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Soil erosion and soil conservation are two of the biggest challenges for farmers, 

economic development plans, and academics in rural agricultural watersheds worldwide. This 

study compares erosion risk estimates and analyzes the underlying framework of models being 

used around the world exemplified by the Universal Soil Loss Equation (USLE) and infiltration 

excess runoff principles. Variations in modelled erosion processes in the Debre Mawi, Ethiopia 

were compared to field observations, community perceptions, and results from a saturation 

excess erosion model. In the first analysis, USLE did not capture the spatial representation of 

erosion due its misrepresentation of the main hydrological processes in humid highland 

watersheds: saturated pathways, subsurface flow, and gully formation. 

The investigation also analyzed erosion risk perceptions to better evaluate opportunities 

for community land management. Interviewed farmers considered themselves heterogeneous 

actors who have personal reservations to address before being able to work cooperatively. Also, 

they view government efforts as relevant but advocated more integration of farmers’ ideas. Their 

perception of risk is based on how their lives are changing and what they anticipate will be their 

best for their families’ future. 

Lastly, these insights were used to model runoff and sediment transport in this watershed 

with an adjusted Parameter Efficient Distributed Model. The watershed receives unpaved road 

flow contributions, so an integrated flow contribution needed to be represented. The added 



 

Hortonian flow adjustment to the PED model integrated both infiltration- and saturation-excess 

flow regimes. The discharge (NSE = 0.70) and sediment concentrations (NSE = 0.71) results on 

a daily scale demonstrated progress from previous work but need to better address high influxes 

of sediment from gullies. The results show that a more comprehensive approach to spatial 

distribution of erosion estimates is possible and necessary for more effective soil and water 

conservation in the sub humid Ethiopian Highlands.  

Keywords: Sediment transport, USLE, Community knowledge, Hortonian flow, Dunnean flow 
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PREFACE 

 
Most of the findings reported in this dissertation come from a stint in Ethiopia during the rainy 

season of 2012. This trip was made possible through the Cornell Food Systems and Poverty 

Reduction NSF IGERT and the Cornell Graduate School Travel Grant. Several years of 

preparation assisted in the planning and formulation of a unique interdisciplinary study on the 

hydrology and erosion processes in the (sub) humid highlands of Ethiopia. Several years were 

also spent traveling to the same research site as well as to other geographical areas to understand 

the similarities and differences among tropical watersheds. The analysis, discussion, and 

conclusion for each of the chapters each take on a new perspective that was obtained only after 

being able to place the Ethiopian conditions properly in context. The following is a humble 

interpretation of some of the environmental processes that affect the food systems in the 

Ethiopian highlands in hope of promoting better understanding and critical assessment of how 

erosion is predicted and monitored. 
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CHAPTER 1: INTRODUCTION 

 

The economic and social causes of soil erosion in the sub-humid Ethiopian highlands are 

as varied and complex as the physical processes involved. In an effort to simplify the study of 

this topic and the funneling of resources to address the problems it causes, models are frequently 

looked to as a method of rational assessment and planning. Models, however, are only as good as 

the data available and insofar as they comply with the assumptions upon which they were 

formulated. The term “soil and water conservation” (SWC) has functioned as an international 

and local narrative with a protocol for analysis and action, it contains implicit and explicit 

assumptions, and commonly promises certain outcomes. The term in this sense was the main 

object of study for this dissertation investigation and a comprehensive approach was taken to 

accomplish this research in a small sub-watershed of the Debre Mawi watershed of the Amhara 

region. Such a comprehensive and interdisciplinary approach is rarely taken at one study site and 

this research has endeavored to demonstrate that rich information and understanding of such a 

complex issue can be obtained through this approach.   

