled humane interferences further aggravate the degradation of environmental resources.
Similar findings were reported by (Hassen and Assen, 2018). Aneseyee et al. (2020) also
reported agricultural land, built-up area and bare land were expanded by 33.01%, 109.58% and
65.19% within a 30 years period in Winka watershed, Ethiopia. On the contrary, grazing land
declined by 49.12% in the same period. Belenok et al. (2021) analyzed landscape changes
(1985-2020) and explored that the built-up area expanded significantly.

The reasons for the significant reduction of shrub land and grazing lands in the study periods
might be due to land reform (redistribution of farm lands) and continuous distribution of
communal grass lands to youths and landless farmers. Due to this action, even farmlands became
more fragmented. The state change that took place in Ethiopia (the fall of the 'Derge’ regime and
the rise of the 'EPRDF') brought fundamental changes to land ownership in the study area. The
results also showed an increasing trend of forest land from 1999 to 2019. This could be attributed
to an expansion of eucalyptus plantation (Eucalyptus globules) at the homestead, roadside
plantation, farm boundaries, and even woodlot plantation in their farmlands (when agricultural
lands are becoming exhausted because of poor soil conditions). The root cause for this expansion
is an increasing human population that creates greater demand for basic needs (constriction
materials and fuel wood). This result is consistent with previous finds (Gedefaw et al., 2020;
Alemu et al., 2015; Hassen and Assen, 2018; Teferi et al., 2013). Such types of local-level

studies are useful in understanding the status of other environmental issues, such as soil erosion,
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landslide risk, land use planning, carbon sequestration, land surface temperature, and ecosystem
service which are essential for decision-making and planning purposes (Damtea et al., 2020).

Impacts of land use/cover changes on land surface temperature in the Suha watershed

Changes in the biophysical compositions of the earth’s surface brought a change in LST (Rajani
and Varadarajan, 2021). The same author also confirmed that land use land cover changes
significantly affect land surface temperature in space and time. Analyzed results of LST and
LULC changes showed that impervious surfaces have the highest LST values whereas forest and
shrub lands have the lowest LST values. This variation could be attributed to the characteristics
of land use and land cover features. These results are in line with the findings of Haylemariyam
(2018); Imran et al. (2021).

Areas covered with forests have low LST value due to the cooling and balancing effects of
forests (Alemu, 2019; Haylemariyam, 2018). Gémes et al. (2016) also reported that in highly
vegetated areas, the surface temperature can be reduced by 13°C as compared to none vegetated
areas and thus play a great role in human health conditions. On the other hand, the characteristics
of impervious surfaces are the major factor for land surface temperature increment. LST is
significantly increasing in impervious surfaces such as built-up areas and bare lands because
these surfaces absorb radiant energy and stored heat instead of reflection or transmission. In
other words, heat is retained for a longer time in these land features compared with other LULC
classes (Shastri et al., 2020). Furthermore, land use land cover change considerably impact air
humidity which is related to LST; impervious surfaces lack humidity and vegetation area has a
high value (Igun and Williams, 2018; Awuh et al., 2019). Alemu (2019) also demonstrated that
impervious layers are experiencing higher land surface temperature. Results of this study also
confirmed that, areas which were previously categorized under lower LST values were converted
in to higher LST classes due to the Expansion of bare lands and built-up areas during the study
periods. From this, it can be inferred that LU/LC classes significantly impact LST compared with
other factors that can affect LST. Therefore, continuous LU/LC changes particularly changes
from forest area to impervious surfaces increase the land surface temperature. Impacts of LST
can be manifested by changes in the environment, ecosystem service and human thermal comfort
in urban areas, biodiversity, hydrology, and climate (Awuh et al., 2019; Das and Angadi, 2020;
Imran et al., 2021).
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Correlation between NDVI and LST

The results of this study revealed that normalized difference vegetation index (NDVI) has a
negative correlation with LST. In this regard, the highest NDVI and the lowest LST values were
found in forest areas and lowest NDVI and higher LST were found under impervious layers. In
the study periods NDVI and LST have a negative correlation with R? values ranging from -
0.865 to - 0.914. The correlation coefficients of NDVI and LST in this research represent a very
strong negative correlation between these two parameters based on the strength of the correlation
coefficient suggested by Cohen, West and Aiken (2013). Accordingly, values between 0.31 and
0.5 describe weak correlation, from 0.51 to 0.7 describe normal correlation, from 0.71 to 0.90
describe strong correlation and from 0.91 to 1.0 describe very strong correlation. Similar findings
have been reported by Traore et al. (2021); Hua and Ping (2018). Results depicted in Fig. 6 and 8
also clearly showed that vegetation has stronger negative correlation than other LU/LC classes
because of its higher NDVI value. Similar finding were also reported by (Haylemariyam, 2018;
Imran et al., 2021).
5.2. Quantification of soil erosion and sediment yield in response to land use and land
cover changes using GIS and RUSLE model

Soil erosion rate and spatial distribution in Suha watershed

Soil erosion causes critical socio-economic and environmental problems, particularly in
developing countries. To design and implement successful management strategies, it is necessary
to understand the mechanisms, extent, and severity of soil erosion, as well as the causes that
drive it. Monitoring the spatiotemporal variability of soil erosion risk and sediment export is
required for two fundamental practical reasons. The first one is, for proper resource allocation
and effective watershed management activities. Soil and water conservation activities are labor
intensive and demand huge investment. Therefore, available limited resources should be
allocated to those landscapes which are vulnerable to soil erosion. The second reason is, for
selection of effective soil and water conservation technologies. Different soil and water
conservation technologies could be recommended for specific location depending on the agro

ecology, topography and land use systems.

The results of this study revealed that the magnitude of mean annual soil loss rate significantly
increased from 15.2 t ha-t yr-1 to 30.2 t ha-! yr- over the past 35 years (1985 - 2019). Besides to
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this, the annual gross soil loss from the entire catchment similarly increased from 1.222 million
tons per year to 2.426 million tons per year. This could be attributed to an expansion of
cultivated land and bare land as the expense of other land use types during the study period. The
presence of steep slope landscapes, poor land management systems and absence of soil and water
conservation strategies are also contributing factors for soil loss. Moreover, the variation of the
amount of rainfall is one major cause for higher soil loss and sediment yield in the watershed.
Soil formation rate and soil loss tolerant limit for Ethiopian condition were suggested by Hurni
(1986), which is within the range of 2-22 t ha-* yr-* and 2-18 t ha-* yr-* respectively. However,
the values of this study are greater than these limits. In addition, the mean annual soil loss rate
greater than 10 t ha-! yr-t could not be reversed in 50 years (Kouli et al., 2009). The results of
this study are greater than this limit which confirmed the risk of soil erosion in the Suha
watershed. The trend and spatial distribution of soil erosion risk is highly impacted by human-
induced activities. The highest amount of soil loss and sediment yield was observed from steep
slope areas (dominated by bare lands), cultivated fields on sloppy areas and open shrub lands. On
the other hand, the lowest values were found in gentle slope areas and forest land use systems.
Soil erosion risk is extremely high in 2009 as compared to other study periods due to the
variation in mean annual rain fall and its erosive power. Average annual rainfall has the highest
value (1443.7mm) in 2009 compared to other periods; in 1985, the average annual rainfall is
1186mm; in 1999 (1324.3mm), and in 2019 (1317.6 mm). Haregeweyn et al. (2015) conducted a
review work on soil erosion and conservation in Ethiopia and inferred that 35% of the spatial and
temporal variability of soil erosion is because of the variation in rainfall. Besides this, land
use/cover dynamic is a major factor for the change in soil loss rate and sediment yield. This
continuous severe soil loss and sediment yield causes both onsite and off-site effects of soil
erosion. Transport of soil nutrient elements with sediment which intern impacts agricultural
productivity and food security is an onsite effect of soil erosion. In addition, sediment deposition

and eutrophication on water bodies, particularly on lakes is an off-site effect.

