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1. INTRODUCTION
1.1 Background and Justification
Land and land cover dynamics have been recognized as critical factors in influencing soil erosion

rates across the globe. Ethiopia, a country with a diverse landscape and fragile ecosystem, is not an
exception. Soil erosion is a major environmental problem in Ethiopia, leading to the loss of fertile
soil, decreased agricultural productivity, and degraded land quality (Asfaw et al. 2021).

Soil erosion is a significant environmental problem that can adversely impact agricultural
productivity, land quality, and water resources. Land use and land cover change (LULC) are the
primary drivers of soil erosion in many world regions. Ethiopia, a country with a complex topography

and diverse ecosystems, is particularly susceptible to soil erosion (Moges et al. 2021)

Land Use land Cover Change (LULC) refer to alterations on the Earth's surface caused by natural or
human factors, as stated by Berhane and Mekonen (2009) and (Terefe et al. 2019). Replacing natural
vegetation with cultivated land can significantly impact the environment (Tolessa et al. 2019).
Expansion of cultivated land has been found to contribute significantly to land degradation, posing a
considerable risk to soil fertility. In Ethiopia, many scholars have searched into how land use and land
cover changes affect the world's soil resources (Haregeweyn et al. 2017, Zerihun et al. 2018, Ebabu
et al. 2019). Determining soil loss, especially in spatiotemporal variation, remains a global threat to

soil resources (Waltner et al .2020).

Erosion-caused ecological degradation is an increasing global environmental concern. Loss of soil
productivity, habitat destruction, and flooding pose significant risks to food security, water resources,
biodiversity, and sustainable development (Ebabu, K et al. 2019, Wang et al. 2016). Various factors,
such as land use and land cover changes, rainfall, and catchment surface features, contribute to soil
erosion (Ochoa p.a et al. 2015, Wang Z et al. 2016). However, human activities primarily cause soil
erosion (Wang, N et al. 2020). The abandonment of land, deforestation, and afforestation are among
the most critical factors influencing the occurrence and intensity of soil erosion (Liu, Lc et al.2007).
These activities alter land use and vegetation cover, significantly impacting soil erosion (Wang et al.
2016). According to Pimentel etal 1998, agricultural systems lose approximately 75 billion tons of
productive soil annually. Erosion is viewed as a significant global productivity issue. Unplanned
agricultural practices brought on by human activity start the process of soil erosion. Agriculture
without soil conservation practices accelerates this process, especially in sloped locations (Aytop and
Enol, 2022).



Soil erosion is a significant issue that impacts the environment, economy, and social factors. It also
contributes to climate change and human migration problems. Soil erosion is a widespread concern,
especially in agriculture, with up to six million hectares of fertile land lost annually due to water
erosion and other related factors. The productivity of crops reduces by 17% each year due to soil loss,
which ranges from 22 to 100 tons per hectare per year (Oldman et al 1990. According to Morgan
(2005) and Pimentel et al. (1995), soil loss rates in agricultural land vary from 0.5 to 400 tons per
hectare, with an average speed of 30 tons per hectare per year. The depletion of soil quality is a
pressing issue that can impede sustainable agricultural practices and economic development,
particularly in developing nations (Arekhi 2008). Sub-Saharan African (SSA) nations, including
Ethiopia, are particularly susceptible to land degradation concerns due to high soil runoff rates and
crop nutrient depletion that threaten Agricultural production and farming methods that are good for
the environment (Menale et al 2007). The situation is particularly Dire in Ethiopia, where severe soil
degradation problems have led to the loss of topsoil and a decline in soil functions, depleting its
deteriorating soil resources (Addis and Klik 2015). Soil degradation reduces agricultural productivity
by stripping essential nutrients, organic matter, and colloidal fractions from the fertile topsoil (Kebede
etal. 2011, Wubet et al. 2013).

Understanding the spatiotemporal dynamics of soil erosion in response to land use and land cover
change (LULC) is also crucial for developing effective soil conservation and management strategies
in Ethiopia. The country has experienced significant changes in land use and cover, resulting in
increased soil erosion rates in some regions. Analyzing the spatiotemporal dynamics of soil erosion
in response to land use land cover change makes it possible to identify areas more susceptible to soil
erosion and prioritize them for soil and water conservation interventions. This knowledge will also
help to evaluate the effectiveness of current soil conservation measures and identify areas where
additional interventions are needed. Developing effective soil conservation and management
strategies can reduce soil erosion rates, increase soil fertility, and improve agricultural productivity in
Ethiopia. Therefore, understanding the spatiotemporal dynamics of soil erosion in response to land
use land cover is essential for promoting sustainable land management practices and ensuring food
security in the country. This study investigated the impact of land use and land cover change (LULC)
between 2004 and 2020 on soil erosion. The Revised Universal Soil Loss Equation (RUSLE) erosion

model was used to examine trends of soil loss at the sub-watershed level to determine the mean and



total soil loss for different periods. Furthermore, the study examined the spatial distribution of erosion
severity to evaluate the overall trends of soil erosion.

1.2 Statement of Problem

The alterations humans have made to land use and land cover have substantially impacted the
environment and natural resources. These modifications have brought about unfavorable
consequences such as soil erosion, a reduction in flora and fauna, desertification, the regular
occurrence of dry spells and heavy inundations, and the contamination of water and air (Shiene 2012).
Accurately modelling land-use changes is crucial for predicting soil erosion and degradation, as land-
use changes directly affect soil erosion (Leh et al.2013). Assessing the effects of changes in land use
on soil erosion at the watershed scale is of great importance (IPCC 2007). Furthermore, identifying
the different categories and consequences of alterations in land use and land cover can assist in the

formulation of efficient strategies for the sustainable conservation of natural resources (Geist 2002).

Numerous investigations have been carried out worldwide to determine the possible impacts of land
use and land cover (LULC) alterations on soil erosion across various spatial and temporal dimensions
(Leh et al.2013, Alfred et al.2010). Several research projects were conducted in the Ethiopian
highlands (Eleni et al.2013; Tsegaye 2007, Zeleke and Hurni 2001, Tukura and Akalu 2019). Despite
this, the research has not been conducted in the watershed of Ethiopia's lowlands. Land Use Dynamics
have been found to impact soil erosion in Ethiopia's highlands significantly (Geist 2002). While
several studies have been conducted on the impact of land-use change on soil erosion, the hot and

humid lowlands have not been adequately studied (Nyssen et al.2018).

The primary objective of this study was to measure the extent to which land use changes have
influenced the risk of soil erosion in the Maybar sub-watershed, located in the South Wollo district of
Ethiopia. The significance of this research lies in the fact that this region has suffered from severe
land degradation, caused mainly by deforestation, improper land and soil use, and resettlement.
The main objective of this study was to address a significant gap in knowledge regarding the influence
of land use and land-cover changes on soil erosion potential. The study's focus was on identifying the
areas with the highest level of degradation in the watershed, with the intention of proposing specific
conservation measures to address these areas' issues. Moreover, the findings of this research provided
valuable insights into the long-term effects of implementing watershed management practices to

mitigate soil erosion rates. Overall, this study holds tremendous importance in understanding the



consequences of land use changes on soil erosion in the Maybar sub-watershed and can serve as a

basis for future research and policy decisions.

1.30Dbjectives

1.3.1 General objectives
The main objective of this study was to evaluate the spatiotemporal changes of soil erosion, in

response to the variations in land use and cover and climate variability, in the Maybar Sub-Watershed
in the South Wollo Zone of Ethiopia.

1.3.2 Specific Objectives

1. To analyze the trend of Land Use and Land Cover (LULC) changes in the study area over
the past few decades

2. To assess the soil erosion rate in the years 2004, 2012, and 2020 due to changes in land use
and land cover (LULC) and to estimate the soil erosion with different land use and land cover
type

3. To assess the potential risk of soil erosion in various regions of the study watershed and
prioritize them for Soil and Water Conservation (SWC) interventions based on their current
status.

4. To evaluate the impact of climate variability on soil erosion rate in the study watershed.

5. To evaluate the effectiveness of soil conservation measures in reducing soil erosion.

1.4 Research Questions

1.
2.

Can the dynamic land use and cover changes lead to soil erosion?

How has the spatial and temporal distribution pattern of soil erosion changed from 2004 to
20207

What is the long-term average annual rate of soil loss?

Which area of the Watershed has the highest risk of soil erosion and should be prioritized for
conservation planning and implementation?

Is there a correlation between climate variability and soil erosion trend?

Which factor(s) has had the most significant impact on the rate of soil erosion in the study

area?



2. LITERATURE REVIEW

2.1 Land Use and Land Cover Dynamics
Land use pertains to how humans exploit the land for specific objectives, shaped by production and

consumption dynamics across diverse sectors like industrial zones, residential neighborhoods,
agricultural fields, grazing areas, mining locations, etc. Other way affects the earth's surface's physical
state, including features like forests, croplands, topography, soil, and water. Land-use change occurs
when a physical, biological, or chemical alteration results from land management practices (Quentin
etal. 2006). Land Use dynamics refers to transforming land use from one kind to another, significantly
altering the earth's surface. Population growth, economic development, and the demand for
agricultural land are the primary drivers of these land-use changes. Land use also plays a crucial role
in determining soil erosion rate in a watershed and contributes significantly to soil, water, and air
pollution (Ellis and Roberts 2007, Schulze 2000 and Tena et al. 2019).

Understanding the impact of land use and land cover alterations is essential for effectively managing
land and water resources over a sustained period (Kiros et al. 2015). The change in land use and the
cover is primarily driven by the urgent need for natural resources to satisfy the requirements of human
society (Meyer and Turner 1992, Vitousek et al.1997). The condition to supply food, fibre, water, and
shelter for more than six billion people is causing global changes in forests, farmlands, rivers, and air,
which has led to an expansion of croplands, pastures, plantations, and urban areas in recent decades
(Foley et al. 2005). This expansion has been accompanied by significant energy, water, and fertilizer
usage increases and a substantial loss of biodiversity. In the context of environmental change,
comprehending the dynamics of land use and land cover alterations has become increasingly critical
for analyzing the current resource status and devising sustainable resource management options. It is
imperative to have an in-depth understanding of the direction and underlying causes of these changes,
as well as their potential impacts on the natural environment and humans. Ongoing human activities
have resulted in continuous land cover and land use modifications, significantly transforming the
environment and its associated services. Therefore, investigating the dynamics of land use and land
cover change has become a fundamental aspect of environmental research, providing valuable insights
into the complex interactions between human activities and the environment. Deforestation and other
land cover changes have become a global issue with significant impacts on human livelihood systems
(Woldmak and Solomon 2013).



Human activities have significantly impacted Ethiopia, mainly through changes in land use and land
cover. One of the most urgent environmental concerns is the conversion of natural vegetation into
cultivated land, leading to considerable modifications in the landscape. This transformation process
can have far-reaching impacts on various ecological and socio-economic aspects, such as changes in
soil fertility, hydrological regimes, biodiversity loss, and land-use conflicts. Moreover, it can also
affect the livelihoods of local communities who depend on natural resources for their survival. As
such, understanding the underlying causes and impacts of this transformation process is crucial for
formulating effective land-use policies and management strategies that promote sustainable
development and environmental conservation (Ajanaw 2021). Ethiopia's highland regions, which
comprise 40% of the country's total area, are characterized by high population and livestock pressure,
extensive cultivation, and high land fragmentation, leading to severe land degradation (Essays 2011).
The expansion of rain-fed agriculture is responsible for annual deforestation estimates ranging from
80,000 to 200,000 hectares (Temesgen et al. 2014). The rate of land use and land cover changes and
degradation is accelerating at an alarming pace in Ethiopia's highlands (Yohannes et al. 2017), causing
the loss of natural habitats to other land uses (Gelet et al.2010). Farmers frequently cultivate crops on
steep slopes, leading to soil erosion and water resource degradation. The rapid population growth in
Ethiopia has led to the rapid expansion of agriculture at the expense of forest resources and the free
grazing system, further exacerbating ecosystem depletion. Land use and land cover (LULC) change
refers to the human modification of the Earth's terrestrial surface from one land management or land
cover type to another (Hailemariam et al .2016).

Ethiopia's dominant characteristic of land use and land cover (LULC) change is transforming natural
vegetation into agricultural land. This phenomenon has been extensively studied and documented by
scholars and researchers, who have highlighted the significant impact of this process on the country's
natural resources and environment (Gashaw et al. 2018, Bewket and Abebe 2010). According to the
report of FAO (2020) that Ethiopia has experienced a reduction in forest cover from 13.3 percent
(14.69 million hectares) of the country's total area in 1993 to 11.4 percent (12.54 million hectares) in
2016. This trend is expected to continue, with an anticipated annual rate of change of 0.8 percent
(104,600 hectares per year). Studies conducted in Ethiopia have revealed significant changes in land

use and land cover across different regions and periods (Gete 2000).