In (sub) humid tropical highlands, researchers have been finding that many of the typical 

models used for environmental modeling are not always applicable due to the unreasonable 

extrapolations because of data scarcity and unintended use (Stocking, 1995; Boardman, 2006). In 

Ethiopian (Liu et al., 2008; Easton et al., 2010; Tilahun et al., 2015), Colombian (Ruppenthal et 

al., 1996; Poveda et al., 2001; Hoyos et al., 2005) , Honduran (Hellin and Haigh, 2002), 

Caribbean (Steenhuis et al., 2013) and Thai watersheds (Ciesiolka et al., 1995; Forsyth, 2007; 

Sombatpanit et al., 1995) for example, estimation of discharge and erosion are highly influenced 
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by the local topography, soil types, infiltration capacity, and rainfall regimes. Yet, the fact that 

many researchers have been finding these incompatibilities not only in environmental modeling, 

but also in planning for development of social and economic systems (Hoben, 1995; Shiferaw 

and Holden, 1998; Osman and Sauerborn, 2001, Bewket and Sterk, 2003), shows that there is an 

underappreciation for the comprehensive approaches that must be taken to understand processes 

in understudied regions. The approaches for addressing soil erosion in particular must (1) 

reassess the empirical approaches embedded in risk estimation, (2) critically evaluate the 

perceptions involved, (3) develop contextually-based models, and (4) integrate emerging patterns 

in soil fertility and water distribution in order to properly provide strategic options.      

The first part of this study (Chapter 2) is concerned with this reassessment of the 

applicability of the most ubiquitous empirical erosion estimation tool (Universal Soil Loss 

Equation, USLE; Wischmeier and Smith, 1978) that is currently integrated in one way or another 

into powerful modeling tools such as SWAT that is promoted throughout the world as a 

management model to aid in watershed management. This extrapolation, made possible by the 

simplicity of its mathematical structure, has allowed many to ignore its original context and 

assumptions and create “potential” erosion risk maps that serve to justify soil and water 

conservation planning and implementation. By comparing an Ethiopian adapted version of the 

USLE (Hellden, 1987) to local observations and community knowledge, the universality of its 

application is challenged. 

The subsequent chapter (Chapter 3) takes a socio-anthropological approach to 

investigating the perceptions involved in tackling soil erosion in a small Ethiopian watershed 

community. The methodology seeks out community members’ views on a host of topics 

encompassing the process taking place in an agricultural watershed environment and places them 
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alongside common assertions made by development agents or policy makers. The rationality that 

underlies local knowledge is studied to identify linkages to the rationality of scientific technical 

knowledge. 

In the Chapter 4, an attempt is made to use the insight learned from these two previous 

chapters to enhance a current alternative to modeling discharge and erosion in a sub-humid 

highland context. This alternative, the Parameter Efficient Distributed (PED) model (Tilahun et 

al., 2015), is a saturation-excess based runoff and sediment transport model that places primary 

importance on runoff producing areas to simulate these trends. In order to integrate the varying 

levels of infiltration excess runoff that may occur, an unpaved gravel road was used as the basis 

for an added component of overland flow contributions. 

Finally, since soil erosion impacts where soil nutrients and soil water are managed we 

have assessed the emerging spatial and temporal patterns in these soil qualities (Chapter 5). This 

last chapter of research deals with variability expected inherently and variability caused by slope 

position and land use to understand how soil and water conservation placement will change this 

variation.  A close look is taken at the concentrations of primary nutrients (nitrogen, phosphorus, 

potassium), secondary nutrients (calcium, magnesium), and the pH of soils to consider if soil and 

water conservation has a role to play in maintaining soil fertility levels. The conservation of 

water on farms, argued by some to be of less importance in wet climates (Herweg and Ludi, 

1999), is investigated through the monitoring of the perched groundwater table in different parts 

of the sub-watershed. 