The results of this research are within the range of the findings of previous studies conducted in
the Upper Blue Nile Basin and other parts of Ethiopia (Table 4.13). The results of the present
study are comparable with the findings of Fenta et al. (2021), who reported a mean annual soil
loss rate of 32.8 t/ha/yr from the Abay Basin. Similarly, Degife et al. (2021) reported a soil loss
rate of 37 t/ha/yr from the Hawassa Lake catchment, Ethiopia. Haregeweyn et al. (2017) from the
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Upper Blue Nile River Basin (27.5 t/ha/yr); Kinde et al. (2019) from Guder sub watershed,
central highlands of Ethiopia (25-30 t/ha/yr); Atoma et al. (2020) from Huluka watershed, central
Ethiopia (14.4-27 t/ha/yr); and Tadesse and Abebe (2014) from Jabi Tehinan watershed, northern
Ethiopia (30.4 t/ha/yr) reported similar results. On the contrary, the findings of some other
studies from different parts of Ethiopia showed a higher soil loss rate than the current study. For
example, Tamene et al. (2017) reported a mean annual soil loss rate of 48t/ha/yr from the
Laygeda watershed, Ethiopia. The findings of Zerihun et al. (2018) from Dembecha district
showed soil loss tare of 49t/ha/yr. The study of Gelagay and Minale (2016) indicated soil loss
rate of 47t/ha/yr from the Koga watershed; Belayneh et al. (2019) reported a soil loss rate of
42.8t/ha/yr from the Gumara watershed. The recent study by Woldemariam and Harka (2020)
showed the soil loss rate of 75.85 t ha™* yr? (in 2000) and 107.07t/ha/yr (in 2018) from Erer Sub-
Basin, Wabi Shebelle Basin, Ethiopia. In the same study, it was reported that soil erosion
severity class increased by 18.28% over the past 18 years. On the other hand, some other studies
reported small values of soil loss rate compared to this study. For instance, Bekele and Gemi
(2021) reported a mean annual soil loss rate of 2.2t/ha/yr from the Dijo watershed, Rift Valley
Basin. Similarly, the results of Tiruneh and Ayalew (2015) from the Enfranz watershed (4.8
t/ha/yr); Ayalew (2015) from the Zingin watershed (9.1 t/ha/yr) and Brhane and Mekonnen
(2009) from Medego Watershed (9.6 t/ha/yr) are smaller than the results of the current study. The
variation of the mean annual soil loss rate in different watersheds could be due to the variation in
topography, management (land use system), and the amount of rainfall.

Sediment delivery ratio (SDR) and Sediment export

SDR was estimated using channel bed slopes and the results showed that SDR has direct
proportion with channel bed slope. As the channel bed slope increases, the velocity of runoff and
sediment export also increase from the catchment. From the results of the three study periods, it
is observed that the highest value of sediment yield (8.16 t ha-t yr-1) was recorded in 2009
compared to the other three periods; 3.95 t ha-t yr-1 in (1985); 5.66 t ha-! yr-t (in 1999) and 8.02 t
ha-1 yr-t (in 2019). This could be due to detrimental impacts of LULC changes in which
cultivated land and bare land increased as the expense of other land use types. The results of the
current study are within the ranges of previous findings. For instance, Fenta et al. (2021) reported
7 t ha-t yr-1 mean sediment yield from Abay Basin. Kidane et al. (2019) estimated sediment yield
for the three periods (1973, 1995 and 2015) in the Guder sub watershed, Ethiopia and their
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results showed that the mean sediment yields were 6.79, 8.65 and 9.44 t ha-! yr-1. Tamene et al.
(2017) from Laygeda watershed, Ethiopia (12.3 t ha-* yr-1) and Haregeweyn et al. (2017) from
the upper Blue Nile Basin (7.34 t ha-* yr-1) reported similar findings.

Table 5.1. Some of the recent research findings of soil loss and sediment yield in different
catchments of Ethiopia.

No. Catchment/ study area  Method Men annual Sediment Reference
employed soil loss yield
(t/halyr) (t/halyr)
1 Abay Basin RUSLE 32.8 7 Fenta et al.(2021)
2 Hawassa lake INVEST 37 1.6 Degife et al. (2021)
catchment
3 Huluka watershed RUSLE 27 - Atoma et al. (2020)
4 Guder sub watershed RUSLE 30.25 9.44 Kidane et al. (2019)
5 Gumara RUSLE 42.67 - Belayneh et al. (2019)
6 Beshillo catchment RUSLE 37 - Yesuph and Dagnew (2019)
7 Upper Blue Nile Basin  RUSLE 27.5 7.34 Haregeweyn et al. (2017)
8 Laygeda watershed RUSLE 48 12.3 Tamene et al. (2017)

Soil erosion severity classes based on sub-watersheds

Exploring the spatial variability and identifying soil erosion risk areas is crucially important for
technology selection; proper planning, resource allocation and application of soil and water
conservation strategies on the bases of severity class. In this study, soil erosion severity classes
were identified by superimposing the soil loss raster maps and sub-watershed maps.
Accordingly, sub-watersheds were categorized into five soil erosion severity classes ranging
from very slight to very severe on the basis of the rates of mean annual soil loss. SW15, SW 17
and SW18 were classified under the very severe soil erosion severity class (soil loss rate > 50
t/ha/yr) and found on the lower part of the watershed. These watersheds cover 7611.5ha of the
total area of the watershed and are present on steep slope areas. They are the priority areas that
demand urgent soil and water conservation measures. Sub-watersheds under severe soil erosion
severity class ( soil loss rate ranged from 30-50t/ha/yr) include, SW1, SW2,SW3, SW4, SW13,
SW14, SW16, SW20, SW21, SW22 and SW23 and cover 35,375.2ha from the total watershed
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area. These sub-watersheds are the second priority areas to undertake management actions. The
other sub-watersheds which cover 37,3563 of the watershed area are the last priorities for soil
conservation activities as evidenced by the results of soil loss rates from these areas (Table 4.14).

Table 5.2. Soil erosion severity class and priority levels of sub-watersheds

Soil loss rate Severity Priority Sub watershed Area (ha)

(t/halyr) class level

0-5 Very slight - -

5-15 Slight v SW6, SW9, SW10, SW11, SW12 and SW24 18937.8

15-30 Moderate i SW5, SW7, SW8, SW19 18418.5

30-50 Sever I SW1, SW2,SW3, SW4, SW13, SW14, 35375.2
SW16, SW20, SW21, SW22 and SW23

> 50 Very sever I SW15, W17 and SW18 7611.5

The effects of LULC change and landscape positions on soil erosion

Raster maps of land use/cover changes and soil loss were superimposed to identify the
relationship between these two parameters. The spatiotemporal variability of soil erosion risk is
highly impacted by human-induced activities. The analysis results revealed that the rate of soil
loss is extremely high in bare lands followed by cultivated fields and open shrub lands. The rate
of soil loss from bare land was 511.1% times greater than forest land and soil loss from
cultivated field was 105.2% times greater than forest land. This is attributed to the over-
exploitation of cultivated fields without applying any soil and water conservation strategies,
which is evidenced by field survey work. Frequent cultivation for seed bed preparation
disintegrates soil structure and reduces aggregate stability which hastens soil erosion, particularly
in slope areas. In addition, cultivated fields and bare lands are exposed to direct rain drop impact
contributing to higher soil loss and sediment yield. Poor land use systems and over-exploitation
of resources are responsible factors for the expansion of bare lands. On the other hand, the lowest
values of soil loss and sediment yield were observed in forest lands. Forest covers reduce rain
drop impact on soil particles and the velocity of runoff, thereby significantly reducing soil loss
and sediment yield. The relationship between soil erosion risk and the slope of the watershed was
detected by, first reclassifying the maps of soil erosion risk and slope of the watershed in to

different classes and then overlaying the two raster maps. The highest mean annual soil loss
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(60.9 t/ha/yr) was found in the upper and lower parts of the watershed where the slope gradient is
greater than 30%. This is due to the effect of the slope of the landscape on the velocity and
volume of runoff that greatly impacts soil erosion and sediment transport.