2.2 Factors Driving Land Use and Land Cover Change

Understanding the causes of land use and land cover change is often oversimplified, leading to
ineffective environment-development policies (Lambin et al.2001). To better understand the current
state of land use and land cover and predict future changes, it is vital to identify and describe the
factors that drive these transformations, along with their effects and feedback mechanisms (Baulies
and Szejwach 1998).Land use and land cover changes can be influenced by a variety of socioeconomic
forces, including agricultural intensification, urbanization, globalization, population growth, demand
for fuelwood and construction materials, agricultural expansion, and policies, as well as tenure
insecurity(Lambin et al. 2001). The causes of land use and land cover change can be categorized as
either proximate or underlying. Proximate causes refer to immediate, direct, or local actions that
directly impact land use and cover, such as agricultural development or urban expansion. On the other
hand, underlying causes refer to broader social, economic, or political processes that indirectly
influence land use and land cover change at a national or global level. These include factors such as
population dynamics, agricultural policies, or global economic forces, which can shape patterns of
land use and cover change over long periods. Recognizing and understanding the complex interplay
between these proximate and underlying causes is vital for designing effective policies and
management strategies that can promote sustainable land use and cover change. (Geist and Lambin
2002). Effective land use and land cover change policies must consider both causes.

Land use and land cover change is often driven by a complex web of factors at multiple scales. While
proximate causes of change are generally linked to local activities, underlying causes can originate
from regional or global levels, with intricate interplays between them. These underlying causes are
typically complex and involve social, political, economic, demographic, technological, cultural, and
biophysical variables considered fundamental factors. In contrast, proximate causes tend to operate at
a more limited scale. Understanding the interrelationships between these different factors and their
impact on land use and land cover change is crucial to developing effective strategies for managing

and mitigating the effects of these changes (Lambin et al .2003).

2.3 Methods for Analyzing Land Cover and Use Change
Detecting changes in land use and land cover involves observing a phenomenon or object to identify
any alterations in its condition (Smith 2023). This information is crucial for effective land

management, sustainable development, conservation, and quantitative analysis of population



distribution (Tewabe and Fentahun 2018). Four key aspects of change detection include recognizing
the occurrence of changes, categorizing the nature of the change, estimating the magnitude, and
analyzing the spatial distribution of the change (Pathak 2014). Remote sensing data is frequently used
to identify changes in land use and land cover, relying on the ability to measure radiance values
remotely, which reflect changes in the land cover. With advancements in digital processing and
computer power, the accuracy and efficiency of change detection methods using satellite imagery
have significantly improved (Zubair. A 2006).

Methods based on remote sensing and geographic information systems have been applied worldwide
to investigate and examine land use and cover modifications. These techniques have proven useful
for analyzing a range of surface features, such as vegetation and air pollution, with increasing accuracy
over time, thanks to the progress of geographic information systems and remote sensing technology
(Chavare.S et al. 2015). Geographic Information Systems (GIS) are computer-based systems that use
geographic data to quickly collect, store, modify, analyze and display data with a geographical
component (Dangemond 1992).

2.3.1. Remote Sensing
Remote sensing is acquiring data on an object, location, or phenomena by analyzing information

obtained via a device that does not directly contact the examined object (Coburn and Roberts 2004).
Remote sensing can gather information about the surface of the Earth by detecting and recording
reflected or emitted energy from the terrain's surface (Sohl and Sleeter 2011). Remote sensing satellite
data has several advantages including large area coverage at once, a synoptic view of a given area,
and regular coverage at consistent intervals (Pramanik 1993). Despite the advantages, remote sensing
has some limitations such as the inability to acquire adequate data and information through clouds,
the similarity in appearance of different phenomena by the sensor, and the coarse resolution of satellite
imagery for detailed mapping (Fonji and Taff 2014). Nonetheless, remote sensing data can be highly
useful in managing, assessing, and monitoring natural resources, such as agriculture, forestry, water,
and geology (Berlanga and Ruiz 2002). Remote sensing is an important tool in land change science
for observing and researching landcover changes in underdeveloped and developing regions. Many
LULC scientists use it for resource evaluation (Patil M.B et al.2012). Tewabe and Fentahun (2020) to
estimate LULC changes in the Lake Tana Basin of Northwest Ethiopia and by Fonji and Taff (2014)
to track LULC changes in northern Latvia. Remote sensing is an essential technique in land change
science as it enables observing large areas of the Earth's surface that ground-based observations cannot
achieve. The use of remote sensing technology has become a valuable tool for monitoring and

8



analyzing land cover changes, allowing for a better understanding of land use patterns on both a local
and global scale (Shanwad 2008). Remote sensing can detect and record electromagnetic radiation
emitted or reflected from the Earth's surface, which can be used to identify changes in land use and
land cover over time. With its multi-spectral and temporal resolution capabilities, remote sensing has
proven to be a powerful tool for analyzing LULC dynamics.

Remote sensing technology provides a vast amount of data, ranging from highly detailed photos to
broad regional datasets updated regularly, to low-resolution images captured daily from across the
globe. Satellite-based remote sensing's synoptic image of the Earth's surface has become a key tool
for monitoring land use and cover changes over time. These changes may be due to natural or artificial
causes and result in altered reflectance patterns in the incident radiation, caused by variations in soil

moisture, vegetative cover, or other modifications to the Earth's surface (Sharma et al .2001).
2.3.2 Image classification

The process of image classification is a challenging task that requires the translation of statistical
spectral information into distinct categories or labels that portray the characteristics of terrain ((Mather
and Tso 2016). Numerous factors influence this procedure, and it involves algorithms aimed at
categorizing every pixel in an image into various land use and land cover categories or themes
(Lillisand and Kiefer 1994).

Remote sensing data can extract important thematic information from the Earth's surface.
Multispectral categorization is a commonly used method for extracting information from remote
sensing data (Jensen 1996). Image processing technology is used to gather and manipulate digital
images, and image classification is typically carried out in four stages: preprocessing, training sample
selection, target comparison, and accuracy evaluation.

A process known as image classification is used to classify a digital image's pixels into various land
use and land cover categories (Huang 2005). This categorization has traditionally been based on
remotely sensed data. The process can be performed visually or digitally, utilizing different types of
image data such as single or multiple image datasets, or image data containing additional information
such as altitude values or expert knowledge of the location. Various algorithms are involved in this

process, and several factors influence it.

There are two methods of image classification, namely supervised and unsupervised classification. In

supervised classification, the analyst has prior knowledge of the study area and selects representative



samples for each land cover class. The output is classified into different classes based on these
samples. On the other hand, unsupervised classification is used when prior knowledge of the study
area is not available and the computer algorithm identifies groups of pixels with similar spectral
characteristics and assigns them to classes.

2.4. Land Use and Land Cover Change and its Implications
Tegegne (2002) suggests that land use and land cover changes significantly affect rural livelihoods.
The impacts include negative effects on land resources, the environment, livestock, and ecosystem
products and services. Land degradation, soil erosion, and reduced production are among the impacts
on land resources. Rural areas are subject to various changes that can affect their resilience to climate
change, such as alterations in rainfall patterns, water availability, and access to clean water.
Converting grazing land into agricultural land can also negatively impact livestock, especially cattle
raising. Furthermore, land use and land cover modifications can negatively impact the provision of
ecosystem services and goods, particularly concerning deforestation.
In the domain of global ecosystem dynamics, land use and land cover (LULC) change are key factors
affecting biogeochemical, nutrient, and hydrological cycles. The change of land use land cover has
significant implications for regional, social, economic, and environmental development. Given the
extensive impact that land use and land cover change have on Earth-atmosphere interactions and
biodiversity loss, it is essential to incorporate these factors into integrated models and assessments of
environmental challenges to promote sustainable development and inform human responses to global
change (Chen and Stow 2002).
The modification and alteration of land use and land cover can profoundly affect different
environmental factors. Soil depletion is a significant consequence of these changes, regardless of other
factors like climate, soil properties, and terrain. The state of land cover plays an essential role in
mitigating soil erosion by minimizing the direct effect of rainfall on the soil, enhancing the organic
content in the ground, facilitating water infiltration, reducing runoff velocity, and preventing sediment
transportation on the surface. Anthropogenic activities that alter land use and land cover significantly
impact the speed of soil erosion (Qiang et al.2016).

2.5 Land Use Land Cover Change and Soil Erosion
The relationship between land use, land cover alterations, and soil erosion is a widely recognized
phenomenon. The type of land cover significantly impacts the amount of soil loss caused by erosion,
according to studies conducted by Gete and Hurni (2001) and (Gashaw et al.2014). Belay (2002)

10



recommends implementing effective management strategies for land use and land cover changes to
address the issue of soil erosion caused by agricultural practices. The effects of land use and land
cover changes are extensive and can impact various socioeconomic and environmental systems. These
changes can create trade-offs between food security, sustainability, biodiversity, and human
vulnerability (Hailslasie 2005).

According to Belay (2002), Ethiopia's main reason for the transformation of land use and land cover
is the substitution of forest and shrub lands with agricultural lands. This change in land cover leads to
increased soil erosion due to the removal of soil particles and reduction of soil cover protection against
decay. Over the past century, the highlands of Ethiopia have undergone substantial alterations in land
cover, largely forced by agricultural activities and human settlements (Gete 2000, Woldeamlak and
Sterk 2002). The changes in land use and cover have led to higher population pressure, unsustainable
land management practices, and the depletion of vital natural resources like soil. These changes have
resulted in adverse environmental consequences, such as soil degradation and the loss of crucial
natural resources. Land use and land cover modifications profoundly influence ecosystem services,
including biodiversity, climate, soil, water, and air. Although other factors such as climate, soil
qualities, and topography play a role, land use and land cover changes can impact soil erosion rates.
The land cover is vital in reduction soil erosion by decreasing the direct effect of rainfall on soil,
boosting soil organic matter content, intensifying water infiltration, mitigating runoff velocity, and
reducing sediment movement on the surface. Anthropogenic activities that result in changes to land
use and land cover substantially affect soil erosion rates. Therefore, it is crucial to employ integrated
management practices to maintain sustainable development and reduce human vulnerability to
environmental challenges (Ajanaw 2021).

Scholars have studied the impact of changing land use and land cover on soil erosion across various
regions in Ethiopia. For example, a recent investigation carried out in the Erer Subbasin, Northeast
Wabi-Shebelle Basin of Ethiopia (Woldemariam and Harka 2020) discovered that the percentage of
cropland, bare land, and settlements escalated from 47.92% to 8.03%, and 0.20%, respectively, in
2000 to 64.36%, 9.71%, and 0.61%, in 2018. Furthermore, forest land, shrubland, and water bodies
reduced from 2.99%, 40.67%, and 7.55% in 2000 to 2.13%, 36.61%, and 6.05%, respectively in 2018.
Similarly, (Kidane et al. 2019) exposed that the average rate of soil erosion increased from 25.8 tha-!
year-1 in 1973 to 28.7 tha-! yearl in 1995 and 30.3 that-! year-! in 2015. Consequently, total soil loss
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escalated from 198 million t/year in 1973 to 221 million t/year in 2015 due to the rapid expansion of
cultivated land, which has led to the depletion of forest and shrubland.
2.6 Watershed Management and Soil Erosion

Watershed management practices such as afforestation, terracing, and soil conservation structures can
reduce soil erosion by controlling surface runoff, preserving soil structure, and improving vegetation
cover. One study found that these practices decreased soil erosion rates from 31.2 to 12.2 tons per
hectare per year. Similarly, the use of contour bunds and stone terraces reduced soil erosion rates by
85% and 80%, respectively, while improving soil quality. These practices can mitigate the negative
impacts of soil erosion on agriculture, water quality, and ecology (Zehtabian et al.2017, Gebresamuel
et al.2019)

The Ethiopian government, NGOs, and communities have taken action to counter the negative impacts
of land degradation by implementing environmental restoration measures. Several methods can be
used to promote sustainable land use practices and manage watersheds effectively. These include
implementing soil and water conservation techniques, utilizing enclosures to minimize human and
livestock interference, and adopting integrated watershed management (IWM) approaches. The latter
involves a coordinated and adaptive management process that addresses both human and ecological
systems at the watershed scale, defined as a significant sub-drainage area within a river basin.
(Gebregziabher et al. 2016, CCME 2016).