That natural resource degradation is occurring in these highland areas is clearly evident to 

external agents (international researchers, local scientists, and local institutions) and community 
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members. The main challenge is how to adequately consider the processes in a quantitative and 

qualitative way that allows for acceptable action to be taken to ensure livelihood security for 

Ethiopian famers in the highland areas. A major portion of the population and cultivated land in 

Ethiopia depend on the continued sustainable use of natural resources in the humid highland 

climates. The findings presented here contribute to the debate on how to increase contextualized 

approaches and local participation in these discussion. 
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CHAPTER 2: FINDING ERODING AREAS AND PATTERNS WITH A 

GEOGRAPHIC INFORMATION SYSTEM (GIS) AND COMMUNITY 

KNOWLEDGE IN THE ETHIOPIAN HIGHLANDS 

 

Abstract  

In the Ethiopian highlands and elsewhere in Africa, soil erosion has greatly decreased 

agricultural productivity and continues unabatedly despite large-scale investments in soil and 

water conservation practices. Current soil conservation practices must therefore be re-examined 

from multiple perspectives for more effective soil conservation. By comparing temporal and 

spatial field observations, and community perceptions to GIS-based Universal Soil Loss 

Equation (USLE), this study critically examined assumed patterns of erosion in the Debre Mawi 

watershed. Hydrological and sediment transport data were collected on a daily basis and 

complemented with focus group discussions and transect walks on erosion to assess the 

alignment of discordant conceptual frameworks. In addition to designating steeper slopes and 

cropped land as areas vulnerable to erosion (as done by USLE), community members also 

considered concentrated runoff and saturated areas, degraded areas, and active gullies as primary 

areas of erosion. Observational evidence suggested that there was variability in how topsoil 

depth decreased or increased throughout the watershed, demonstrating that midslope areas 

decreased the most, followed by downslope areas, and upslope area. According to its formula, 

the USLE parameters are multiplied to find highly eroding areas. Community members, on the 

other hand, mostly looked to concentrated overland flow paths. For these type of highland 

watersheds, the main hydrological processes causing erosion were not captured in the USLE: 



9 

saturated pathways, induced saturation-excess overland flow, subsurface flow, and gully 

formation. 

Keywords: Sediment concentration, GIS, USLE, Community knowledge 
 

2.1   Introduction 

Erosion processes and their effect on international agriculture are increasingly important 

issues as food security around the world becomes a higher priority. Yet, with subsequent 

increases in research on soil erosion and conservation, studies are revealing that problems are 

still emerging with productivity, community support, and sedimentation in rivers and reservoirs 

during periods in which conservation activities have intensified. Ethiopia is a prime example of 

such issues regarding soil erosion and conservation. The vast majority of Ethiopia’s cultivated 

land (95%) is found in the highland areas (>1500 m.a.s.l.), comprising 45% of the country, 

making it increasingly important for food security (Hurni et al, 2005; Kassie et al., 2008; 

Bewket, 2007). With 80% of the workforce employed in agricultural activities (Amsalu and de 

Graaff, 2007), many livelihoods depend on linking efforts to understand erosion from different 

perspectives and academic disciplines. Since the 1970s, increasing governmental interest in 

developing agriculture for the national economy has stimulated consequent investment in 

conservation activities to prevent degradation of vital agricultural soils (Hurni, 1988; Osman and 

Sauerborn, 2001; Amsalu et al., 2007). Such efforts have failed to improve local livelihoods 

however (Hengsdijk et al., 2006), and rates of erosion (often measured as suspended sediment 

losses) have yet to be controlled due to complications of maintenance (Hurni, 1999; Haile et al., 

2006; Zegeye et al., 2010) or by improper placement of structures (Dagnew et al., 2015).  
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Consequently, several conservation programs have been deemed organizationally and 

logistically disappointing (Hoben, 1995) and as a consequence the sediment concentrations at the 

border with Sudan have been increasing by a factor two or three over the last 50 years (Steenhuis 

and Tilahun, 2014). In the long run, this trend diminishes not only productivity and public 

morale, but also degrades the quality of water and lifetime of hydroelectric dams.  In fact, 86% 

of the flow of the Nile originates in Ethiopia (Swain, 1997), making sediment control in this 

region as important for water resources as it is for agriculture. Especially when the capacity of 

the Grand Renaissance Dam, planned for the Blue Nile and expected to produce 6,000 MW of 

electricity (The Africa Report, 2012), could be highly affected by incoming sediment loads. 