Previous studies conducted in different catchments of Ethiopia showed the impacts of land use
and land cover changes on the soil erosion risk and sediment export. The results of the current
study are comparable with the findings of previous studies. For instance, a recent study
conducted by Aneseye et al. (2020) in Winka watershed, Omo Gibe Basin, Ethiopia indicated
that the highest rate of soil erosion is from cultivated land that increased through time from 10.02
t/ha/yr (in 1988) to 43.48 t/ha/yr (in 2018) and the total soil loss change is 176.35 thousand tons
over the past 30 years. Similarly, Yesuph and Dagnew (2019) reported the highest rate of soil
loss (51 t/ha/yr) from cultivated land in the Beshillo Catchment, Blue Nile Basin, Ethiopia.
Likewise, Woldemariam and Harka (2020) indicated an extensive soil loss from cultivated land
use (37.06 t/ha/yr) and bare land (15.78 t/ha/yr) from Erer Sub-Basin, Wabi Shebelle Basin,
Ethiopia. The study by Gashaw et al. (2019) from Andasa Watershed, Upper Blue Nile Basin,
Ethiopia revealed the change in soil loss rate from 35.5 t/ha/yr (in 1985) to 55 t/ha/yr (in 2015)
due to an expansion of cultivated land. The highest rate of soil loss from cultivated land could be
due to intensive cultivation, and expansion of agricultural fields to steep slopes, and marginal
lands with poor management systems (Aneseye et al., 2020; Yesuph and Dagnew, 2019). On the
other hand, Nyssen et al. (2009) reported a higher value of soil loss rate from grazing land than

cultivated fields in the Tigray region, Ethiopia.

Implications of soil erosion and sediment export to watershed management

Soil erosion and sediment export, which is accelerated by human-induced activities, is a major
problem in the Suha watershed, causing soil nutrient depletion, reduction of agricultural
productivity, and sediment deposition in downstream reservoirs (Diwediga et al. 2018). The
extent and spatial distribution of soil loss and sediment export in response to land-use change
and topography vary widely. The results of this study clearly showed that severely degraded area
has increased by 32% (25,660 ha) in the past 35 years, and soil and water conservation measures
are urgently needed to reverse this condition. The results provide vital information to decision-
makers, planners, and development agencies to prioritize sub-watersheds based on soil erosion

severity class and select effective soil conservation technologies. Areas with very severe and
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severe soil erosion classes are recognized as the priority areas for the application of soil and
water conservation measures. As soil and water conservation measures require huge investments,
limited resources should be allocated to erosion hotspot areas to significantly reduce soil erosion
and sediment export.

5.3. Monitoring soil quality in terms of its physical and chemical fertility along the
toposequence of the watershed

Effects of land use types and elevation gradient on selected soil physical quality indicators

In this study, the impacts of land use/land cover changes and elevation gradient on selected soil
physical and chemical quality indicators were assessed. The relative proportion of soil separate
groups determines the soil textural class which significantly affects other soil properties
(physical chemical and biological properties). Silt fraction is the most mobile particle by water
erosion and the proportions of these fractions are lower in poorly managed and intensively
cultivated fields. In the current study, the lowest value of silt fraction was found in the cultivated
field followed by grazing land, which is an indicator of the problems of soil erosion in these land
use systems. On the other hand, the highest value of clay fraction in the cultivated fields might

be attributed to accelerated weathering because of soil disturbance.

Soil texture is an inherent property of soil, and it is the result of soil-forming processes. Its
variation could be due to the illuviation of clay particles, removal of clay by soil erosion,
biological activities, upward movement of sand fraction by swelling and shrinking phenomena
and the combinations of these two or more processes (IUSS Working Group, 2006). Even
though it is less influenced by anthropogenic activities in a short period of time (Brejda et al.,
2000), in the highland region where there is high rainfall and poor land use systems, smaller
particle sizes will be eroded and transported to other locations and resulted in variations in the
relative proportions of soil particles and textural classes. This illustrates the non-significant
differences of soil separate groups between land use systems in the study area. Similar results
were reported by Mulat et al. (2021) who demonstrated that the distribution of soil separate
groups didn’t show significant differences among land use systems in the Kersa watershed,
Oromia region. Teferi et al. (2016) also reported similar findings from the Jedeb watershed, in
northwestern Ethiopia. Soil textural class significantly determines the content of soil water,

retention and availability of soil nutrients. For instance, the presence of a higher proportion of
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sand fraction will negatively affect water holding capacity and nutrient availability (Abera and
Assen, 2019; Warra et al., 2015).

Soil aggregate stability is considerably influenced by land use systems and land management
strategies. In this study, it was negatively affected in cultivated fields compared to soils under
other land use systems. This could be attributed to the depletion of soil organic matter in the
cultivated fields and better accumulation of SOM in the forest and grazing lands. These results
are in line with the findings of Delelegn et al. (2017) who demonstrated that the value of soil
aggregate stability in cultivated land is significantly lower than in other land use systems. Wei et
al. (2014) also emphasized that intensive cultivation significantly decreases soil aggregate
stability whereas in non-tilled landscapes (forest lands) macro-aggregates of soils are enhanced.
Soil organic matter is a key factor to bind soil particles in to aggregates. Due to tillage operation,
soil organic matter could be further depleted and hence macro aggregates will be broken down in
the cultivated fields. The presence of adequate amount of SOM in the soil enhances soil
microbial and fungal biomass that can improve soil aggregate stability (Wu et al., 2015). Mulat
et al. (2021) reported higher soil aggregate stability in grazing land use as compared to fallow
land and cultivated fields. Peng et al. (2016) also explained the role of soil organic matter in
maintaining soil aggregate stability. Similarly, Gebreyesus (2014) examined the negative impacts
of soil organic carbon depletion on soil aggregate stability and its consequence on soil
degradation. Devine et al. (2014) emphasized that undisturbed ecologies like soils under forest

land have better aggregate stability than disturbed ecologies.

Exploring the status of soil water content is essential to devise an irrigation schedule and
improve water use efficiency depending on the water requirements of plants. In the present
study, the highest amounts of soil water contents (FC and PWP) were obtained in the cultivated
field, whereas the lowest values were obtained in the forest land in different elevation gradients.
This variation could be attributed to the contents of clay fraction and soil organic matter (SOM).
This is also evidenced by the positive and significant correlation of clay with FC (r = 0.441, p <
0.05) and PWP (r = 0.932, p < 0.01). Alawamy et al. (2021) reported that the variation in the
contents of available water holding capacity (AWHC) among different land use systems might

be due to the difference in the contents of clay fraction and soil organic matter
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Effects of land use systems and elevation gradient on selected chemical soil quality
indicators
Soil pH, SOC, TN, C: N and available phosphorus (Av.P)