The collaborative effort between the Irish development cooperation program and northern Ethiopia
began the integrated watershed management (IWM) strategy in 1997. According to GIZ (2015), this
initiative aimed to achieve six main objectives. The first goal was to enhance food security by
improving the production of food and cash crops. To enhance soil and water conservation, soil
fertility, and land management, the second goal aimed to utilize suitable biological and physical
measures and agricultural inputs. This objective recognized the significance of maintaining healthy
soil and water resources and improving agricultural practices to ensure sustainable land management.
The third objective was to improve access to multiple water sources for irrigation, livestock, and
domestic purposes. Diversifying agricultural and non-agricultural activities to increase household
incomes was the fourth goal, while the fifth was to promote sustainable development of local
resources by empowering communities. Finally, the IWM strategy aimed to promote adopting

sustainable agricultural practices by providing incentives. Overall, the IWM strategy aimed to better
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people's daily lives and economies in northern Ethiopia by promoting sustainable agriculture,
enhancing food security, and building resilience to climate change.

Scholars such as Herweg and Ludi (1999) and Gebremichael et al. (2005) have conducted separate
studies to evaluate the effects of different integrated watershed management strategies, such as stone
bunds and exclosures, on mitigating soil erosion and runoff. However, it is worth noting that the
combined impact of all watershed activities, whether positive or negative, determines their overall
effect on the watershed (Chiang et al. 2012). In Ethiopia's highlands, establishing exclosures has
emerged as an integral approach to combat land degradation (Descheemaeker et al. 2006). It is
projected that such exclosures can reduce soil loss by 26-123 tons per hectare per year by reducing
the volume and speed of runoff.

Herweg and Ludi (1999) have suggested that applying soil and water conservation techniques may
decrease the runoff by 10 to 60%. Likewise, Gebremichael et al. (2005) reported that using soil and
water conservation practices could reduce soil erosion by as much as 68%.

Expanding terraces is a helpful way to enhance onsite soil resources and increase crop productivity.
This approach can positively impact onsite natural resources by improving soil macronutrients,
reducing soil erosion, and boosting crop yields (Tilahun et al. 2021).

2.7 Soil Erosion in the World
The soil degrades rapidly, and this issue broadly impacts many regions. Soil erosion is a primary

factor in this degradation, leading to a decline in soil fertility and land quality. This is a significant
environmental concern as it affects the availability of essential resources such as water. According to
El-sway (1994), approximately 55% of the world's damaged soils, covering almost 2 billion hectares,
are caused by water erosion. Recent research by van Biggelaar et al. (2004) found that the annual
production losses for selected crops worldwide could amount to up to US$400 million. Lal (1994)
found that water erosion destroyed approximately 915 million acres of land in tropical regions. In
Africa, Lal (1995) reported that crop production had declined between 2% to 40% due to erosion,
with an average loss of around 8% across the continent. He also found that soil erosion in Africa has
caused yield reductions of about 9%, and if the current trend continues, the yield loss by 2020 may
reach almost 16%. Additionally, Dregne (1990) identified several African regions where erosion
could lead to yield reductions as high as 50%.

Soil erosion is the loss of fertile topsoil from the earth's surface caused by water, wind, or tillage.
According to Lal and Stewart (1990), soil degradation occurs when human activities harm the soil,
decreasing soil quality. Soil deterioration disrupts ecosystem function and affects global and local
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climate by interfering with the water balance, energy, nitrogen, carbon, sulfur, and other element
cycles. The most valuable component of topsoil, which includes organic matter and fine mineral
particles, is preferentially eliminated by wind and water erosion. The erosion of soil that contains two
to five times the organic matter and colloidal percentage of the original ground has significant on-site
and off-site consequences, as per Brady and Weil (2003) and Lal and Stewart (1990).

The local and global effects of soil erosion make it a major environmental problem (Shiferaw 2012).
Over the last ten years, soil erosion has increased globally, with developing countries being the most
affected. This rise can be attributed to population growth and limited resources (Bayramin et al. 2003).
Soil erosion occurs faster than soil development in many areas, and previous research has shown that
this is more than just a theory. According to FAO (2015), soil loss on cultivable or unlimited grazing
pastures is projected to be 100 to 1000 times greater than natural erosion, less than 1 ton ha-1yr-1.
The main difference between natural and accelerated soil erosion is that in the latter, the soil is
manipulated and exposed to make it easier for detaching and carrying forces to attach and transfer
(FAO 2015).

Agricultural land degradation is a common problem, and soil erosion is a primary cause (Stocking
and Murnaghan 2001). Soil erosion occurs when water or wind erodes the surface, decreasing soil
productivity due to physical topsoil loss, reduced rooting depth, nutrient removal, and water loss
(YYesuf et al. 2007). Climate, plants, parent material, and topography are only a few factors that might
affect soil erosion. Since soil erosion can lead to various environmental problems, including loss of
organic matter and nutrients, decreased landscape production, and poor downstream water quality,
evaluating the impacts of soil erosion on land degradation is necessary (Newcombe and MacDonald
1991). In some cases, soil erosion may result from previous soil quality loss, particularly if the soil's
structural components have been damaged. In other situations, erosion can cause soil and land
degradation (Lal 2001).

Soil erosion can have significant impacts not only on the eroding site but also downstream. Upstream
or on-site effects of soil erosion can be particularly severe, particularly in agricultural areas. It can
lead to soil degradation, including reduced soil depth in the root zone, loss of organic matter, and
nutrient depletion. These factors can significantly decrease soil fertility and affect crop productivity.
This reduces available soil moisture content, limits crop growth, and increases fertilizer expenses
needed to maintain yields (Holdsworth and Morgan 2005). Off-site effects are caused by downstream

soil deposition, which reduces the capacity of drainage ditches and rivers, increases flood risks,
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blocks/fills irrigation lines, and shortens reservoir lifespan. Many irrigations and hydropower
generation projects have been damaged by sedimentation caused by soil erosion. In addition to its
negative impact, the carried sediment contains compounds like nitrogen and phosphorus that increase
nutrient levels in water bodies and contribute to eutrophication (Morgan 2005, Nigatu et al. 2016).
Erosion breaks down soil aggregates and clods into their constituent clay, silt, and sand particles. This
process has the potential to release CO2 into the atmosphere. Thus, erosion contributes to climate
change, and increasing the CO2 level of the atmosphere amplifies the greenhouse effect (LAL 1995,
2004, 2005). Soil erosion can have severe economic consequences that reduce agricultural
productivity and cause loss of farm revenue. The impacts of soil erosion on productivity can occur
both on-site and off-site. Three primary factors contribute to on-site production loss: long-term effects
on productivity, short-term effects on productivity, and soil quality deterioration. In soils with a
restrictive root layer, the reduction of topsoil depth has the most severe impact. Soil erosion also leads
to the pollution of natural waterways, which can have negative ecological consequences (Lal 2001).
The process of soil erosion leads to adverse effects on the environment and agriculture, such as the
depletion of soil nutrients, surface water pollution, reduced productivity, and contributions to global
climate change (Zuazo and Pleguezuelo 2008). The issue of soil erosion and its negative impact on
the environment and food production is a longstanding one that has persisted since the advent of
agriculture. Several factors influence soil loss, such as the terrain, rainfall, soil erodibility, vegetation
cover, and land management practices. To track erosion levels caused by various crops, the University
of Missouri initiated the first experimental plots as early as 1917 (Foth 1990).

2.8 Soil Erosion in Ethiopia
Soil erosion is a major environmental issue with both local and global consequences. In developing

countries like Ethiopia, where the ability to prevent soil erosion and restore lost nutrients is limited,
the economic impact of soil erosion is particularly severe. These countries are also grappling with
rapid population growth, which increases demand for already depleted resources and drives
production onto marginal and vulnerable lands. This, in turn, exacerbates erosion and reduces
productivity, creating a cycle of poverty, population growth, and land degradation. Ethiopia’s primary
causes of soil erosion are farming on steep slopes, vegetation removal, overgrazing, and rapid
population growth. Every year, Ethiopia loses around 1.5 billion tons of topsoil from its highlands,
which is more than its annual production rate, posing a grave threat to its food security. To mitigate
this issue, there is a need to assess the extent of the problem and the factors contributing to erosion
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and identify high-risk areas that require tailored management interventions. The efficacy of different
soil conservation methods can also vary depending on the governing variables and existing erosion
processes, making it necessary to evaluate the soil conservation potential of various management
techniques. (Luelseged and Paul 2008).

The agricultural sector in Ethiopia is heavily reliant on the Land and supports more than 85% of the
population. However, unsustainable land management practices and soil erosion have led to a
reduction in soil productivity. The average agricultural production in Ethiopia is low compared to
international standards, mainly due to topsoil loss through erosion (Sertsu 2000). Reports indicate that
soil loss due to cultivated field erosion in Ethiopia amounts to around 42 t hal yearl (Hurni 1990,
1993). In the mid-1980s, FAO (1986) estimated that 50% of Ethiopia's highlands were already
"seriously degraded,” leading to a 2.2% decrease in land productivity. The Amhara region in
Ethiopia's northwest highlands is mainly affected by severe soil erosion, with estimates ranging from
19.2 to 25 tons ha-1yr-1 (Yeshaneh et al. 2017, Mekuriaw 2017). Furthermore, it has been estimated
that the yearly average soil loss from farmland is 200-300 tons per hectare. The cost of soil erosion
between 1985 and 2010 is estimated at around $1.5 billion. This information has been reported by
several studies, including Tiruneh and Ayalew (2016), (Gessese et al. 2015), and (Setegn et al. 2009).
Erosion in Ethiopia is caused primarily by topographic and climatic factors. However, clearing forests
for agricultural expansion, cultivating marginal lands, and overgrazing communal lands exacerbate
the problem, making the ecosystem more sensitive to rainfall-driven erosion in the northwest
Highlands (Addis et al.2016). Deforestation, uncontrolled grazing, and intensive crop production
systems reduce vegetation cover, leaving the Land more susceptible to water erosion (Brady and Weil
2003, Hurni 1988). There is a need to carry out additional studies that can enhance our comprehension
of the harmful impacts of soil erosion on crop production, sustainability, and food security in Ethiopia.
2.9 Soil Erosion Modeling

One approach to studying soil erosion is modelling, which involves using mathematical equations to
describe the processes of Separation, Movement, and Surface Deposition of Soil (Renschler et
al.1999). This allows for estimating soil erosion over time, which can be more efficient than
measuring the decline in the field. However, developing a comprehensive database to analyze the
impact of factors such as land-use change and climate change can be time-consuming. Nonetheless,
modelling techniques can provide valuable insights into soil erosion and sediment output in different

scenarios.
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Several models are currently available for assessing soil erosion, such as SLEMSA, EUROSEM,
SWAT, USLE, RUSLE, and MUSLE, with many more under development. These models can be
categorized as empirical, conceptual, or physical based on their representation of biological processes
and data requirements (Fantaye 2022).

Models used to assess soil erosion have different strengths and limitations. While physical-based
models effectively calculate sediment outputs from basins, they require large datasets and have certain
restrictions (Renschler and Harbor 2002). Nonetheless, simplistic models such as the Universal Soil
Loss Equation (USLE) can be utilized with limited datasets (Bartsch et al. 2002) to estimate soil
erosion and sediment yield resulting from inter-rill and rill erosion. Additionally, empirical models
can efficiently predict erosion quantities under different management options. However, it's important
to remember that each model has unique features and applications.

One commonly used soil erosion prediction model worldwide is the USLE, including its modified
versions, such as the RUSLE. These models are popular due to their user-friendliness and
compatibility with GIS (Millward and Mersey 1999). Although RUSLE is comparable to its
predecessor empirical model (USLE), numerous changes have been made. RUSLE is now a simple
and generally recognized model for estimating soil loss at the watershed scale (Renard et al. 1997).
Improving soil-erosion modelling is a challenging task, and one of the obstacles is the lack of baseline
information on how models are utilized.

2.10 Revised Universal Soil Loss Equation (RUSLE)

The RUSLE is a technique used to approximate the yearly average amount of soil eroded by water
runoff on various agricultural terrains while accounting for particular agricultural and management
practices. It is constructed upon empirical data and was initially inspired by the USLE model, which
was first proposed by Wischmeier and Smith in 1978; it has more extensive capabilities and
incorporates a database that was not available when USLE was initially developed (Renard et al
.1997).

The RUSLE model is a versatile computer program continuously being enhanced and adjusted based
on feedback from users worldwide. The RUSLE can be used in any land use type where the soil
material is subjected to raindrop impact and overland flow caused by rainfall intensity greater than
infiltration rate. Generally, the RUSLE model is an empirical model that calculates soil erosion within
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each pixel, considering all six parameters of the previous USLE model (Renard et al. 1997). This

model can be represented as a function of six factors, as shown in equation (1) below.
A=RXKXLSXCXPuiiiiiiiireeeece e 1)

The six factors in the RUSLE model are denoted as follows: A is used to determine the average soil
loss per year over the study period (ton ha-y?); R represents the erosivity factor driven by rainfall
(MJ mm ha-t h-! y1): K denotes the soil erodibility factor (Mg ha ha-! MJ- mm-1); LS is the

topographic factor; C represents the cover factor, and P refers to the support practices (SWC) factor.