While we continue to develop our biophysical and sociological interpretations of why erosion 

rates are still so high, a more integrated perspective on soil erosion processes may help to 

overcome the problems that have challenged previous soil and water conservation programs.  

Many studies may have used various scientific methods together to understand erosion 

processes and community responses to conservation attempts in the semi-arid Tigray region of 

Ethiopia (Nyssen et al., 2006a,b; Nyssen et al., 2007a,b; Munro et al., 2008) and there have been 

recent attempts to concurrently incorporate social and biophysical scientific methods in studying 

erosion in the more humid Amhara region (Tebebu et al., 2010; Zegeye et al., 2010, Mekonnen 

and Melesse, 2011; Teshome et al., 2013). This type of integrated research improves upon the 

initial efforts to estimate erosion rates in Ethiopia with test plots and experimental plots at the 

field scale and sediment yield monitoring at the catchment scale (Grunder, 1988). In an attempt 

to start a dialogue about how to improve the efficiency of soil and water conservation structures, 

Tebebu et al., (2010) complemented an assessment of seldom-measured gully erosion (through 

temporal satellite imagery and cross-sectional measurements) with historical and generational 
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community knowledge. Similarly, Zegeye et al., (2010) measured rill density and widening on 

selected agricultural plots, while enriching an understanding of the context for the erosion 

processes with community surveys. For example, the community members were able to identify 

erosion and fertility loss indicators that were relevant, and were able to sufficiently express the 

degree and nature of the problems in their area through their demonstration of “zinza” 

(unproductive soil) and stone prevalence, among other things, in their fields.  Including this 

aspect of community knowledge in research can be important not just for “filling in the gaps” in 

conventional scientific knowledge, but also because it demonstrates the value and worth of local 

perceptions and beliefs related to any projects aiming to influence local actions, such as investing 

more in soil and water conservation structures.     

Meanwhile, other approaches for assessing landscape vulnerability to erosion use spatial 

modeling based on the Universal Soil Loss Equation (Mekonnen and Melesse, 2011; Teshome et 

al., 2013). Because of its straight-forward empirical estimation approach, easily incorporated into 

many hydrology and GIS-based models, the USLE (Wischmeier and Smith, 1978) has been 

widely used in its original, modified, and revised versions throughout the United States and 

around the world including in the East African Highlands (Cohen et al, 2005; Hurni, 1985; 

Hellden, 1987). Mohamed et al. (2004) used several USLE factors for a GIS-based assessment of 

sediment yield in the central Ethiopia highlands using the agricultural non-point source 

(AGNPS) pollution model, while Setegn et al. (2010) used the modified USLE in the soil and 

water assessment tool (SWAT) with a deposition factor for their predictions of sediment yield. 

Haregeweyn et al. (2013) recently used the Water and Tillage Erosion Model/ Sediment Delivery 

Model (WATEM/SEDEM) with the Revised USLE to assess its performance as an identifier of 

critical sediment source areas to help in targeting catchment management. Though developed for 
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and well performing in the US climate, it has been criticized for its ineffectiveness in 

applications outside the range of these condition (Nearing et al., 1994). Despite this, it is often 

incorporated into modeling for Ethiopian watershed management. For this reason, the USLE in 

this present investigation was selected for comparison to both field erosion measurements and 

community knowledge to provide an assessment of how consistent its predictions are on a small-

scale Ethiopian highland watershed. This small field scale is similar to where one might expect 

erosion management projects to take place and at which to be evaluated. Currently, soil 

conservation bunds are being implemented again (after decades of limited success and failures) 

throughout the rural areas of Ethiopia. 