The values of soil pH didn’t show significant differences among land use systems except
location 3 (lower elevation), the soil condition is moderately acidic in all land use systems and
locations. Even though the study area is found in the northwestern highlands of Ethiopia, where
there is high rainfall and raged topography, the problem of soil acidity is not critical. This might
be attributed to the content of high CEC in which basic cations are adsorbed on the surfaces of
these colloidal particles. This is also evidenced by positive and significant correlations of pH
with CEC (r= 0. 456, p < 0.01), PBS (r= 0.425, p < 0.05), exchangeable Ca?* (r= 0.486, p <
0.01), exchangeable K* (r= 0.491, p < 0.01) and exchangeable Mg?* (r= 0.490, p < 0.01) (Table
4.21). On the other hand, the lowest values of soil pH in some locations and land uses could be
due to the removal of basic cations through soil erosion, leaching, application of acid-forming
fertilizers and removal with crop harvest in the cultivated fields. This result is in agreement with
the findings of Teferi et al. (2016), who reported a non-significant difference among different
land use systems in the Jedeb watershed, northwestern highlands of Ethiopia. On the contrary,
Mulat et al. (2021) found significant differences among land use systems in the Kersa watershed,
Oromia region. These differences could be due to differences in soil types, climatic conditions
and management strategies. Soil pH indicates the toxicity level of aluminum (Al) and the status

(deficiency) of soil micro nutrients

Soil organic matter (SOC) is an important soil parameter that highly influences soil physical,
chemical and biological properties. It is the key indicator of soil quality and is significantly
influenced by anthropogenic activities, vegetation cover and climatic condition (Yu et al., 2020).
In this study the lowest values were found in cultivated lands in all elevation gradients and the
values are far below the critical level. The content is also low in the grazing land, but optimum in
the forest land. Further decomposition of SOM due to continuous and intensive cultivation in the
cultivated fields, depletion through soil erosion, complete removal of crop residues from the field
(sources of SOM) and low input of organic fertilizers (crop residues and manure) are the major
factors for extensive depletion of SOM in the cultivated fields. This leads to a high loss of soil
nutrients from these fields as the SOM is the most important soil parameter that determines soil

fertility. On the other hand, low soil erosion, continuous litter fall to the soil and the
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microclimatic conditions under the forest land (low organic matter decomposition) contributes to
low soil organic carbon loss and buildup of SOM in the forest land. These results agreed with the
findings of Mulat et al. (2021) and Yoseph et al. (2017) who reported higher content of SOM in
the grazing land than in cultivated and fallow lands in the Kersa watershed, Eastern and Northern
Ethiopia. Feleke et al. (2019) also demonstrated a higher content of SOM in protected grass land
than in open grass land due to the frequent turnover of grass and dense root biomass in the
protected land use. Similarly, Elias (2019) emphasized the negative impacts of the complete
removal of crop residues from cultivated fields and using cow dung as a source of fuel instead of

using it as soil amendments to maintain soil nutrients and SOM.

Land use/ land management strategies affect the content of soil TN in the study area. In the
cultivated fields, the content of TN is significantly lower than the other land use systems. This
variation might be attributed to the amount of soil organic matter in the forest and grazing land,
depletion of SOM and leaching of N in the form of nitrate ion from cultivated fields. Taylor et al.
(2010) also explained the extent of soil N loss from cultivated fields, but 5 to 100 times higher in
the forest land. The amount of SOM present in the soil is a key factor for the presence of TN in
adequate amount, which is evidenced by significant and positive correlation of TN with SOM (r
= 0.908, p < 0.01). Similar findings were reported by (Feleke et al., 2019), who demonstrated
that the content of TN in the protected grass land was higher than in unprotected grass land

because of the variation the in contents of SOM in these land use types.

The C: N ratio determines mineralization or immobilization processes that significantly affect the
availability of N to plants. It is an indicator of the rate of SOM decomposition, the amount of
SOM held in the soil and the cycling of C and N in a given ecosystem (USDA NRCS, 2020). In
general, when the C: N ratio is less than 20: 1, N will be mineralized and when C: N ratio is
greater than 30: 1, N will be immobilized. When the C: N ratio is high organic matter
decomposition/ mineralization of N could be retarded because of the limited activities of soil
microbes. In this study, in all land use systems and locations, the mean values of C: N ratios
were less than 20:1, indicating the mineralization process. It also demonstrated the potential
impacts of different land use systems and elevation gradients on the C: N ratio. The lowest value
was found in the cultivated land in the upper part of the watershed. This could be attributed to

further decomposition and removal of SOM as a result of intensive cultivation and soil erosion.
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On the other hand, the highest mean value was found in the forest land of the same elevation due
to high SOC content. This result is in agreement with Seifu et al. (2020) who explained that the
highest value of C: N ratio was found in the grazing land where there is high SOM; whereas the

lowest value was recorded in the bare land.

The content of available phosphorus could be influenced by land use system, soil management
strategy (application of external inputs) and the amount of soil organic matter. In this study, the
highest mean value of available phosphorus was observed in the agricultural land as compared to
forest and grazing land use systems. This might be attributed to long-term applications of
phosphorus-containing fertilizer (NPSB), which was confirmed during our field survey work and
data gathered from farmers and experts. On the other hand, the lowest value in the grazing land
might be due to low turnover of grass biomass to the soil because of over grazing. This in turn
results in lower soil organic matter and organically bounded phosphorus which could be released
to the soil solution through mineralization. In the forest land available phosphorus is higher than
grazing land because of better accumulation of SOM. Parallel with this result, Seifu et al. (2020)
reported that the highest mean value of available phosphors in the cultivated land as compared to
the forest and grazing land use systems in the semiarid watershed, in northwestern Ethiopia.
Abera and Assen (2019) also reported similar results from the Wanka watershed, in northwestern
Ethiopia. Likewise, De et al. (2022); Tellen and Yerima (2018) explained the higher content of
available phosphorus in cultivated land because of continuous application of chemical fertilizers.
The high availability of phosphorus is an indication of low p-fixation, which is highly dependent
on soil pH (availability decreases in both acidic and alkaline soil conditions). The content of
SOM also determines the availability of phosphorus. The findings of previous researches (Feleke
et al., 2019) indicated that phosphorus is positively and significantly correlated with SOM and its
availability is dependent on the mineralization of SOM. However, in the current study,
phosphorus is significantly but negatively correlated with SOM. The reason might be due to the
continuous application of phosphorus fertilizer in the cultivated field; conversely, the lowest
value of SOM was found in the same field.

Exchangeable bases (Na*, K*, Ca?" and Mg?*), CEC and PBS

From this study, the lowest values of exchangeable bases except Mg were found in the
cultivated land and this might be due to intensive cultivation, leaching of basic cations, soil

erosion, low SOM content and removal of cations with crop harvest from this land use type. On
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the other hand, the highest value of CEC was in the forest land which could be linked with the
amount of SOM. Exchangeable K* and exchangeable Ca?*were positively and significantly (r =
0.645, p < 0.01 and r =0.459, p < 0.01) correlated with SOM; exchangeable Na* and Mg?* also
showed a positive correlation with SOM (r = 0.154 and r = 0.060). From the results of
exchangeable bases, it was assumed that the exchange sites of the colloidal particles were
dominated by divalent cations (Ca?* and Mg?") According to Bohn et al. (2001), for agricultural
productive soils, the order of exchangeable bases should be Ca*> Mg®” K*> Na* and any
deviation from this could cause cation imbalance for plants. Another important point is the ratio
of Ca to Mg cations (Ca: Mg). For most crops the optimal range of Ca: Mg ratio should be
between 3: 1 and 4: 1 (Landon, 2014). If the ratio is less than 3:1, it will inhibit the uptake of
phosphorus. In the present study, Ca: Mg ratio is less than 3:1; indicating that phosphorus

uptake is influenced by this factor.