Rainfall erosivity Factor (R)

Farhan et al. (2013) established a way to measure the erosive force of soil erosion caused by local
average annual precipitation and runoff, known as the R-factor. This factor precisely gauges the
erosive capacity of rainfall. A more suitable way to express the erosivity of rain is through an indicator
that considers the precipitation's kinetic energy.

The volume, intensity, energy, length, pattern, and size of raindrops from precipitation and associated
runoff all play arole in the multidimensional erosion process caused by rainfall (Farhan and Nawaiseh
2015). To determine the rainfall erosivity parameter in the RUSLE model (Renard et al. 1997), one
can use the formula that involves dividing the total energy of a storm by the intensity of the rainfall
within a 30-minute interval. However, this equation cannot be effectively utilized in countries such

as Ethiopia, where there is insufficient data.

Hurni (1985) modified it in the actual situation of Ethiopia to be practical using widely accessible

mean annual rainfall data empirical equation, represented as
R=-8.12+(0.562 * P) --------m-mmmmmmmm- (2). Where P is the annual precipitation

Soil Erodibility (K) Factor

The capacity of soil particles to detach and be carried away by rain and runoff is determined by a soil
attribute known as the erodibility factor (K). Several factors, such as permeability, organic matter
content, texture, and structure, can influence the soil erodibility factor (Erencin et al.2000).

The impact of soil parameters on soil loss during storm events in highland regions can be assessed
using the soil erodibility value (Wischmeier and Smith 1978). This value represents the soil's
susceptibility to erosion, the ease of silt removal, and the estimated quantity of runoff for each rainfall
input (Kayet et al.2018). The K-factor measures the soil's characteristics and vulnerability to
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detachment and transportation by rainfall runoff (Haile and Fetene 2012). Soil texture, drainage
quality, soil depth, soil structure, and organic matter content are important soil characteristics that
affect erodibility (Prasanna Kumar et al. 2012).

The erodibility factor allocated to a specific type of soil is the amount of soil expected to be lost for
each unit of erosive rainfall energy relative to bare soil, assuming a standard research plot under the
USLE model with a length of 22.1 meters and a slope of 9% (Renard et al.1997) and (Wischmeier
and Smith 1978). The two most crucial and related soil characteristics that affect erodibility are
infiltration capacity and structural stability. The amount of water that may be concentrated for runoff
decreases as soil infiltration capacity increases, and there won't be any more standing water at the
surface. Stable soil clumps withstand the rain's splashing and detaching effects. Certain tropical clay
soils with high levels of iron- and aluminum-containing hydrous oxides are renowned for having

highly stable aggregates that withstand heavy rain (Brady and Weil 2003).

Hurni (1985) states that the soil erodibility factor value was created for Ethiopian conditions by
adopting many sources and recommended the K values of the soil based on their colour. The range of
the K values is 0 to 1. It is also possible to determine erodibility-related parameters using the soil's

physical and chemical characteristics.

The following equation, given by, expresses the most significant soil characteristics that affect the K
factor, including Organic matter content, particle size distribution, soil structure, and permeability
classes (Wischmeier and Smith 1978).

0.1317

K = [2.1%107*M™4(12 — ) + 3.25(b — 2) + 2.5(c = 3)] * (5o 3)

Slope length-steepness (LS) factor

This factor affects the volume and speed of runoff in combination (Prasanna Kumar et al. 2012).
Gashaw et al. (2017) indicate that the steepness and length of a slope have a prominent influence on
the rate of soil erosion caused by water due to the accumulation of runoff (Wischmeier and Smith
1978). The velocity of the runoff water can become more erosive as it increases, and water tends to
flow more rapidly down steeper slopes. This acceleration raises the surface shear force and causes the
stream to carry a more significant amount of silt (Wischmeier and Smith 1978) and (Haile and Fetene
2012). The potential for runoff water collection and concentration increases with slope length, and
slope steepness accelerates runoff velocity (Brady and Weil 2003, Wischmeier and Smith 1978). The
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RUSLE software program creates more site-specific values, including values for non-uniform slopes,
although such generic LS factor values for easy slopes can be employed with the USLE. The LS factor

in the original USLE can be computed manually using equation 4 (Wischmeier and Smith 1978).

m
LS = (L) (65.415in2 0 + 4.56 50 0 + 0.065) . ....vvoveeeeeeeeeeeeeen, (4)

22.1

Where: A = horizontal slope length; 6= slope angle; and the value of "m" is an exponent varies
from 0.2 — 0.5 depending on slope gradient then the m value equals to 0.2, 0.3, 0.4 and 0.5 for the
slope steepness of <1%, 1-3%, 3-5% and >5% respectively.

To calculate soil loss in a specific watershed, the RUSLE model calculates the S and L values
separately and then combines the two with additional variables. Now a days, LS can be calculated
using a raster calculator in a GIS context. The L factor is computed in the GIS interface using flow
accumulation and cell size, and the S factor is calculated from DEM using slope angle.

Cover management factor (C) estimation
When evaluating conservation plans, the C factor is frequently utilized to assess the influence of
various management alternatives on erosion rates (Renard et al. 1997). This factor is an essential

indicator of how farming and management approaches can impact the erosion rate.

When calculating soil loss, the C factor is the soil loss ratio from a particular farmland to the
corresponding erosion from clean-tilled, continuous fallow fields. The C factor value varies from
0.001 for the deep forest to 1.0 for bare land (Arekhi 2008, Wischmeier and Smith 1978).

This variable tracks the effects of all the linked management and cover factors. Different kinds of
vegetative cover or cropping systems have a noticeable impact on raindrop impact, runoff velocity,
and erosion. The most efficient method for protecting soil is provided by dense grasses and unaltered
woodlands (Brady and Weil 2003). Direct drainage rates of up to 80% of rainfall are caused by
degraded vegetation and soil, whereas well-covered soils can retain 90% or more rain (Hurni 1993).
Slight increases in surface cover can lead to significant reductions in soil erosion, particularly inter-
rill deterioration. The C factor values vary from region to region depending on the type of vegetation

cover and soil management practices implemented.
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Support practices factor (P factor)

(Renard et al.1997) The support practices factor (P) measures the relative soil loss caused by a
particular support practice versus the loss triggered by upslope and downslope tillage. In addition, the
P factor map and the land use map are interconnected.

The P factor measures how much soil erodes with specific erosion control measures compared to the
corresponding soil loss when cultivating along a slope (Wischmeier and Smith 1978). Erosion control
barriers help lower the P-value of soils without support techniques, almost down to zero. By slowing
down the runoff velocity and reducing soil erosion, various support/erosional control measures such
as contour strip-cropping, tillage on the contour, terrace systems, and grassed rivers function as a
barrier, leading to a reduction in the P factor (Arekhi et al. 2010).

2.11 Modeling Soil Erosion Using GIS and Remote Sensing

The use of remotely gathered aerial and satellite data can provide significant contributions to mapping
and evaluating soil erosion conditions. The identification of soil erosion-prone areas can be facilitated
by analyzing soil properties, land cover, and drainage systems using a combination of visual
interpretation of analogue satellite images and digital analysis of remote sensing satellite data (Rao
1999). Remote sensing and GIS techniques are essential for quantitatively assessing soil erosion in
susceptible regions (Saha etal 1991). They enable the estimation of soil erosion and its distribution
across regions with greater precision and reasonable costs (Wang et al. 2003). Models that take into
account relevant factors for different soil erosion processes can be applied at various spatial scales,
ranging from the plot level to the planetary level. GIS is an effective tool for managing spatial and
non-spatial georeferenced data, facilitating data preparation, input, output presentation, and model
interaction. GIS's capacity to handle spatial data is crucial for soil erosion inventory in risk assessment
and modelling. In a GIS setting, USLE is frequently used to assess soil loss, highlighting the
importance of GIS in managing vast quantities of spatial data and relationships between data from
different sources in the erosion modelling process. Geographical elements are employed to store and
process data in GIS databases, enabling the creation and storage of maps and various evaluations of

potential outcomes, such as model simulations (Djokic et al. 2000).

Utilizing GIS technology for soil erosion mapping facilitates the identification of areas that are at risk
of significant soil erosion, as well as obtaining information on how land use and land cover dynamics

impact soil loss in various watershed areas (Shi et al. 2003).
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3. MATERIALS AND METHODS

3.1 Description of Study Area
3.1.1 Location

Maybar Watershed is situated in the Dessie Zuria district of the South Wollo Zone in the Amhara

National Regional State in Ethiopia. The Place is located about 20 km southeast of Dessie, and is

situated approximately 422 km north of Addis Ababa. The basin covers an area of roughly 113.41 ha

and has been a site for research conducted by the Soil Conservation Research Project (SCRP) since

1981.The digital elevation model (DEM) used for the watershed delineation was at a 2m resolution,

and the process was carried out in ArcSWAT.The watershed's coordinates range from 10° 59° 45” N
to 11° 30° 45” N and 39° 39° 15” E to 39° 39’ 45” E, as described in Figure 1. The catchment area

features a highly uneven topography, with an elevation range between 2530 and 2858 a.m.s.l. The

Kori Sheleko sub-catchment feeds Lake Maybar, which ultimately flows into the Borkenna and

Awash rivers.
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Figure 1: Location map of Maybar Watershed
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3.1.1 Geology and Soil
Shallow Phaeozems, usually associated with Lithosols, are the predominant soil type in the Maybar

watershed. These soils are dark brown and stony, with a clay loam texture, and are generally well
structured, although they can be excessively drained. The depth of the soils ranges from 0 to 50 cm,
with an average depth of approximately 15 cm. Due to their low moisture and nutrient retention
capacity, most of the soils in the area are unsuitable for permanent crop cultivation. In addition to
these soils, there are also hydromorphic soils known as mollic Gleysols. Due to a high-water table,
these soils are regularly saturated with water and muddy. The primary soil texture classes in the
catchment are sandy clay loam, comprising 80% of the watershed, while the remaining 20% is clay
loam (SCRP 2000).

Soil type of the Watershed
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Soil type

Mollic Gleysols
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I Eutric Gleysols

Il cutric Fluvisols 000501 02 03 04
-— o — —

Figure 2: Soil types of Maybar Watershed, Ethiopia

3.1.2 Climate
The study watershed typically receives an average annual precipitation of 1275.4 mm. The study area

experiences a range of temperatures throughout the year, with annual mean, minimum, and maximum

temperatures ranging from 10.39 to 21.90 °C, as shown in Figure 4. The precipitation in the

Maybar Area follows a bimodal pattern with an unpredictable distribution. The first rainy season,

Belg, is typically observed from March to May. The primary rainy season, Kiremt, occurs from June
23



to September, with a dry season from October to February. The Moist Woina Dega agroecological

zone classification is used to characterize the climate in the area, according to Hurni et al. (2016).
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Figure 3: Mean annual rainfall and maximum/minimum/mean temperatures for the study area
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Figure 4: Mean monthly rainfall and maximum/minimum/mean temperatures for the study
3.1.3 Agricultural activities of the watershed
The study area is situated on the northeastern side of the Ethiopian highlands and is known as a cereal

belt with extensive cultivation. However, the site has a low potential, is prone to erosion, and is
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ploughed by oxen (SCRP 1982 and Bosshart 1997). Approximately 60% of the Maybar catchment is
used for cultivation, with cereals and maize being the primary crops, covering around 30% of the total
catchment area. Maybar has two distinct cropping seasons, namely Belg, the short spring season, and
Kremt, the primary rainy season. Due to lower precipitation levels, cereals are primarily planted
during the Belg season, whereas the Kremt season is dominated by pulses that require more water
(Tilahun and Awdenegest 2021).

3.2 Data Collection Method and Source

A range of data from various sources was collected during the study to accomplish the research aims.
Both primary (field) and secondary data sources were used, including satellite images from different
years (2004, 2012, and 2020) obtained from Google Earth, a soil sample from the study area, rainfall
data from meteorological stations (specifically from the Sirinka Agricultural Research Center), and a
2m DEM from SCRP and WLRC.