The main objective of this research is to compare catchment-scale sediment yield patterns 

with three methods currently used to detect localized spatial patterns of erosion: field based 

observational evidence, GIS-based Universal Soil Loss Equation (USLE), and community focus 

group discussions and transect walks with local farmers. This community knowledge aspect is 

included specifically to help understand if points of contention in soil conservation strategies 

may be due to differences in the ways in which soil erosion risks are determined.  In addition, a 

secondary objective was to observe the temporal patterns in erosion over the rainy season at the 

outlet and within the watershed: across transects and along the slope of the small watershed. Our 

hypothesis, based on previous research in Ethiopia (Tebebu et al., 2010; Tilahun et al., 2013) is 

that the USLE (modified for Ethiopian conditions) will not adequately predict the spatially and 

temporally important areas of the watershed that contribute to erosion.  We conducted this 

experiment during the 2012 rainy season in the Debre Mawi watershed. In order to assess the 

problems that have challenged previous soil and water conservation programs, we selected 

locations at which conservation structures have and have not been placed. 
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2.2   Methods 

2.2.1 Study Site 

2.2.1.1 Watershed characteristics 

The Debre Mawi watershed in the highlands of Ethiopia, in the northwestern part of the 

country (Figure 2.1) served as the experimental study area for this investigation with 

collaboration from Bahir Dar University and the Amhara Regional Agricultural Research 

Institute. This watershed encompasses a total area of 523 ha and is located 30 km south of the 

city of Bahir Dar. Its elevation ranges between 2,200 to 2,300 m above sea level with red well-

drained clay soils (nitisols) in the higher elevations and black clay soils, of high expansive clay 

content (vertisols), in the lower elevations. Vertic nitisols and a mixture of the two 

aforementioned soils compose the mid-elevation areas. These nitisols have a moderately strong 

blocky structure and a clayey texture (of at least 30% clay content) with an argic horizon (ISSS 

Working Group RB, 1998). The climate is characterized by a warm, sub-humid, semi-monsoonal 

pattern producing heavy rains typically from mid-June to mid-September.  An average of around 

1,100-1,200 mm of precipitation falls annually in this area and 80-90% during the June-

September rainy season (Zegeye et al., 2010; Mekonnen and Melesse, 2011; Amare et al., 2014), 

placing it in the moist weyna-dega agro-climatic zone which is usually dry outside of this distinct 

rain period.  

 Instrumentation for hydrological event measurements was established at the northern-

most 95 ha sub-watershed. All of the presented data however, focuses on a 14-ha basin (Basin 2; 

Figure 2.1) in the village of Shanko Bahir, reflecting measures of flow from the second of four 

broad-crested weirs (Weir-2) constructed and monitored by Tilahun et al. (2015) in 2010 and 
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2011. For the purposes of this study, the village name Shanko Bahir will be used to refer to the 

basin whose storm discharge flows into Weir-2 from Tilahun et al. (2015). The Adet Research 

Station of the Amhara Regional Agricultural Research Institute regularly monitors the flow and 

sediment concentration from a larger broad-crested weir constructed at the outlet of the 95 ha 

sub-watershed.  
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Figure 2-1: (a) The 14-ha study basin (Shanko Bahir) in the northern portion of (b) the Debre Mawi 
watershed (523 ha) (Tilahun et al., 2015) in (c) the Blue Nile Basin (17.4 M ha).  
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2.2.2.2 The Debre Mawi Community 

The Debre Mawi locality has a population of around 324 households (Teshome et al., 

2013). The people in this and surrounding areas are of the Amhara ethnic group and 

predominantly practice Ethiopian Orthodox Christianity, though there are a few community 

members who practice Islam. The main language spoken among the Amhara is Amharic with the 

exception of Ge’ez (the ancient language of Ethiopia), which is spoken in church ceremonies by 

clergy during Sundays and holidays. For middle-aged, elderly, and the youngest members of the 

community, farm activities comprise the bulk of occupational opportunities. These are 

characterized by small-scale subsistence crop-livestock mixed production (Zegeye et al., 2010; 

Tebebu et al., 2010; Teshome et al., 2013). Teenage and young adults sometimes desire or are 

encouraged to work or go to school in nearby larger cities such as Bahir Dar and Adet (personal 

communication).    