Cation exchange capacity (CEC) is the potential of soil to hold cations on the exchange site.
Marked differences in the mean values of CEC were observed among land use systems and
locations. The higher content of CEC in the forest land followed by grazing land might be
attributed to the content of SOM. This could be evidenced by positive (r = 0.31, p > 0.05)
correlation of CEC with SOC. In agreement with this result, Abera and Assen (2019)
demonstrated that CEC in the natural forest land was higher than in grazing and cultivated lands
because of high SOM content in the forest land. The content of CEC also varied along the
toposequence of the watershed. The highest value was found at the lower part and this could be
due to the large coverage of Vertisol and Leptosol (soil distribution map), with clay minerals
having high surface area. This could be substantiated by a positive and significant correlation (r
=0.548, p < 0.01) of CEC with clay fraction (Table 4.21). In line with this result, Elias E (2019)
reported high CEC in Vertisols and Leptosols which are dominated by smectite minerals having
high surface area and pH-dependent charges in the cultivated fields of the Ethiopian highlands.
The mean values of exchangeable sodium percentage (ESP) were far below its critical level (15)
for most agricultural crops in all land uses and locations. This illustrates that the study area is
free of sodicity problem, as the area is also found in the north western highlands of Ethiopia. The
mean value of PBS in the cultivated field was lower than the values recorded in the forest and

grazing lands. But, the mean values of PBS were rated as high in all land use systems. The
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factors that affect the contents of Exchangeable bases directly affect PBS. Similar findings were
reported by Tufa et al. (2019).

Soil quality status under different land use systems

The results of the present study confirmed that soil quality of Suha watershed was declining
because of poor managements which were evidenced by the negative values of SQDI for most
soil attributes under cultivated and grazing lands. In these land use systems ISS, SOC, TN and
exchangeable K were the most deteriorating soil quality indicators. This might be due to soil
erosion, leaching, depletion of SOC as a result of intensive cultivation, low return of organic
inputs and poor management. On the other hand high positive values of available phosphorus
and clay fraction in the cultivated field could be because of continuous application of phosphorus
containing chemical fertilizer and cultivation enhances weathering process and hence clay
fraction increases. The total SQDI values also showed that soil conditions under cultivated and
grazing land use systems have been experiencing progressive deterioration as the result of poor
management strategies. These results agreed with the findings of Abera and Assen (2019) who
reported declining of soil quality indicators in the disturbed ecosystems (agricultural land and
grazing land) in the Wanka watershed, northwestern Ethiopia. Other researchers (Eyayu et al.,

2009; Gui et al., 2009) also reported similar findings.

Evaluating the overall status of soil quality through SQI is essential in identifying the soil’s
potential to give its ecosystem services under different land use systems/ management strategies
and landscape positions (Ghosh et al., 2019). In the present study SQI was quantified based on
two perspectives (production and soil erosion condition) using four soil characteristics.
Significantly lower value of SQI was under cultivated land which could be due to the depletion
of soil organic matter, and loss of soil nutrients particularly TN as a result of poor land
management. On the other hand, the addition of SOM and less disturbance of the soil resource
under the forest resulted in better SQI value. The results of this study were in line with the
findings of Feleke et al. (2019), who reported that a higher value of SQI was from protected
grass land and a lower value under unprotected grass land in Farta District, northwestern

Ethiopia. Bajracharya et al. (2007); Gebreyesus and Vlek (2014) also reported similar findings.
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5.4. N and P flows and balances in cereal-based agroecosystems of Suha Watershed,
Northwestern Ethiopia
Nutrient inputs and outputs in the two agroecosystems

From our field work and data obtained from district experts and farmers, we have confirmed that
mineral fertilizers were the main contributors of nutrient inputs (IN1) for N and P in all farming
systems. Cereal crops like wheat and teff received more mineral fertilizers than other vegetables
and perennial crops in the study area as also demonstrated by (Haileslassie et al., 2005). The
applications of these inputs vary among farming systems which could be explained by the
economic capability of purchasing mineral fertilizers. Organic inputs (IN2) were not applied to
these fields because of competitive uses for energy sources. Some of the farmers have prepared
and applied compost around the homesteads.

In contrast to the addition of nutrients in to the system through inflow mechanisms, nutrients
were removed from the system through different outflow pathways. The results of the present
study demonstrated that the dominant nutrient outflow mechanisms were crop harvest (OUT1)
and residues removal (OUT2). The contents of P were far lower than the contents of N exported
through these processes (Table 4.25 and 4.26). The results of this study are in line with the
findings of Haileslassie et al. (2005) from the central highlands of Ethiopia; Mulualem et
al.(2021) from northwestern Ethiopia. However, considerable variations were observed in
different research results which might be attributed to the variation in cropping systems and

associated yield.

Nutrient loss through leaching (OUT3) was the main pathway by which N was removed from the
farming systems. The results of the present study (30.5 kg N/ha/yr and 25.2 kg N/hal/yr) are
comparable with the findings of Haileslassie et al.(2005) who reported a national average value
of 17 kg N/haly. On the other hand, Mulualem et al. (2021) conducted their study in different
land use systems in the Blue Nile Basin and demonstrated that the mean value of N loss from
cultivated land was 8.8 kg/ha/yr. Likewise, Stoorvogel and Smaling (1990) also reported the
national average leaching loss of N was 3 kg N/ha/yr. The variations in these results could be
attributed to the difference in the amount of rainfall, methods of analysis, amount of soluble
nutrients in the soil and soil texture (Mulualem et al., 2021; Haileslassie et al., 2005). Moreover,

the type and amount of external inputs applied to the field determine the rate of leaching loss.
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For example, Carmo et al. (2017) demonstrated that 20% of N-containing fertilizers applied to
the crop lands were lost through the leaching process. Tan et al. (2005) also reported that
leaching losses of nutrients (particularly N loss) is higher in cultivated fields than in other land-
use systems because of the application of easily dissolved fertilizers. The rate of N loss through
denitrification depends on the amount of soil moisture content, soil pH, and soil carbon content
(Van Bremen et al., 2002). In addition, the amount of external inputs and nutrient uptake by
plants significantly determine the rate of N loss by denitrification (Stoorvogel and Smaling,
1990). Keating (1997) indicated that about 25% of the applied N-fertilizer (urea) was lost by the
denitrification mechanism. As compared to other nutrient outflow mechanisms, denitrification is

the least important for N loss.

Soil erosion is the most important pathway of nutrient removal from the system as compared to
other pathways (Van Beek et al., 2016). The amount of nutrients exported through this process in
Ethiopia varies across regions due to the difference in soil erodibility, topography, erosivity of
rainfall, land cover type and land management (Haileslassie et al., 2005). Cultivated field are
more prone to soil erosion and nutrient losses because of poor surface cover and poor soil
aggregate stability as a result of repeated ploughing which favors the formation of surface
sealing that in turn accelerate soil erosion and nutrient losses (Mulualem et al., 2021).
Aggregated results of the present study revealed that 48 kg N/ha/yr and 10.6 kg P/ha/yr were
removed with soil loss from the highland and 23 kg N/ha/yr 6.2 kg P/ha/yr from the mid land.
Phosphorus removal with sediment was far lower than the N removal which might be attributed
to p-fixation (Mulualem et al., 2021; Aticho et al., 2011; Haileslassie et al., 2005). The results of
this study are comparable with the findings of previous studies in Ethiopia. For example,
Haileslassie et al. (2005) reported the nutrient losses by soil erosion at regional and national
scales (using USLE and LAPSUS to estimate soil loss) and demonstrated that the losses of N, P
and K from Amhara region were 140.7 kg N/ha/yr, and 29.0 kg P/ha/yr respectively. At the
national level, these values were 119.1 kg N/ha/yr, and 24.7 kg P/ha/yr. However, the findings of
Mulualem et al. (2021) were far lower than the results of this study.

Soil nutrient balances

Nutrient balance studies provide basic information about the status of soil fertility (where it is

improved or depleted).Negative balance (nutrient deficiency) indicates depletion of soil fertility;
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whereas positive balances (surplus) indicate the potential/risk of environmental pollution (water,
air and soil pollution). In the highlands of Ethiopia, nutrient depletion is becoming severe due to
negative nutrient balances which demands actions that reverse this condition (Van Beek et al.,
2016). In this study, significant variations of nutrient balances (N, P and K) were observed
among socioeconomic groups and between agroecosystems. These variations could be attributed
to the difference in yield, farming systems, external inputs used and nutrient use efficiency of
each crop. Moreover, variations between agroecologies might be due to the differences in the
amount of annual rainfall, landscape position and soil type which are the determining factors of

soil erosion.