3.2.1 Data Type and Collection Methods

To determine the soil erodibility factor (K) and fulfil the research objectives, soil samples were
collected using augers in the study catchment area. Their geographic coordinates were recorded with
GPS. A gridding technique was employed to collect the soil samples, where sample plots were
identified at 250-meter intervals along the longitudinal and latitudinal axes, as shown in Figure 2. 17
soil samples were collected at each field at a depth of 0-20 cm and later tested in the laboratory.
3.2.2 Data Type and Collecting Methods

Data from various sources were utilized in this study to achieve the research objectives. Rainfall,
temperature, and agricultural system data were obtained from secondary sources, specifically from
the Sirinka Agricultural Research Center. The study area's watershed was identified, and slope maps
were created using the Water and Land Center Digital Elevation Model. In addition, three periods of
land cover maps were used to determine C and P variables in the RUSLE model. These maps were

obtained from https://www.google.com/earth/versions/ provided by the USGS. The images were

chosen based on the need to minimize the impact of seasonal variations on vegetation patterns and
distribution. The collection of soil samples was done using an auger, and the position of the samples
was recorded using GPS technology. The soil samples were tested in the laboratory. The gridding
method was used to collect soil samples at 250m intervals along the longitudinal and latitudinal axis,
as shown in Figure 2. Soil samples were collected at 0-20 cm depth at each plot. The soil erodibility

factor (K) was then calculated using the collected soil samples.
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3.2.3 Materials and tools used
The study used various equipment and materials, including a computer with image processing

software, augers for collecting soil samples, GPS for tracking locations, and geographic information
systems and remote sensing for analyzing land degradation. In addition, RUSLE models and Google
Earth were employed for data analysis, with the latter utilized for evaluating land use and cover before
conducting fieldwork. The data required for RUSLE input parameters were sourced from diverse

sources detailed in Table 1.

Table 1: The type of input data, sources of data, analysis tools utilized, and the data's purpose

No Input data Source Tool for analysis  Purpose

1  Climate (Rainfall) Water and Land Microsoft Excel  To calculate the R-factor from mean
Resource  Center annual RF data
(WLRC)

2 Soil data Field survey ArcGIS 10.8.2 To calculate the Soil erodibility
factor and other maps (LULC, study
area)

3 Google image Google earth Arc Map Land use land cover classification
and C _factor determination

4 DEM 2m WLRC ArcGIS 10.8.2 To delineate the Watershed and to

calculate the Length and Slope factor

3.2 Data Analysis Methods
3.3.1 Land Use and Land Cover Change (LULC) Analysis
LULC maps were created using ArcGIS 10.8 software to digitize images from Google Earth with

great attention to detail. The Google Earth image used was from the same year as the simulation
periods to ensure a more accurate representation of the system. Former research has suggested that
pixel-based classification on Google Earth imagery to identify land use and land cover may decrease
accuracy due to its high level of detail and acceptable spatial resolution. To address this issue, on-
screen digitization was utilized instead of pixel-based classification. On-screen digitization has been
found to provide an accurate representation of land use mapping, albeit a more time-consuming

process for larger areas (Myint et al.2011, Shalaby 2012).

ArcGIS software was used to create a 20-meter buffer around the watershed boundary. That data was
then imported into Google Earth Pro as a shapefile for use in the study's image digitization. Small
land cover areas were also delimited and overlaid on the ArcGIS environment once the primary land
use/land cover types were determined. The catchment's land features and covers were mapped on

Google Earth and imported into a geographic information system. We engaged a senior hydrologic
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observer with over a decade of experience in the watershed while digitizing to guarantee precision.
While "land cover" referred to the ground's covering, "land usage" referred to the land's intended
function.

Table 2: Land use and land cover classes identified in the study watershed

Land Use type Description of Land Use type

Cultivated land This category refers to land areas that have been tilled and made ready
for the cultivation of crops, whether through rain-fed or irrigation
methods

Forest Area Natural forests and woodlands with a diverse tree species
composition.

Settlement Human-made constructions and small rural settlements

Bare land Areas with degraded lands and bare ground.

Shrub land This land type is characterised by perennial woody shrubs and bushes
with varying densities across different locations. It is typically found
in hilly areas.

Grazing land Land designated for grazing purposes

Water body This category pertains to areas covered by bodies of water, such as

ponds, lakes, and rivers.

3.3.2 Soil Erosion Estimation
Three different periods of soil erosion in the watershed were analyzed using the RUSLE model in this

research (2004, 2012, and 2020). The model considers various factors such as climate, soil type,
topography, land cover and management, and soil conservation practices, mapped using GIS software.
Data sources for these parameters were gathered from various sources, including DEM, soil samples,
and remotely sensed data, each with different formats, projections, quality, and resolution. ArcGIS
software was used to manage and analyze the data, allowing for the creation of detailed maps and

accurate analysis. The mathematical equation for RUSLE is:
A=RXxKXxLSXC X P---mm-mmm- Equation (5)

where: A = average annual soil loss (in tons per acre or tons per hectare per year) R = rainfall erosivity
factor K = soil erodibility factor LS = slope length and steepness factor C = cover management factor

P = support practice factor

The RUSLE method was employed to simulate soil erosion at three different time intervals,
specifically in 2004, 2012, and 2020, with dynamic parameters being assigned correspondingly. While
the LS-factor, K-factor, and erosion control remained constant, the R-factor, P-factor, and C-factor

were treated as varying parameters across the years.
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3.3.2.1. Rainfall erosivity (R) factor
The index, known as the R-factor, measures precipitation's capacity to remove and transport soil

particles. To calculate this factor, the intensity and maximum rainfall duration in a specific region are
examined based on experimental data obtained from prior studies. The R-factor is a gauge of the
relationship between rainfall and the potential for erosion, as determined by the quantity and rate of
runoff. The computation of the R-factor involves multiplying the kinetic energy of each rainfall event
with the maximum 30-minute rainfall intensity. By summing up the erosivity factor of multiple
rainfall events recorded over a given period, the cumulative rainfall erosivity factor can be determined.
When dealing with an unmeasured watershed, the R-factor can be approximated by employing
average annual rainfall data from nearby weather stations. For this particular investigation, the R-
factor was computed using precipitation information gathered from a weather station located inside
the watershed between 1991 and 2020, overseen by the National Meteorology Agency (NMA) of
Ethiopia. The calculation of the R-factor in this study was executed via equation 6, developed by
Wischmeier and Smith (1978).For Ethiopia, modified by and utilized by Hellden (1987):
R = (0.56 % P)-8.12 ...ccocoiiiriieeieriseeve e et (6)

R implies erosivity (MJ mm ha* h'ly1), and P = mean annual precipitation (mm/year).

3.3.2.2. Soil erodibility (K) factor

Soil erodibility refers to the degree to which the soil or surface material is prone to erosion (Mhaske
S etal 2012). It is strongly associated with the physical characteristics of the soil (Shabani F etal 2014),
such as the percentage of sand, silt, clay, and soil organic matter (Millward, A and Mersey J 1999).
Additionally, it describes the soil's resistance to detachment and transport. The topographic position,
slope gradient, and degree of tillage disturbance can influence soil erosion resistance, but the primary
factors are the soil properties themselves.

The erodibility of a particular soil is determined by its texture, structure, permeability, and organic
matter content (Deniz et al.2008). Organic matter reduces soil erodibility and susceptibility to
detachment but increases infiltration. The area's primary soil classification is haplic phaeozems, with
K-factor values varying from less than 0.1 for the soil least prone to erosion to nearly 1.0 for the most
susceptible soil.

KUSLE = Fsand * Fclay * Foc * Fsilt * 0.1317 ..., (7)

Where each fraction of soil has its formula:

Fsand = [0.2 +0.3exp (—0.0256 * Ms(1 + (Msilt/100)))] ......................... (7.1)
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_ Msilt 0.3
Fclay = [m] ........................................................................... (72)
Forgc = [1.0 — (0.256 * orgC + exp[(3.72 — 2.950rgC) )] ovovvvviiiiiiiiiiien, (7.3)

Fsilt = [1.0 — (0.70(1 — Ms/100)/ (1 — MS/100 + Exp(5.51 + 22.9(1 — ms/100))].... (7.4)

The variables in the equation are defined as follows: Ms represents the percentage of sand content
(0.05-2.00 mm diameter particles), Msilt represents the percentage of silt content (0.002-0.05 mm
diameter particles), Mc represents the percentage of clay content (<0.002 mm diameter particles), and
organic represents the percentage of organic carbon content in the layer.

3.3.2.3. Estimating slope (S) and gradient length (L) factors.

The LS factors are commonly used to quantify the impact of slope gradient on soil erosion.
Kaltenrieder (2007) computed the soil loss rate using a standard slope length of 22 meters and a slope
steepness of 9%, adjusted according to the site-specific conditions. It has been observed that soil

erosion rises as the slope gradient increases and the slope length becomes longer.

The LS factor was derived from a 3-arc-second SRTM DEM with a 2-meter resolution. The origin of
this data is the (SCRP 2000), located in the (WLRC) in Addis Ababa, Ethiopia. It has a resolution of
2 meters by 2 meters.

The study watershed shapefile was used to extract the DEM, which underwent raster calculation to
determine the L and S factors. Prior to the computation of LS factors, the slope angle and flow
accumulation had to be pre-processed. The DEM was utilized as an input to process the slope angle
and flow accumulation in ArcGIS Spatial Analyst with the arc hydro tools extension. The L factor
was calculated using equation 10 based on the improved RUSLE equations described by Wischmeier
and Smith (1978).

Cell size
2213 '’

Sin(slope in dgree*0.01745
0.0896

LS = Power(flow accumulation * 0.4 * Power( , 1.3 (10)

3.3.2.4. Cover Management Factor (C)
Determining the crop management factor (C) is essential in evaluating the effectiveness of support

strategies. The C value approximates the soil loss ratio using support techniques to conventional up
and down-slope farming (Ganasri and Ramesh 2016). C values range from 0 to 1, where a value closer
to O indicates good conservation practices and a value approaching 1 suggests poor conservation

practices. The C factor in the RUSLE formula ranges from 0.001 for dense forests to 1.0 for bare land
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(Arekhi 2008; Wischmeier and Smith 1978), reflecting the level of soil protection under specific land
cover management. As the land use and land cover (LULC) type changes, so does the C factor, which
was calculated after determining the LULC type of the specified area. The C factor was computed
from the LULC map, and values were assigned to all the LULC classes based on related literature on
C-factors in the tropics (Table 3). A field was added in the attribute table, and the ArcGIS raster
calculator was used to convert these values to a raster, producing C-factor maps for successive years.
These maps were then used as inputs in the RUSLE model.

Table 3: C-factor value based on (Hurni 2008) and Nigussie etal 2022)

Land Use Type C factor value
Cultivated land 0.18

Forest land 0.001

Grazing land 0.05

bare land 1

Settlement land 0.15

Water body 0.0

Shrub land 0.014

3.3.2.5. Conservation or Supportive Practices(P)

The conservation management factor (P) determines the soil loss ratio using a particular support
technique, unlike tillage practices that are either upslope or downslope (Renard et al. 1997). The P
factor modifies the RUSLE for soil conservation tillage methods. The P value ranges from 0 to 1, with
0 indicating excellent mechanical erosion resistance practices and 1 indicating no natural erosion
resistance practices. The P factor represents the ratio of soil loss with a specific erosion control
practice to the soil loss without any erosion control measures (Wischmeier and Smith 1978). In the
absence of any erosion control, the P value is 1, while it is close to zero when practical erosion control
measures are implemented. Erosion control techniques such as contour strip-cropping, tillage on the
contour, terrace systems, and grassed waterways act as barriers for runoff velocity, reduce soil erosion,
and tend to decrease the P factor (Arekhi et al. 2010).
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4. RESULT AND DISCUSSION

4.1 Trend of Land Use and Land Cover (LULC)

This study identified six different land use and land cover types in the study area, which include forest,
shrub, grazing, cultivated, bare, and settlement lands. However, an additional land use type, water
body land use, was existed between 2012 and 2020, resulting in seven land use types. Accurately
classifying these categories was vital to analyze the effects of land use changes on the environment
and could help establish sustainable land management practices. The results of this study could have
significant implications for land-use planning and management, natural resource conservation, and

biodiversity preservation in the study area.

Table 4 displays the classification results for Google Earth images from 2004, 2012, and 2020 and
also provides comprehensive statistical information for each land use class, including the land use and
land cover (LULC) map for the study duration. The primary land use types in the study area were
cultivated land (49.8%), forest land (36.1%), and bare land (33.6%) in 2020, 2012, and 2004,
respectively. Accurately classifying these categories was vital to analyze the effects of land use
changes on the environment and could help establish sustainable land management practices. The
results of this study could have significant implications for land-use planning and management,

natural resource conservation, and biodiversity preservation in the study area.