2.2.2 Experimental Design 

2.2.2.1 Hydrological monitoring and mapping 

To determine the spatial and temporal environmental patterns that would strongly 

influence erosion, the Shanko Bahir sub-watershed was hydrologically monitored from late June 

to mid-September. For this, 16 locations were selected within the basin that represented the 

upper, middle, and bottom portions of a hillslope that drain into a broad-crested weir (Weir-2 in  

Tilahun, 2012; Tilahun et al., 2015). Groundwater table measurements were taken at each of 

these locations from 5-cm diameter piezometers that were installed from the surface to the 

deepest soil layer possible ranging from 1.1 to 3.2 m. At each location, a soil auger was used to 
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penetrate the profile until the impermeable bedrock layer was reached or until the depth reached 

3 m. Groundwater levels were then monitored in these 16 locations twice daily at 8 am and 3 pm 

until the end of the rainy season. Eight of these piezometers correspond to cropland, while the 

remaining eight correspond to grazing and fallow land (Figure 2.1; Table 2.1). All saturated 

areas and spring flow paths that developed throughout this small watershed were mapped using 

GPS during August near the end of the rainy season when the watershed was at its wettest. 

Rainfall was recorded at 5-min intervals using a WatchDog automatic tipping bucket rain 

gauge (0.25 mm resolution, Spectrum Technologies, Inc, Aurora, Illinois, USA) and monitored 

from 2 July to 17 September 2012. The gauge was located in the midslope part of the watershed 

on its southeast edge. It was set inside the fenced area that protects experimental field plots 

managed and protected by the ARARI Adet Research Center.  

Sediment concentration and discharge were measured at the broad-crested weir installed 

at the outlet of the Shanko Bahir sub-watershed during each rainstorm by taking 1-L bottle 

samples at 10-min intervals. Corresponding stage and velocity measurements of the storm flow 

were taken as well. Community research assistants sampled and recorded these sediment 

concentration, stage, and velocity data at the onset of rain and continued recording data until the 

flow reached pre-storm levels or 1 cm. Because this sub-watershed produced an ephemeral 

stream, delineation of each storm’s impact on streamflow was marked considerably at the 

beginning of the season by flow vs non-flow conditions and later by exceeding the 1-cm 

threshold.  
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Table 2-1: Description of slope and land use for monitored sites in the Shanko Bahir sub-
watershed. 

Sample Site ID # Slope area Land use 

1 Downslope Grassland 

2 Downslope Grassland 

3 Downslope Grassland 

4 Downslope Grassland 

5 (Lower) Midslope-1 Grazing/ fallow 

6 (Lower) Midslope-1 Cropland (wheat) 

7 (Lower) Midslope-1 Cropland (wheat) 

8 (Lower) Midslope-1 Grazing/ fallow 

9 (Upper) Midslope-2 Grazing/ fallow 

10 (Upper) Midslope-2 Cropland (wheat) 

11 (Upper) Midslope-2 Cropland (wheat) 

12 (Upper) Midslope-2 Grazing/ fallow 

13 Upslope Cropland (teff) 

14 Upslope Cropland (maize intercropped) 

15 Upslope Cropland (bean intercropped) 

16 Upslope Cropland (teff) 

 

Sediment concentrations were determined in the Soil Mechanics Lab of the School of 

Civil and Water Resources Engineering at Bahir Dar University. Sediment samples were filtered 

at 2.5 μm using filter paper Whatman (GE Healthcare Life Sciences, Pittsburg, PA, USA) and 

the retained soil mass was determined by weighing the sample after it had been oven dried for 24 

hours at 105°C.  
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2.2.2.2 Localized erosion monitoring   

To monitor soil surface changes caused by removal and deposition, erosion pins (Hudson, 

1993), were installed at each of the aforementioned 16 sampling sites. One wooden rod, 50 cm in 

length and 5 mm in diameter, was inserted into the ground at each sampling site leaving about 5 

cm above ground to monitor deposition or removal of soil within the specific area.  