The results of this study are in agreement with the findings of previous studies conducted in
Ethiopia and elsewhere in Sub Sahara African countries (Table 4.28). For instance, the findings
of Van Beek et al. (2016) from the highlands of Ethiopia (-24 kg N /ha/yr and +9 kg P /ha/yr)
and Mulualem et al. (2021) from the Blue Nile Basin (-50 kg N /ha/yr and -4 kg P /halyr) are
comparable with the current results. Similarly, Gebresamuel et al. (2020) from northern Ethiopia
demonstrated N and P balances of -19.5 to -30.8 kg N/ha/yr and 2.1 to 4.1kg P/hal/yr
respectively. The results of N balances were comparable with the findings of other studies in
Ethiopia and elsewhere in Sub-Sahara African countries. For instance, the results of Elias (2004)
from Southern Ethiopia demonstrated that N balances at farm level were ranged from -24 to -48
kg/ha and from -15 to -37 for the highland and lowland agro-ecological zones respectively. N
depletion was higher in the rich farmers in both highland and midland. On the other hand, N and
P balance differences between agro-ecological zones revealed that nutrient mining is higher in
the highland farming systems than the lowlands (Elias, 2004). These differences could be
attributed to higher removal of nutrients with crop harvest (because of higher yield) and soil
erosion in the highlands. On the contrary, the results of P balances of this study (-11.9 kg P/ha/yr
for the highland and -1.8 kg P/ha/yr for the midland) were different from the results reported
from southern Ethiopia (4 to 11 kg P/ha/yr for the highland and from -3 to 10 kg P/ha/yr for the
lowland agro-ecological zones respectively). On the other hand, the results of the present study
are higher than the findings of Stoorvogel and Smaling (1990), who conducted their research at
continental level in Africa and found that N balance was 20 kg N/ha/yr and P balance was 10 kg
P/halyr. The balances in East Africa were 40 kg N/ha/yr and 20 kg P/ha/yr respectively.
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More negative N balances as compared to P balances might be due to:

Export of large amount of N with crop harvest (product and residues); significant amount
of N could be exported with cereal crops which have high N content in their harvested
products (Elias, 1998)

The largest proportion of crop residue was removed from the field for other purposes
(mainly for animal feed)

Absence of the application of organic inputs (which are the sources of organically
bounded N) because of the utilization of manures as a source of fuel.

Removal of a considerable amount of N by soil erosion particularly in the highland area

Loss of a significant amount of N through leaching and denitrification processes

Phosphorus balances were less negative in both agroecologies and all farming systems. This

might be due to the following factors:

Continuous application of phosphorus-containing mineral fertilizers in  both
agroecologies and farmlands (even though the rate of application varied)
Phosphorus is less sensitive to leaching (precipitated by forming compounds in both

acidic and alkaline conditions) (Elias, 2002)

The amount of phosphorus exported with crop harvest (products and residues) was lower
than N.

The loss of P through soil erosion was also relatively smaller as compared to N.

However, these values of P balances are not indicators of sustainable availability of P in the soil.

This less negative balance could be due to the continuous application of mineral fertilizers

without considering organic sources. Organic inputs (SOM) are also the sources of significant

amounts of organic P which can be released in to the soil solution through the mineralization

process. The degree of N and P depletions for Sub-Saharan Africa cultivated lands were rated as

very severe, severe, moderate and slight (Smaling et al., 1993). These classifications were based

on the following rates of losses (Elias et al., 1998): when the depletion of N is > 40 kg N/ha/yr

and P loss is > 7 kg P/halyr, it is rated as very sever; when N loss is between 20 and 40 N/ha/yr

and P loss is between 4 and 7 P/halyr, rated as severe; loss of N is between 10 and 20 kg
N//4ha/yr and P is between 2 and 4 kg P/halyr, rated as moderate. When N loss is < 10 kg
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N/ha/yr and P is < 2 kg P/halyr, rated as slight. Based on these classifications, the rates of N and
P losses in the study area were rated as very sever in the highland (wheat farming system) and
sever for N and slight for P in the midland (tef farming system). Lefroy and Wijnhoud (2001)
also demonstrate the ratings of K in Sub Saharan Africa countries; (K > 33.2 kg K/ha/yr rated as
very high; when K is between 16.6 and 33.2 kg K/ha/yr rated as high; K between 8.3 and 16.6 kg
K/ha/yr rated as moderate and K < 8.3 kg K/ha/yr rated as low).

Table 5.3. Comparisons of the results of the present study with previous research findings

Study area Scale Nutrient balances (kg/ha/yr) Source
N P.Os K20

Northwestern Farming  -39.3to0 -1.4to - This study
Ethiopia system  -77.1 -11.9
Central Ethiopia Regional  -50 -4 -64 Haileslassie et al. (2006)
Ethiopia highlands District -24 +9 -7 Van Beek et al. (2016)
Northern Ethiopia Watershed -19.5to- +2.1to -15.4to Gebresamuel et al. (2020)

30.8 +4.1 -42.8
Southern Ethiopia Farm -92 +5 -49 Elias et al. (2004)
Northern Ethiopia Watershed -41 -1 -36 Kiros et al. (2014)
Northern Ethiopia Regional  -65 -6 -34 Asefa et al. (2003)
Ethiopia National  -47 -7 -32 Stoorvogel and Smaling

(1990)

Jimma zone, Oromia Regional  +3 +5 - Aticho et al. (2011)
region
North western -209to- -0.7to+11 -26.7to Gezie (2019)
Ethiopia 61.4 -37.8
Northern Ethiopia -179to- +3.9to -5.2to + Mesfin et al. (2021)
(Tigray region) 26.2 +6.7 2.9

Replacement cost of depleted nutrients from the agroecosystems

Negative nutrient balances are indicators of soil fertility depletion. Moreover, they are highly
linked with yield reduction and nutrient replacement costs. The results of the present study are in
agreement with Mulualem et al. (2021) who reported that the total replacement costs of N and P
for the three agroecologies (highland, midland and lowland of the Upper Blue Nile basin) were
US$38, $33 and $26/halyr respectively. The replacement cost of K was not considered in their
study. Erkosa et al. (2015) conducted their research in the Blue Nile Basin of Ethiopia and
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reported that significant amounts of soil nutrients (N= 8.6 kg/ha/yr and P= 4.4kg/ha/yr) were
exported with sediment and incurred the financial cost of US$210/ha/yr due to soil erosion.
Haregeweyn et al. (2008) also reported 68 ETB/ha/yr for the replacement cost of N and P due to
soil erosion from the northern highland catchment. Similarly, the findings of Shibabaw and
Alemayehu (2015) and Taye et al. (2013) showed that, the replacement cost of N and P was 2273
ETB/ha/yr, and 200 ETB hayr? respectively. Moreover, Selassie and Belay (2013) found a
replacement cost of 6.4 USD halyr? from non-conserved cultivated lands. FAO (1986) also
estimated the replacement cost of N and P which ranged from 29 to 44 ETB/ha/yr for cultivated
land. The variation of the results of exported nutrients and associated replacement costs might be
attributed to the difference in the farming system, fertility of the soil, amount of mean annual
rainfall, amount and type of fertilizer use, and scale of the study. Besides the replacement costs,
it is expected that nutrient losses cause yield reduction and off-site effects on dams and
reservoirs. When we convert these losses in to monetary bases and estimate the total cost, the

result could be far larger than the replacement costs of exported nutrients.