Table 4: Land use type in Maybar Watershed for 2004, 2012, and 2020

Land use type Year
2004 2012 2020
Area(ha) Area (%) Area(ha) Area (%) Area(ha) Area (%)

Cultivate Land 36 31.9 56.4 49.8 40 35.3
Forest land 18 15.9 26 22.9 40.9 36.1
Bare land 38 33.6 14.4 12.7 9.1 8.1
Grazing land 4 35 4.2 3.7 11.8 10.4
Shrub land 13 11.5 7.8 6.9 6 53
Settlement 4 35 4 3.5 4.2 3.7
Waterbody 0 0.0 0.6 0.5 1.3 1.1
Total 113.4 100 113.4 100.0 113.4 100

4.1.1. Land Use Land Cover (LULC) 2004
The findings from the land use and land cover (LULC) classification analysis conducted for 2004

reveal a comprehensive picture of the study area. The research shows that the study area was
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predominantly characterized by bare and cultivated land, accounting for 33.6% and 31.9% of the area,
respectively. Forest land and shrubland followed closely, with 15.9% and 11.5% coverage,
respectively. Additionally, grazing land and water body land use constituted only 3.5% of the study
area each. Figure 5 visually presents these outcomes, highlighting the dominant LULC types in the
watershed for 2004.

Notably, barren lands were also prevalent in the watershed, although not as dominant as bare and
cultivated lands. In contrast, grazing and settlement land had the least coverage among all LULC

types, indicating their limited impact on the study area.
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Figure 5:Land Use and Land Cover of the Study Area (2004)

4.1.2. Land Use Land Cover (LULC) 2012

The examination of the image classification conducted in 2012 showed that the dominant land use
type in the study region was Cultivated land, which covered about 49.8% of the total area, while forest
was the second-largest land use type, accounting for 22.9%. The remaining land use/land cover types,
including shrubland, forest, and barren lands, collectively occupied 27.3% of the total area. According
to Table 8, water bodies had the least coverage area among all other classes, making up only 0.5% of

the area.
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Figure 6: Land Use and Land Cover of the Study area (2012)

4.1.3. Land Use Land Cover (LULC) 2020
After conducting the land use/land cover (LULC) classification of the 2020 image, the results showed

that forest land and cultivated land were the most dominant categories, covering a combined 71.4%
of the study area. Specifically, forest land covered 36.1% of the area, while cultivated land occupied
35.3%, indicating equal prevalence. The remaining land use/land cover types, including grazing land
(10.2%), barren lands (6.5%), water body (1.1%), shrubland (0.5%), and settlement (0.3%),

collectively accounted for 28.6% of the total area, as shown in Figure 7.
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Figure 7: Land Use and Land Cover of the Study area (2020)
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4.2. Land Use Land Cover Change (LULC)

This research investigated land use and cover changes in the study area from 2004 to 2020. The study

analyzed satellite images for 2004, 2012, and 2020 to assess land use and cover changes over different

periods. The analysis indicated that the study area's most dominant land use and cover types were

cultivated land, bare land, and forest land. At the same time, water bodies were less prominent and

only appeared in 2012 and 2020. To further examine the changes, the study compared the data from

different years and summarized the findings in Table 5. From 2004 to 2020, cultivated land and forest

land areas increased by 49.8% (56.4 ha) and 36.9% (40.9 ha), respectively. Conversely, the bare land
and shrubland area decreased by 25.5% (28.9 ha) and 6.2% (7 ha), respectively. During 2004-2012,

the reduction in shrubland and bare land was more significant, while the decrease in settlement land

was lower.

Table 5: Trend Analysis of Land Use and Land Cover Change (2004-2012, 2012-2020, and 2004-

2020)
Year
LULC 2004 2012 2020 2004-2012  2012-2020  2004-2020
e A A A
rea rea rea
Area(ha) (%) Area(ha) (%) Area(ha) (%) Area(ha) Area(ha) Area(ha)
C“'Ig;]’gted 36 319 564 498 40 353  -204 16.4 4
ﬁg:]ejt 18 159 26 229 409 361 -8 2149 2229
BareLand 38 336 144 127 91 8.1 23.6 53 28.9
Grazing 4 35 42 37 118 104 0.2 76 78
land
Shrubland 13 115 78 6.9 6 53 5.2 18 7
Settlement 4 3.5 4 3.5 4.2 3.7 0 -0.2 -0.2
Waterbody 0 0 06 05 13 11 06 0.7 13
Total 1134 100 1134 100 1134 100

*- sign indicates that there is land use change (the specific land use is increasing)

Over the 24-year period from 2004 to 2020, there were significant changes in the land use and land

cover of the study area. The forest land area increased from 18 ha in 2004 to 26 ha in 2012 and reached
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40.9 ha in 2020. The increase in the area of cultivated land resulted in the reduction of forest,
shrubland, and grazing land. Bare land and shrubland experienced the most significant reduction in
area, declining by 28.9 ha (25.5%) and 7 ha (6.2%), respectively, between 2004 and 2020. This
decrease in bare land may have led to a reduction in surface runoff in the study area. Additionally, a
new land use class, water bodies, emerged after 2012, which could be accredited to the impact of

watershed management practices.

4.3 RUSLE Parameter for Soil Loss Estimation

4.3.1. Rainfall erosivity(R)
The study area had an average annual rainfall of 1402mm, 1097.4mm, and 1322.8mm for 2004, 2012,

and 2020, respectively. Using the Hans Hurni method and the regression equation developed by Hurni
(1985) for Ethiopian conditions, the R-factor values were computed for the respective years and found
to be 776.99, 606.42, and 732.6 MJ mm ha—! h—! year ' The calculated values of rainfall erosivity
are presented in a Table 6, which indicates that the R-factor values varied between 606.42 and 776.99
MJ mm ha—! h™t year—!, with an average value of 705.348 MJ mm ha—! h—! year—!. This implies that
the mean annual precipitation impacts the value of the R-factor since changes in the mean yearly

precipitation result in changes in the R-factor value.

Table 6: Mean Annual Rainfall and Erosivity factor of the Study Area

Year Mean Annual R_factor Source
Precipitation(mm)

1996- 2004 1402.0 776.987

2005-2012 1097.4 606.42

2013- 2020 1322.8 732.64 R=(0.56*P)-8.12 (Hans Hurni, 1985)

4.3.2. Soil Erodibility (K) Factor
A research study was conducted in the watershed area to analyze the physical and chemical properties

of soil samples collected from various points. The laboratory tests included analyzing the soil's texture
characteristics and organic matter content, and the results are presented in an appendix table.
The study showed that the K-factor values in the study area ranged from 0.053 to 0.11, with an average
value of 0.099. This value falls within the range of K-values for Ethiopian soils reported by FAO in
1984, which is between 0.05 and 0.6. These findings suggest that the soil in the study area is prone to

erosion, and appropriate soil conservation measures should be taken to prevent soil loss. However,
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the soil erosion trend is decreasing because of the soil and water conservation measures implemented
there.

Table 7: Statistically Summary of Soil Parameters in the watershed

Soil Parameter Minimum Maximum Mean STDEV Ccv
Organic of Matter 2.66 3.45 3.2 0.3 0.1
Percentage of Clay 27 43.25 35.05 6.56 0.2
Percentage of Silt 22.5 31.5 27.82 3.67 0.14
Percentage of Sand 27.75 47.75 37.1 9.86 0.29

*CV-Coefficient of Variation, STDEV-Standard Deviation.
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Figure 8: Soil Sample Distribution (Left) and Soil Erodibility (K) Factor Map (Right)

Table 8 provides the distribution of soil types and their erodibility values in the Maybar watershed.
The identification of soil types was accomplished by using a soil map of the Maybar watershed created
by Weigel (1986). Seven distinct soil types were identified, including Mollic gleysols, Haplic
phloeozems, eutric fluvisols, and eutric Regosols, commonly used in categorizing environmental soil
types. Shallow Phaeozems were found to be the most common soil type in the watershed, covering
91.6% of the catchment area with a depth of approximately 15 cm. Gleysols, Eutric Fluvisols, and
Eutric Regosols covered the remaining 8.4% of the watershed's land area. The erodibility values of
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these soil types fall within the range of what is typically reported for Ethiopian soil K values, with a

mean value of 0.099.

Table 8: Soil type and corresponding erodibility factor of the watershed

Soil  mapping Soil Name Description Textural K_factor Area coverage
code Class (ha) (%)
GM Mollic Gleysols Within shallow water Clay 3.03 2.7
table 0.053
Hhl Haplic Phaeozems very shallow (10-25 Sandy clay 0.098 46.41  40.9
cm deep) loam '
Hh2 Haplic Phaeozems shallow (25-50 cm Clay loams 0.114 25.6 22.3
deep) '
Hh3 Haplic Phaeozems, moderately deep (50— Sandy clay 16.89 14.9
0.850
100 cm) loams
Hh4 Haplic Phaeozems, deep to very deep Sandy clay 1529 135
0.098
(>100 cm) loams
Je Eutric Fluvisols, >100 cm deep Clay loams 0.114 443 3.9
Re Eutric Gleysols 10-100 cm deep Clay 0.101 208 1.8
Total 1134 100

*Where K value is in Mg ha! MJ* mm™?

4.3.3. Slope and Gradient Length (LS) Estimation

In studying erosion's impact on topography, slope length is a significant factor that interacts with slope
gradient (S). Slope length (L) accounts for the proportionality of erosion with slope length and its
increase as the slope becomes steeper. The horizontal distance that separates the origin of overland
flow from the point where the slope gradient decreases, allowing for deposition or runoff to become
concentrated in a channel, was the flow length factor. Meanwhile, the slope gradient factor (S)
assessed the impact of slope gradient on erosion. The LS factor is an essential component of the
Revised Universal Soil Loss Equation (RUSLE), which determines the topography's impact on soil
erosion. To generate the LS factor, digital elevation models (DEM) with a 2m resolution were created
from contour maps obtained from the Water and Land Resource Center Project. The slope and flow
accumulation maps were also produced using ArcGIS with the DEM.

The interplay between slope angle and slope length significantly impacts the extent of erosion, and
therefore, both should be considered jointly (Edward 1987). Our study area showed that the LS factors
ranged from O in flat regions to 7.25 in the watershed's steeper and longer slope areas. The incremental

increase in LS factors from 0 to 7.25 indicates potential erosion as slope steepness increases.

38



Approximately 34.8% of the study area comprises slopes with a gradient ranging from 30-50% (steep

slope).
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Figure 9; Slope in degree (left) and Ls _factor value (right)

According to the data presented in Table 9, soil loss rates varied depending on the slope gradient. An
increase in slope gradient corresponded with an increase in soil erosion rates. For slopes less than 5
degrees, the rate of soil loss was the lowest, with values of 0.04 t ha-* yr-*in 2004, 0.03 t ha- yr-tin
2012, and 0.1 t ha-! yr-t in 2020. Soil loss rates for 5-10 degrees slopes were 1.5 t ha-! yr-!in 2004,
0.38 t ha-! yr-1in 2012, and 0.4 t ha-! yr-tin 2020. The soil loss rates for 10-20 degrees slopes were
2.5t ha-tyr-tin 2004, 0.79 t ha-* yr-tin 2012, and 0.8 t ha- yr-!in 2020. Similarly, soil loss rates for
20-30 degrees slopes were 8.09 t ha-! yr-tin 2004, 1.7 t ha-! yr-tin 2012, and 3.0 t ha-! yr-!in 2020.
For 30-50 degrees slopes, soil erosion rates were 15.7 t ha-! yr-!in 2004, 6.0 t ha-! yr-!in 2012, and
3.1t ha- yr-tin 2020. The rate of soil loss for slopes of 50-100 degrees was 21.9 t ha-! yr-tin 2004,
8.25 t ha-t yr-1in 2012, and it is expected to be 6.0 t ha-! yr-tin 2020. Lastly, the soil erosion rates for
slopes greater than 100 percent were 1.4 t ha-! yr-1in 2004, 0.079 t ha-! yr-*in 2012, and 0.1 t ha-! yr-
1in 2020. These findings suggest the slope gradient strongly influences soil loss within the watershed.

Soil erosion rates increase as the slope angle increases.
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Table 9: Estimated soil loss with slope gradient in 2004 and 2020

Slope Class Soil loss in 2004  Soil loss in Soil loss in Net

(%) 2012 2020 change

Area(ha) Area  tha' tyear! tha! tyear! tha! tyear? %

(%)  year! year? year?

0-5 15 1.3 0.04 5.13 0.03 3.5 0.1 8.9 -0.09
5-10 3.5 3.14 15 167.6 0.38 43.9 0.4 39.83 0.72
10-20 17.9 15.8 2.5 281.2 0.79 88.6 0.8 95.3 0.91
20-30 16.08 14.18 8.09 918.02 1.7 192.3 3.0 334.6 3.39
30-50 39.5 34.8 157 17759 6.0 688.7 3.1 347.01 6.6
50-100 34.85 30.7 219 24857 8.25 936.07 6.0 683.73 7.65
>100 0.027 0.024 14 162.7 0.079 9.0 0.1 9.73 1.22

*-sign indicates soil erosion is reducing within this slope
4.3.4. Land cover/management(C) factor

The impact of land management practices on soil erosion can be evaluated by utilizing the C-factor,
a numerical value ranging from 0 to 1. A lower value of the C-factor represents lower soil erodibility,
while a higher value indicates higher erosion potential. The spatial distribution and magnitude of the

C-factor throughout the watershed can be visualized in Figure 9.