Measurements were taken weekly by placing a metal circular washer around the erosion pin and 

allowing it to rest flatly on the soil surface before measuring the distance between the surface of 

the washer and the top of the erosion pin.  Three measurements were taken manually with a 6-

inch (150 mm) stainless steel metric-scale pocket ruler with clip around the surface of the washer 

at the highest, lowest, and midpoint and averaged for each week. 

2.2.2.3 Spatial modeling of erosion using USLE 

Theoretical soil erosion rates were estimated using the Universal Soil Loss Equation 

(Wischmeier and Smith, 1978). To map the watershed characteristics in preparation for 

incorporation of the USLE into GIS, the collected rainfall, GPS elevation, soil type, and land use 

data were mapped as different GIS layers for each of the empirical factors in the USLE. 

Equations and values for these factors were taken from Hurni (1985) and Hellden (1987) who 

modified the USLE from Wischmeier and Smith (1978) for Ethiopia.  The USLE calculates the 

mean annual erosion as follows (A, t ha-1 yr-1):  

"A = R x K x L x S x C x P"                      (1) 

Where R = rainfall erosivity factor (MJ mm ha-1hr-1yr -1), K = soil erodibility factor (t hr MJ-1 

mm-1), L= slope length factor in (mm-1), S = unitless slope gradient factor, C = unitless land 

cover factor based on vegetation, and P = dimensionless management factor based on 

conservation practices.  
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The total rainfall was used to calculate the erosivity factor based on the empirical 

conversion between total seasonal precipitation and erosivity (Hurni, 1985; Hellden, 1987). Total 

precipitation was obtained from the sum of total rain recorded that season using the installed rain 

gauge. A 5-m resolution DEM was created in ArcMap 10 by kriging GPS elevation points taken 

with a handheld Garmin e-Trex GPS unit. Soil data was taken from the FAO, ISRIC World 

Database of soils at 90-m resolution but supplemented with information on local soil samples to 

estimate where shifts occurred from one soil type to another. Although many modified or revised 

versions of the USLE have used soil characteristics to calculate the soil erodibility (K) factor, 

Hurni (1985) prepared empirical soil erodibility tables based on soil color, which correspond to 

several known soil types in the Ethiopian highlands. Land use data was taken from GPS-

mapping of areas in 2012 where cultivation, grassland, forest, or fallowed land uses took place. 

Detailed notes were recorded for each area based on the crop used (teff, maize, finger millet, 

bean, etc.), vegetation (trees, bushes, etc.), and type of fallow practices (grazing, long dense 

grass, short grass, etc.). These were compared to the corresponding tabulated categories and land 

use factors prepared for Ethiopia (Hurni, 1985; Hellden, 1987; Table A1). 

2.2.2.4 Focus group discussions and transect walks 

In order to understand local community knowledge of erosion patterns, a set of group 

interviews were designed to prompt discussion on the locally prevalent patterns.  Eight gender 

and age-differentiated groups were recruited to discuss erosion and participate in transect walks 

throughout the Shanko Bahir sub-watershed. There were four age groups for men and women 

(eight in total): (i) children from age 5 to 15, (ii) adolescents and young adults from age 16 to 25, 