CHAPTER SIX: CONCLUSION AND RECOMMENDATION
6.1. CONCLUSION

Soil degradation in the form of soil erosion by water and nutrient depletion is a major threat to
agricultural productivity and food security in the highlands of Ethiopia. Moreover, soil erosion,
land use/land cover change, nutrient mining, and poor soil management (particularly removal of
residues from the field, insufficient application of external inputs and using animal dung for fuel)
are major factors for the deterioration of soil quality. Expansion of agricultural fields to marginal
lands and steep slope areas further deteriorates the current soil condition. These problems are not
reversed and highly threatened the livelihoods of the rural community. Monitoring the extent and
magnitude of land use/cover changes and exploring their associated impacts is critically
important to design effective management strategies and to ensure sustainable use of natural
resources. Moreover, advancing the knowledge of soil nutrient fluxes and budgets in different
agroecosystems could help in developing appropriate policies (strategies) and implementing
actions so as to ensure agricultural sustainability. The present study was conducted in the Suha
watershed, north western highlands of Ethiopia to analyze land use/ land cover dynamics and
evaluate its impacts on the land surface temperature, rate of soil erosion and sediment yield, soil

quality change and to quantify soil nutrient flows and balances in different farming systems
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The results showed that significant LULC change has been undergone in the study area for the
past 35 years (1985 -2019) in which agricultural land and bare land increased by 34.8%, and
373.6% respectively whereas, grazing land and shrub land decreased by 72.1% and 47.6%
respectively. Land surface temperature also showed an increasing trend in this time interval and
this is obviously linked with land use/cover change. The highest LST values were found on
impervious areas of bare land and built-up areas and the lowest value in the vegetation cover
areas; which is also evidenced by the negative correlation of NDVI and LST. Expansion of bare
land by three and a half fold and built up by one and a half fold in the study period are major
factors for increasing trends of LST.

The analysis results of soil erosion and sediment yield also showed that the annual soil loss
increased by 1,205,145 t/ha and annual sediment yield by 326,996 t/ha. These results revealed
that there is high seasonal and spatial variability of soil loss and sediment yields. Area coverage
of sever and very sever soil erosion severity classes were increased significantly by 12,952 ha
whereas the areas of very slight and slight soil erosion classes were decreased by 17,743 ha for
the entire period. One of the Major drivers of soil erosion risk in the study area was a significant
increment in the agricultural and bare lands as it is evidenced by land use/cover change analysis
results (1985-2019). Besides, during the field survey, we also confirmed that there is no soil and
water conservation measure implemented on soil erosion-prone landscapes that are found on
steep slopes of the watershed. Land use /land cover changes (particularly from forest land to
agricultural land) had detrimental impacts on soil physical and chemical quality indicators that
resulted in the deterioration of soil condition and reduction of agricultural productivity. Soil
quality indicators which are sensitive to land use change/management are below their threshold
values, indicating that soil condition is deteriorating. Poor management of agricultural lands is
the main factor for declining of soil quality indicators which could be explained by the depletion
of soil organic carbon (SOC) and nitrogen deficiency. In addition, soil quality degradation index
values of most soil quality indicators are highly negative in the cultivated field; which are
indicators of poor soil condition. Moreover, aggregated soil quality index value in the
agricultural land use system is under the poor class which is an evidence of inappropriate land
use system.

The nutrient balance results also showed that nutrient inputs from mineral fertilizers (IN1) are

the main sources of inflows whereas nutrient removals by crop harvest (OUT1 and OUT2) and
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through soil erosion (OUT5) are the major pathways of nutrient outflows from the system.
Partial nutrient balances are indicators of the application of sufficient amount of mineral
fertilizers. On the other hand, full nutrient balance results indicated that the losses of soil
nutrients are strongly linked with crop harvest and soil erosion. Nutrient balances for N and K
were negative in both agroecosystems; however, the values were more negative in highland areas
due to severe soil erosion as compared to midland farming systems. Replacement costs of
exported nutrients would incur additional costs for the small holder farmers. The economic loss
could rise when yield loss due to nutrient export is accounted.
6.2. RECOMMENDATION

To reverse the adverse effects of soil erosion and to ensure environmental sustainability,
management strategies which include:

e Soil and water conservation technologies in steep slope areas, enhancing afforestation
programs and implementation of land use policies of the country should be applied.

e To develop ownership among land owners, community participation is vital in problem
identification, planning process, implementation and impact assessment of applied soil and
water conservation technologies.

e In addition, soil and site-specific management strategies are required to improve and
maintain degraded soil quality indicators so as to improve soil ecosystem services, enhance
agricultural productivity and ensure food security. In this regard, application of integrated
soil fertility management (ISFM) strategies and soil conservation technologies are suggested
as remedial actions.

Concerning nutrient mining, the following soil management strategies that could counter balance
negative nutrient balances and improve soil fertility are suggested:

e The first one is the application of recommended mineral fertilizers.

e Second, alternative energy sources should be introduced to reduce the utilization of
manure as a source of fuel and to maximize the application of organic inputs in to the
field.

e The third strategy is the application of soil and water conservation strategies to halt soil

erosion at the watershed scale.
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In addition, planting the same crop for consecutive years is observed as one of the factors
that contribute to the decline of soil fertility. Hence, improving this practice, particularly
in Vertisols, by adopting Vertisol management strategies is crucial.

Moreover, linking soil nutrient balances with nutrient reserves (stocks) and considering
consecutive cropping seasons are very vital to explore reliable results on the rate of

nutrient depletion and sustainability of agroecosystems.

Future considerations/ limitations of this study

1.

This research considered dry season periods (January and February) for the analysis of
LST; multi-season analysis will contribute additional information to devise management
strategies.

Even though LULC change is one major factor for LST change considering other
parameters affecting LST like, topography and elevation are also important.

Soil loss due to gully erosion, stream bank erosion, and landslides was not considered in
this study since RUSLE is incapable of analyzing soil loss from these soil erosion
processes. Therefore, in order to fully comprehend the risk of soil erosion in this area,
additional approaches should be incorporated.

The impacts of soil erosion on soil nutrient export and related replacement costs,
agricultural productivity and food security should be investigated.

Biological soil quality indicators were not considered in this study due to financial
limitations; these parameters play a great role in improving soil conditions. Hence,

evaluating these parameters is required to develop sound full management strategies.
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ARTICLE INECO ABSTRACT

Heywards: Human-nduced land use land cover changes regulted in adverss impacts on the énvironment at vardus spatial

LU/LC change ) and temporal scales. The Highlad regions of Ethiopia are typical examples of these phenomena. The objective of

ﬁﬁf_&“m sensing this study was to malyze spatiotemporal changesin land vse/ lnd cover and their impacts on lnd surface tem-
image

perature in the suha watershed, northwastern highlands of Ethiopia, Mult-trmporal Landsatimages (1985-2015)
werk used to malyse DI/LC changes and LST using GLS and remote sensing techniques. mage preprocessing,
supervised classification, accuracy asssssment, and change detaction wers conducted to identify LU/LC classes,
ares coverage, nd ther trangitions. Thermal bands of these satellite images were also used to sitract LST.

Significent changes in land use dand cover (spatial and temporal) were observed in the suha watershed during
the study periods. Agricultural land has got the largest proportion in all smdy pericds. The barren land and built
area also ipanded greatly in 35 years period. Agricultural land has increased by 15417.6 ha (34.8%) and bare
land has expanded by 5267 2ha (37 3.6%). However, grazing and shrublandswere reduced by18568 4 ha (72.1%)
and 3544, Tha (47 6%), respectively. Spatial and temporal variation of LST was also observed in the same period.
The highest mean values were found onimpervious surfaces (built-up areas and bare land), and the lowest values
wire recidad on forest land. A negative comeation was found between LST and NDVI Undegirable land use
and land cover chimges put greatér pregure on environménts] resources, resulting in an adverse effect on them.
Therefore, to révirse this situation and Create a balanced ecosystem, managément strategies should be applied
that mainly focus on 40il conserviation tachnologies in steep slope area, improve afforestation and apply propéer
land-use policies. The gutcomes of this research are useful in designing and implementing sppropriate strategies
that can address crifical social and environmendal problems. It also provides new knowledge that helps us better
understand the spatiotemparal land use land cover changes and their impacts on LST.