In 2004, the land cover of the watershed consisted of forests (15.9%), grassland (3.5%), cropland
(31.85%), shrubland (11.5%), and settlements (3.5%), as revealed by supervised classification. By
2012, the percentages had changed to bare land (12.7%), shrubland (6.9%), cultivated land (49.55%),
forest land (22.95%), grazing land (3.6%), water body (0.5%), and settlements (3.5%). By 2020, the
distribution of land use had further altered to bare land (48.05%), shrubland (5.26%), cultivated land
(35.36%), forest (36.11%), grazing land (10.42%), water body (1.10%), and settlements (1.10%).
After analyzing the land use classifications, specific C-factors were assigned to each land use type in
the watershed. The C-factor is a metric that measures the impact of land cover management practices
on soil erosion. It is expressed as a numerical value that ranges from 0 to 1, with lower values
indicating less erodible soil and higher values indicating a greater potential for erosion. A C-factor
closer to 0 indicates a lower tendency for soil erodibility, while a value closer to 1 indicates a higher

tendency for erosion. Vegetative cover, habitation, grassland, and arable land were assigned C-values
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of 0.015, 0.03, 0.04, and 0.16, respectively. Additionally, protected land was given a value of 0, and
unprotected land was given a value of 1 according to the C-factor categorization system (Hurni and
Hellden 1998).

The suitability of the northern highlands for human settlement led to the widespread removal of
vegetation cover for agricultural lands. This practice, along with intensive farming practices,
exacerbated soil erosion, resulting in the loss of fertile topsoil and essential nutrients. This left shallow
and infertile soils with poor water retention capacity (Hurni 1998, Hurni et al. 2010). Croplands were
particularly vulnerable to erosion since they were frequently tilled, vegetation was removed before

planting, and the land remained bare between two seasons (Pimentel 2006).
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Figure 10: Cover Management factor (C-Value) for the three study years

The distribution of the C-factor, which characterizes the degree of land cover management and its
impact on soil erosion, varies significantly across land use types and periods. Forest and shrubland
exhibit the lowest C-values, while bare land and cultivated fields (associated with poor land cover

management) show the highest values, implying that increased C-factors correspond to more severe
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soil erosion in the study region. The representation of the C-factor in Figure 10 displays how it varies

over time and space. The data indicate a decrease in soil erosion over time and space, suggesting that

the measures taken to reduce erosion have been effective.

4.3.5 Conservation Practice Factor (P)
The P-factor represents the conservation measures implemented to control surface runoff velocity and

minimize soil loss (Wischmeier and Smith 1978). In this study, data were utilized as inputs to compute

and generate the P-factor map due to the lack of comprehensive information on the different protection

measures employed in the research area, land use, and slope gradient. Based on the RUSLE analysis,

agricultural lands had P-factors ranging from 0.1 to 0.33, while other land uses were assigned a P-

value of 1, as presented in Table 10.

Table 10: Support Practices (P) factor Based on (Wischmeier and Smith, 1978)

Land Use Slope (%) P Factor

Agricultural Land 0-5 0.1
5-10 0.12
10-20 0.14
20-30 0.19
30-50 0.25
>50 0.33

Nonagricultural land use All 1
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Figure 11 : P _factor Map for Maybar Watershed for the Years 2004,2012 and 2020
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4.4 Soil loss Estimation

Using GIS software, the annual soil loss in a study watershed was calculated based on five input
parameters of the RUSLE model. These parameters were organized in a grid format with a cell size
of 2m * 2m and some parameters varied spatially and temporally. The resulting map layers of soil
erosion controlling factors were used to generate a raster map of soil erosion risk for 2004, 2012, and
2020. A potential annual soil loss map for the watershed was developed in the study, and the findings
indicate that the mean annual soil loss for the entire watershed was roughly 12.8 t ha * yr? in 2004.
The study period in 2004 resulted in a total loss of 99728.4 tons of soil from the entire watershed.

The study found that in 2012, the mean annual soil loss for the entire watershed was approximately
4.8 t ha-t yr-1. Furthermore, the total yearly soil loss for the entire watershed during the study period
in 2012 was approximately 19167.3 tons. The average soil erosion rate in 2012 decreased by 8.0 t ha-
Lyr-1 compared to 2004, primarily due to changes in land use and land cover, such as the conversion
from bare land to forest and shrubland. The study analyzed the annual soil loss in the watershed for
2020 using the RUSLE model. The results showed that the annual soil loss varied from 0 to 295.4 t
ha! yr-! in areas with high erosion vulnerability. The average annual soil loss for the entire watershed
was estimated to be 3.21 t ha-! yr-1. Compared to the average rate in 2012, the average rate of soil
erosion decreased by 1.59 t ha-! yr, which can be attributed to the long-term management of the
watershed and the implementation of physical and biological soil and water conservation measures.
These efforts led to an increase in forest land use in 2020 and a decrease in the general trend of soil

erosion.
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Figure 12: Annual Soil Loss Map in 2004, 2012 and 2020 of the Watershed

The loss of soil annually in a particular watershed was calculated to be between 3.21-12.8 t ha-! yr-t
which falls within the tolerable soil loss level of 2-16 t ha-! yr-* (Hurni 1983). This finding aligns with

earlier research in Ethiopia's upper Blue Nile basin and other areas.

Habtamu et al (2020) reported that the average annual soil loss in the Huluka area of Central Ethiopia's
Oromia region ranged from 14.4 to 27 t ha—! year—' between 1998 and 2018. Similarly, Ajanaw etal
(2021) found that the mean annual soil loss was between 6.2 to 25.07 t ha-! yr-! in the Chereti
watershed of North Eastern Ethiopia. However, other studies have reported higher soil erosion rates
than the present study. For instance, Meseret and Habtamu (2021) observed 76.5 t ha-! yr -1 in the
Fincha Catchment of Ethiopia, Tadele B et al. (2022) observed 62.5 t ha-! yr -! in the Coka watershed
of Southern Ethiopia, and Zerihun et al. (2018) found 49 t ha-! yr-! in the Dembecha district of
Northwestern Ethiopia. The implementation of soil and water conservation measures in the study
watershed since 1990, as well as proper watershed management, may have contributed to the
relatively low average annual soil loss observed in the area. Furthermore, the dominant soil type in
the watershed is Phaeozems, which contains iron oxides that act as a binding agent, resulting in
increased aggregate stability and resistance to erosion.
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4.4.1 Impacts of Land Use Land Cover Dynamics on Soil Erosion
The contribution of land use and land cover to soil erosion hazards is well known (Rozos D etal 2013).

Physical factors are crucial for land-use planners to consider when engaging in spatial planning
(Bathrellos etal 2013). Therefore, integrating spatial and temporal variations in land use, land cover,
and soil erosion hazard maps is essential for effective land-use planning (Tsegaye D et al. 2010). In
Ethiopia, soil erosion hazard rates have significantly increased due to land use and land cover changes
(Tsegaye D et al. 2010, Mariye M et al. 2022, Weldu and Haraka 2020). Thus, it is crucial to manage
land use and land cover effectively to mitigate soil erosion hazards and ensure sustainable land

resource utilization in Ethiopia.

Tsegaye et al. (2010) estimated that soil loss in the highlands of Ethiopia ranged between 1,248 and
23,400 million tons per year across 78 million hectares. This represents a range of 16 to 300 tha—!
yr—! for pasture, ranges, and cultivated fields across the country. A study conducted by Melese D et
al. (2021) estimated that Ethiopia has an average annual soil loss of 12 tha yr. Soil erosion rates are
higher on steep slopes with minimal vegetation cover, where soil loss can exceed 300 tons ha-1 yr-1.
However, the study found that the mean annual soil loss decreased gradually over the study period,
with rates of 12.8, 4.8-, and 3.21 tha* yrtin 2004, 2012, and 2020, respectively (Table 11). This
decrease in soil erosion is due to long-term watershed management practices. The study also observed
a decrease in bare land use and an increase in forest land use, contributing to the decreasing trend of
soil erosion. Changes in land use dynamics are among the factors that contribute to soil erosion
hazards, and physical factors play a critical role for land-use planners in spatial planning. Thus, it is
important to integrate spatial and temporal variations in land use, land cover, and soil erosion hazards
into hazard maps for effective land-use planning. These findings are consistent with those of previous

studies and suggest that soil erosion rates can vary over time.

Table 11: Temporal variation of soil erosion with land use dynamics

Result descriptions Soil loss in different years

2004 2012 2020
Soil loss Range (tons ha—1 yr—1) 0-879.44 0-169.02 0-295.4
Total soil loss (tons/yr.) 99728.4 19167.3 33500.1
Mean soil loss (tons ha—1 yr—1) 12.8 4.8 3.21

Using zonal statistics analysis in ArcGIS, we examined the effects of land use and land cover on soil
erosion. Our findings indicate significant variation in mean annual soil loss rate values across land

use and cover classes. Specifically, bare lands had the highest mean value of soil loss (ranging from
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28.0 to 37.34 that-! yr-1) followed by cultivated land (ranging from 2.6 to 3.34 t ha-* yr?!) and grazing
land (ranging from 0.33 to 1.12 t ha* yrt) (Table 12 and Figure 13).

In contrast forest land had the lowest value, followed by shrubland (ranging from 0.17 to 0.42 t ha

yr1) and (from 0.6 to 0.755 t ha* yr-1), respectively.

These results indicate that land use and land cover dynamics significantly impact soil erosion rates,

with bare and cultivated land more susceptible to soil erosion. Additionally, we observed that as the

trend of bare land decreases and forest coverage increases, watershed soil erosion decreases from

2004 to 2020.

Table 12: Distribution of annual and mean soil loss between different types of land use during (2004,

2012, and 2020)

1

LULC type 2004 2012 2020
Soil  Mean soil Area Soil Mean Area Soil Me Area
loss loss (h)y (%) loss soil  (ha) (%) loss an
(t'y)  (thalyr) (t/yr) loss (t'y) soil (ha) (%)
(t/ha/ loss
y) (t’h
aly)
Bare land 4234  37.34 38 336 3176.8 28.0 144 127 3429.2 302 9.1 8.1
Shrub land 85.7 0.755 13 115 8724 08 7.8 6.9 67.17 06 6 5.3
Cultivated land 380.6 3.35 36 319 311.79 27 56.4 49.8 3003 26 40 35.3
Forest land 48.37 0.42 18 159 36.74 0.3 26 229 20.17 017 409 36.1
Grazing land 127.0 1.12 4 35 4286 04 4.2 3.7 37.75 033 118 104
Settlement 1142 0.10 4 35 1374 01 4 35 17.42 015 4.2 3.7
Waterbody 0 0 0 0 7359 0.6 0.6 0.5 12487 110 1.3 1.1
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Figure 13: Variation in mean soil loss in different land use classes and years

The study area covered four different soil types, with Haplic Phaeozems being the most dominant,
covering more than 91% of the site (Table 13). Analysis of soil loss rates across these soil types
revealed varying erosion rates (Table 13). Particularly, the highest risk of soil erosion was observed
in Eutric Gleysols, Eutric Fluvisols, and Haplic Phaeozems. Erosion rates in Eutric Gleysols (2.1 ha
or 2.6%) were 37.3tha 1 yrtin 2004,51.0thayr!in 2012, and 41.0 t ha * yrin 2020. Similarly,
erosion rates in Fluvisols (4.4 ha or 3.9%) were 26.3 t ha " yr! in 2004, 3.4 t ha ** yr! in 2012, and
3.1 tha*yrlin 2020. In contrast, erosion rates in Phaeozems (103.9 ha or 91.6%) were lower, at
13.3thatyrtin 2004, 4.4 thatyrtin 2012, and 6.1 t ha "t yr? in 2020.
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Table 13: Soil erosion across different soil types during 2004, 2012, and 2020.

Soil type
2004 2012 2020
Total annual Soil loss (t Total annual Total annual Soil loss (t
Area soil hatyrl) soil Soil loss (t soil ha yr?)
loss(ton/year) loss(ton/yr)  hatyrl) loss(ton/yr)
(ha) (%) (1) (%) ®) (%) ®) (%)
Mollic
Gleysols 3 26 58.2 0.7 05 19.7 0.3 0.2 181 0.3 0.2
Haplic
Phaeozems 1039 91.6 15089 17.2 13.3 4935 74 4.4 325.1 6.1 2.9
Eutric 3.1

Fluvisols 44 39 29874 34.0 26.3 388.7 5.8 3.4 3548 6.6
Eutric 2.1 2.6
Gleysols 4231.0 48.2 37.3 5785.4 86.5 51.0 4652.3 87.0 41.0

Total 113.4 100

The severity class was adjusted based on the average erosion rate in each sub-watershed and the
specific characteristics of the watershed. This study created six severity classes to generate the severity
map for the sub-watersheds, ranging from highly severe (1) to low erosion class (V). These categories
were defined as follows: low erosion severity (<5 tons ha-'yr-), moderate erosion (5-10 t ha * yr?),
high erosion category (10-50 t ha  yr), severe (50-100 t ha ! yr), very severe (100-500 t ha * yr-
1, and extremely severe (>500 t ha * yr?).

Based on the severity class categories, 62.2%, 82.6%, and 88.5% of the watershed were classified as
low severity class, 6.2%, 5.3%, and 3.9% of the watershed as moderate severity class, 22.3%, 9.4%,
and 5.4% of the watershed as high severity class, 7.0%, 0.9%, and 0.6% of the water as severe class,
0.7%, 0.6%, and 0.4% of the watershed as very severe class, and 0.1%, 0%, and 0% of the watershed
as a highly severe class in the years 2004, 2012, and 2020, respectively Table 14.

The findings in Table 14 indicate that there has been no extreme soil erosion class since 2004, most
likely due to the long-term watershed management strategies employed in the study area. The results
show that 88.5% of the Maybar watershed is now classified as low-risk for soil erosion. However, it
is essential to note that this does not mean conservation measures are no longer necessary in this area.

Immediate soil and water conservation measures are still required for the remaining parts of the
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watershed at higher risk of erosion. Additionally, it is essential to ensure that even the low-risk areas

continue to improve their conservation measures to prevent future erosion.

Table 14: Soil Erosion Classification based on Morgan (2005)

Soil erosion rate (t hat year™) Coverage of the erosion-affected
area (%)

2004(%) 2012(%) 2020(%) Severity Class

0-5 62.2 82.6 88.5 Low
5-10 6.2 5.3 3.9 Moderate
10-50 22.3 9.4 5.4 High
50-100 7.0 0.9 0.6 Severe
>100 0.8 0.6 0.4 Very severe
Total 100 100 100

4.5. Prioritization of the Watersheds for Conservation Planning

The RUSLE model is an essential tool for conservation planning that enables a comparison of soil
erosion risk across a study area. This information is critical for identifying areas within a watershed
that are at high erosion risk and require prioritization for intervention. In this study, the watershed was
divided into five classes based on soil erosion severity, with the area coverage ranging from 0.5 ha
(SWH5) to 100.3 ha (SW2). The soil loss class for each part of the watershed was determined based on

the information provided in Table 15 and

Figure 15. Based on Figure 14, it can be inferred that the number and extent of hotspot areas in the
watershed have decreased. The changes observed range from a reduction in severity class (e.g., from
very severe to medium) to a shift from low to medium severity class. These findings suggest that some
highly degraded areas have been improved due to soil and water conservation measures implemented

by the community in the watershed with the assistance of various non-governmental organizations.
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Figure 14: Trend of Soil Erosion Severity Map (2004-2020)
According to the data presented in Figure 14, there has been a decreasing trend in the severity of soil

erosion from 2004 to 2020. This suggests that changes in land use and land cover have had a positive
significant impact on reducing soil erosion. Additionally, there has been a reduction in soil loss per
hectare of land over the same period, and the area requiring immediate soil and water conservation
measures also shows a decreasing trend. According to (Table 15) the percentage of the severe soil
erosion class has decreased over time. Specifically, the rate of the severe class was 7.8% in 2004,
1.5% in 2012, and further decreased to 1% in 2020. In 2004, the catastrophic severity class was
identified, but this class was not observed in the 2012 classification and 2020 classication. This
suggests that efforts to reduce soil erosion, such as changes in land use and conservation measures,

have positively impacted the severity of soil erosion over time.
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Figure 15:Annual Soil Loss and Severity Class Map of Maybar Watershed

Table 15: Prioritized part of watersheds for conservation planning purposes.

2020
Soil loss t ha *t yr Area coverage (ha) Area (%)  Priority Class of Watershed  Description
Class
0-5 100.3 88.5 \ SW5 Low
5-10 4.4 3.9 v Sw4 Moderate
10-50 6.2 5.4 i SW3 High
50-100 0.6 0.6 I SW2 Severe
>100 0.5 0.4 I SW1 Very Severe
2012
0-5 93.7 82.6 \ SW5 Low
5-10 6.0 53 v SW4 Moderate
10-50 10.6 9.4 i SW4 High
50-100 1.0 0.9 I SW3 Severe
>100 0.6 0.6 I SW1 Very Severe
2004
0-5 70.5 62.2 VI SW6 Low
5-10 7.0 6.2 \ SW5 Moderate
10-50 25.2 22.3 v SW4 High
50-100 8.0 7.0 Il SW3 Severe
100-500 0.8 0.7 I SW2 Very severe
>500 0.1 0.1 I Swi1 Catastrophic
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Figure 16: Current Priority Class of the Watershed for Soil and Water Conservation
The identification of priority areas for conservation planning in the watershed was determined by

evaluating the mean annual soil loss rates during the study period of 2020, and also by taking into
consideration the average annual soil loss for each of the respective watershed categories. The
classification of soil erosion severity classes was based on the yearly average soil erosion rates, which
were divided into five priority classes according to Morgan (2005) Low (0-5), Moderate (5-10), High
(10-50), Severe (50-100), and Very Severe (>100) t ha-1 yr-1. The watersheds were grouped into five
severity classes based on their mean soil loss rates. Out of the 52 watershed classes, one was classified
as having low soil loss severity, 24 as having moderate soil loss severity, 26 ranged from high to
severe soil loss severity class, and one as extremely powerful soil loss severity. Effective
implementation of soil and water conservation strategies is crucial to ensure sustainable land use
practices in the entire watershed, as demonstrated by the mean annual soil loss rates of all the
watershed classes in Table 15. Prioritizing conservation efforts is crucial for successful outcomes and
identifying areas that require immediate attention for appropriate remedies. Severity classifications
based on soil loss amounts can help identify vulnerable watershed areas. The more sensitive a
watershed is to erosion; its higher priority is developing management strategies to prevent soil and
nutrient losses.

Watershed classes have been ranked based on average soil loss per hectare per year. As described in
Figure 14, the largest watershed class (SW5) covering 100.3 ha (88.5% of the watershed) was
classified as having low soil loss rates, likely due to high C and P factors and land cover types resulting
from watershed management efforts as shown in Figure 10 and Figure 11. In the middle of the
watershed, there were three classes of watersheds (SW1, SW2, and SW3), accounting for 6.4% of the
research area and ranging from high soil erosion to extremely severe erosion classes. 3.9% moderate

erosion, 0.4% highly severe erosion in watershed (SW4).
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion
This study has shown the increasing threat of soil erosion to land and water resources in the

highlands of Ethiopia due to changes in land use and land cover dynamics. The study used GIS
and remote sensing techniques and the RUSLE model to map soil erosion risk and estimate soil
loss rate. The results showed that land use and land cover change significantly impacted soil
erosion, with bare land, cultivated land, and grazing land having the highest annual loss and forest
land, shrub land, and water body having the lowest. From 2004 to 2020, there was a decreasing
trend in soil erosion, as demonstrated by our results, with the rate decreasing from 12.8 to 3.2 tha-
Ly-1 The study identified priority areas for soil and water conservation interventions based on the
severity of soil erosion, with the watershed class SW1 being the most severely affected and
needing urgent conservation measures. The study concludes that effective planning and
management of land use, land cover dynamics, and soil and water conservation practices are
critical to reducing soil erosion, conserving water resources, and sustaining agricultural
productivity.

5.2 Recommendations
v Encourage afforestation and reforestation programs: Since an increase in forest area is shown

to have a positive impact on reducing soil erosion, there should be a focus on afforestation and
reforestation programs in the region. This will not only reduce soil erosion but also provide
multiple benefits, such as carbon sequestration, biodiversity conservation, and sustainable
livelihoods for local communities.

v Develop policies to promote sustainable land use: The study highlights the importance of
sustainable land use practices in reducing soil erosion. Therefore, policies should be in place
to encourage sustainable land use practices such as agroforestry, conservation agriculture, and
integrated watershed management.

v' Strengthen soil conservation measures: The study shows that terracing, contour ploughing,
and soil bunds reduce soil erosion. Therefore, there should be efforts to strengthen and scale
up these measures in the region.

v Improve monitoring and evaluation of land use change to identify areas needing intervention
and ensure sustainable practices. The study's findings offer recommendations for sustainable

land use to reduce soil erosion and improve environmental quality.
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6. SUMMARY
Soil erosion is currently the most significant threat to land and water resources, particularly in

Ethiopia's highlands. Land use changes, land degradation, and soil erosion are increasing, resulting in
annual losses of fertile soil and declining crop yields. The objective of this study was to examine how
changes in land use and land cover affected soil erosion dynamics and determine which areas should
receive priority for soil and water conservation interventions. The study employs GIS and remote
sensing techniques to assess the impact of land use and land cover change on soil erosion between
2004 and 2020. The RUSLE model maps soil erosion risk and estimates soil erosion rates. Mean
annual rainfall, soil data, 2m DEM, and satellite images are used to input data into the model to
determine soil erosion. The study identifies six land use and cover types and shows that significant
changes have occurred in bare land and shrubland, decreasing by 25.48% and 6.17%, respectively,
over 24 years. On the other hand, forest land increased by 20.19%, and cultivated land increased by
3.52%. Additionally, the study evaluated the response of soil erosion to land use and land cover
changes, showed that bare land, cultivated land, and grazing land have the highest annual loss. In
contrast, forest land, shrubland, and water body have the lowest. The analysis of soil erosion risk
indicated a decline in the mean annual soil loss rate at the watershed scale, with rates decreasing from
12.8t hat yr-t in 2004 to 3.21t ha-! yr-*in 2020. The watershed is classified into five severity classes,
and the study area was divided into five priority categories based on their average annual soil losses.
The study emphasized that prioritizing interventions for watershed types with high erosion risks is
crucial for reducing on-site soil loss and off-site effects and conserving water resources. The findings
support the importance of long-term watershed management in reducing soil erosion. To effectively
reduce soil erosion and improve environmental quality, it is recommended to encourage afforestation
and reforestation, develop sustainable land use policies, strengthen soil conservation measures, and

improve monitoring and evaluation of land use changes.

Keywords: Soil Loss, Land use dynamics, Hydrology, GIS and Remote Sensing, RUSLE
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Table 1: Soil parameters analysis result

9. APPENDIX

Soil Analysis ResultRelivery Sheet

Signature: --

................... Sample type: Soil

Lab No- | Sample Location | Organic Carbon (%) | Bulk Density (g/cm3) | Soil Texture (%) \ Textural Class
Easting | Northing Sand | Clay | Silt

1 571664 | 1216360 | 2.00 1.18 29.75 | 39.25 | 31.00 | Clay Loam

2 571664 | 1216360 | 1.14 1.17 32.25 | 39.25 | 28.50 | Clay Loam

3 572140 | 1216393 | 2.00 1.08 31.25 | 37.75 | 31.00 | Clay Loam

4 572140 | 1216393 | 0.81 1.40 33.00 | 38.50 | 28.50 | Clay Loam

5 572140 | 1216393 | 0.50 1.45 29.75 | 39.25 | 31.00 | Clay Loam

6 571998 | 1215904 | 2.00 1.38 47.25 | 28.25 | 24,50 | Sandy clay loams

7 571998 | 1215904 | 1.15 1.56 48.50 | 23.75 | 27.75 | Sandy clay loams

8 571998 | 1215904 | 0.74 1.67 46.75 | 30.25 | 23.00 | Sandy clay loams

9 571998 | 1215904 | 0.54 1.66 45.75 | 29.75 | 24,50 | Sandy clay loams

10 571907 | 1215953 | 1.81 1.28 27.75 | 43.25 | 29.00 | Clay

11 571907 | 1215953 | 0.99 1.48 28.75 | 40.25 | 31.00 | Clay

12 572253 | 1216263 | 1.80 1.41 47.75 | 29.75 | 22.50 | Sandy clay loams

13 572253 | 1216263 | 0.56 1.48 46.25 | 30.25 | 23.50 | Sandy clay loams

14 572253 | 1216263 | 0.56 1.29 45.25 | 30.50 | 24.25 | Sandy clay loams

15 572006 | 1216629 | 1.54 1.11 28.25 | 40.25 | 31.50 | Clay

16 572186 | 1217207 | 1.96 1.38 47.75 | 27.00 | 25.25 | Sandy clay loams

17 572186 | 1217207 | 1.14 1.60 45.75 | 29.75 | 24,50 | Sandy clay loams
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