Suha wateshed
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Quantify soil erosion and sediment e

export in response to land use/cover change

in the Suha watershed, northwestern highlands
of Ethiopia: implications for watershed
management

Nigussie Yeneneh ", Eyasu Elias' and Gudina Legese Feyisa'

Abstract

Soil erosion accelerated by human activities is a critical challenge affecting soil health, agricultural preductivity, food
security and environmental sustainability in the highlands of Ethiopia. The aim of this study was to examine the
dynamics of soil loss and sediment yield potential, and identify soil erosion hotspots using RUSLE with GIS in the Suha
watershed, north western highlands of Ethiopia. Digital Elevation Model, LU/LC, rainfall, soil, and conservation practice
were usedas input data for RUSLE model. The estimated total annual soil loss for the entire watershed increased

from 122 million tonsin 1985 to 242 million tons in 2019, with average annual soil loss ratesof 15.2 t ha - )rr"and
314t ha—1wr respectively. Total sediment yield also increased from 21752 to 630.85 thousand tons over the past
35 years. In addition, the area of soil erosion hotspots changed from 15.2% (12,708 ha) to 32% (25,660 ha) during

the same pericds. Subwatershed 1,2,15, 17, 18, and 23 are severly degraded parts of the watershed. Expansion of
agriculture and bare land as the expenses of other land use types over the past 35 years could be the major causes of
exten sive soil erosion riskin the watershed. Besides its temporal variability, soil loss and sediment export also showed
variation between land use/fcover classes. The estimatead results of soil loss and sediment yield as well as soil erosion
hotspots revealed that the soil erosion risk is progressively increasing during the study petiods. Unless action istaken
and the current condition is reversed, it will critically threat the livelihoods of the community in the watershed. Gener-
ally, the results underscore urgent demand for integrated and effective watershed management strategies.

Keywords: LULC change, GIS, RUSLE Soil erosion, SY, Suha watershed
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Assessment of the spatial variability of selected soil chemical properties using
geostatistical analysis in the north-western highlands of Ethiopia
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ABSTRACT ARTICLE HISTORY

The aim of this research was to evaluate the status of selected soil chemical properties and to  Received 6 June 2022
explore their spatial variability in various agroecosystems (AFs) of Choke Mountain,  Accepted 28 October 2022
northwestern highlands of Ethiopia. A total of 74 geo-referenced composite surface {0-30 cm)
soil samples were collected from representative farm lands. Seil chemical properties were .

. o . ] ) Agroecosystem; spatial

analyzed following standard procedures. In addition, semi-variogram model was applied to variability; geo statistics; soll
estimate the spatial variability of soil properties. The results showed that soil chemical — chemical properties; sail
properties are below their threshold values in all agroecosystems and soil groups. The value of  groyps
soil pH ranged from 4.3 to 6.8; Exchangeable acidity ranged from 0.124 to 0.180 cmol (+) kg™";
EC ranged from 002 to 0.19 dS m™"; OC ranged from 0.7 to 3.8%; TN ranged from 0.11 to
0.27%; Exchangeable potassium from 0.29 to 2.0 cmol {+) kg~'and CEC from 22 to 56 cmol
{+}kg'7. The results also revealed that scil pH, exchangeable acidity, electrical conductivity, and
exchangeable potassium showed strong spatial dependence whereas SOC and TN had
moderate spatial dependence, The results indicated that soil quality is deteriorating. Hence,
crop, soil and site-specific scil management strategies, primarily focusing on improving the
content of SOM and addressing the problems of soil acidity are suggested to improve the soil
conditions.

KEYWORDS

Abbreviations: AES, agroecosystem; CEC, cation exchange capacity; EC, electrical conductivity; ExK,
exchangeable potassium; OK, ordinary Kriging; Oi, crganic matter; TN, total nitrogen.
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Monitoring soil quality of different land i

use systems: a case study in Suha watershed,
northwestern highlands of Ethiopia
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Abstract

The problem of soil quality degradation has been becoming more severe in the highlands of Ethiopia due to soil ero-
sion; land use and land cover change, and peor land management. The level of soil quality degradation was not well
known and documented in the study area and the results of this study could provide new information to improve
soil condiitions. The present study was conducted to evaluate soil quality in terms of its physical and chemical fertility
under different land use typesin the Suha watershed, northwestern highlands of Ethiopia. A total of 27 composite
surface soil samples 0-30cm)were collected from adjacently located land-uses in three replications from two eleva-
tion gradlients. Standard procedures were followed to analyze selected soil physical and chemical quality indicators.
The differences in the mean values of the parameters were tested using a two-way analysis of variance, In addition,
ol Quality Degradation Index was evaluated to see the direction and magnitude of change in soil quality indica-
tors. The analysis of variance results revealed that soil quality indicators such asindex of soil aggregate stability,
organic carbon (OC), total nitrogen (TN), and C:N ratio were significantly decreased in the cultivated land use sys-
tem compared to other land use systemns. On the other hand the content of available Phosphorus was significantly
higher in the cultivated land. Soil| quality deterioration index values were highly negative for SOC (-71.3%) and TN
(—67 7%) in the cultivated land, followed by grazing land (SOM = —355% and TN = -27 7%4). Aggregated Soil Quality
Index values also indicated that the status of scil quality under cultivated fields is rated as low, grazing land as opti-
mal, and forest land as high. Generally, results indicated that land use and cover changes had adverse effectson scil
quality indicators. Hence, soil management strategies, mainly Integrated Soil Fertility Management which integrates
soil andwater consenvation strategies, are raquired to alleviate the problem of soil quality deterioration and im prove
agricultural preductivity.

Keywords Soil quality, Land use type, Soil Quality Index, Suha watershed
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APPENDICES

Appendix 1. Mean values of soil physical and chemical properties under different LUTs along the toposequence of the

watershed
Land use Soil properties
types Sand Clay Silt Textural FC PWP WHC PH- OC TN C:IN Ap NA K CA MG CEC PBS
class H20
% % % % % % mg/kg cmol(+)/kg %
(0.33 (15
bar)  bar)

Upper part of the watershed
Cultivated 2.6 727 248 490 336 154 58 10 01 112 450 13 08 333 133 640 750
land
Forest 351 199 45.0 418 29.1 127 60 39 02 187 278 12 20 39.0 111 69.1 770
land
Grazing 15.2 499 349 50.7 352 155 56 20 01 159 186 12 06 421 159 699 822
land

Middle part of the watershed
Cultivated 14.8 54.2 31.0 412 283 129 56 11 01 144 278 15 08 288 104 59.6 70.3
land
Forest 3.2 610 3538 486 348 138 56 3.0 0.2 186 131 15 1.0 40.0 144 727 784
land
Grazing 143 515 34.1 466 326 141 58 25 0.2 138 149 12 17 335 139 66.2 751
land

Lower part of the watershed
Cultivated 155 56.5 28.0 60.1 422 179 61 11 01 134 542 09 09 520 214 740 103.1
land
Forest 10.7 61.2 28.1 51.7 36.0 157 58 31 02 154 230 20 11 412 132 804 729
land
Grazing 76 56.5 359 474 340 133 56 27 02 146 203 14 08 401 140 69.1 793
land
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Appendix figl. Nutrient flows, partial and full balances of N and P in the highland part of the

watershed (wheat farming system)
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Appendix 2. Continued. Nutrient flows, partial and full balances of N and P in the mid land part
of the watershed (teff farming system).
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