(iii) middle-aged adults from age 26 to 55, and (iv) elder adults above the age of 56. Participants 

were invited to join if they lived near or worked on fields in Shanko Bahir (the 14-ha sub-
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watershed). A local informant helped to identify residents in the area and those who were 

identified were asked at the local community gathering after church whether or not they were 

interested in participating and if so when an appropriate meeting time would be possible. The 

first of the two planned group interviews were the focus group discussions, conducted separately 

for each of the eight groups in Amharic. This phase was carried out following a group interview 

methodology in which open discussion centered on an interview guide or script (Grudens-Schuck 

et al., 2004). A local research assistant orally facilitated each focus group discussion based on the 

script, which contained a semi-structured set of questions on soil, farm management, hydrology, 

erosion, conservation attempts, and nutrient management. Each session lasted between 45 

minutes to 1 hour and 15 minutes (Grudens-Shuck et al., 2004; Chambers, 1994). The discussion 

format allowed for participants to delve into as much detail and personal insight as they wanted 

but also provided new topics when participants felt enough had been said. After the focus group 

discussion, the second phase of group interviews took place. A follow-up transect walk was 

organized with each group of participants on a day when farm work was limited. 

The transect walks commenced at the bottom of the basin near the weir (Figure 2.1) and 

proceeded uphill through the fields walking near piezometer locations. At the outset of each 

walk, a route was suggested that would enable participants to see a majority of the sub-

watershed’s features. The path was allowed to deviate depending on the groups’ suggestions. At 

each point of interest for each transect walk (identified by the facilitator or the group), 

participants were asked to express their views and explanation of the hydrological or 

geomorphological processes at work. Participants were split into smaller groups of two or three 

and given access to a poster paper and a marker to note down features of the landscape (i.e. land 

use, gullies, land slippage) and their recommendations for (or evaluation of) soil conservation 
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practices. Most of the notes were drawn as sketch representations. At the end of the walk, around 

1 kilometer in distance and lasting between 1-2 hours, participants presented their notes to each 

other and prepared a composite diagram of land use, erosion, and possible conservation methods 

as a form of Participatory Rural Appraisal (PSIA Sourcebook 2011; Chambers, 1994). Each 

point of interest was geo-referenced and mapped into the watershed layers in GIS. 

2.2.2.5 Integration of methods into GIS 

Since each of these methods identify processes occurring spatially, GIS was designated 

as the common system of graphical representation for the data produced. The localized erosion 

monitoring centered on the 16 groundwater sampling sites and demonstrated trends taking place 

at the three slope categories (upslope, midslope, downslope). The USLE integrated into GIS 

mapped a grid of cells with each cell’s expected annual soil loss, creating a distributed estimation 

of soil erosion for the characteristics of the watershed. The focus group discussions and transect 

walks provided a context for the community understanding and their evaluation of current 

erosion processes along a slope. The locations of the highly eroding areas that they identified 

were geo-referenced and mapped onto the common sub-watershed DEM layer. This created three 

separate GIS maps of erosion trends for different slope regions and enabled a comparison of each 

map with the trends shown in the other maps. Specifically, one was produced using USLE soil 

erosion risk estimates, another was produced using the erosion pin estimates of soil loss, and the 

third was composed of composite sketches from the transect walk exercises (Figure 2.8).  

2.3   Results 

The results of this investigation reveal a very important temporal and spatial variability in 

the dynamics of sediment transport and soil loss in a sub-humid catchment. Also demonstrated 
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are the extent to which these dynamics are detected by the USLE-model predictions. The rainfall, 

streamflow, and groundwater table for this season showed consistent trends that have been 

observed in sub-humid catchments in the Ethiopian highlands. Key among these were the few 

incidences of storms above the soils’ infiltration capacity, the saturation of soils in areas located 

at the bottom of the slope gradient, and a high amount of sediment being transported early in the 

season. Furthermore, the factors that are given the greatest level of importance in USLE formula 

identify one area with a high intensity of soil erosion but left several other important areas under-

estimated as sediment-contributing areas. 

2.3.1 Temporal patterns of streamflow and sediment concentrations 

2.3.1.1 Rainfall 

The hydrological and sediment data of 2012 as compared to previous years (Tilahun et 

al., 2015) resulted in a year of moderate runoff and erosion that was consistent with previous 

patterns, suggesting few infiltration-excess runoff events. The average rainfall measured in 

previous years was 835 mm during the kremt season (June to October). While the total rainfall 

recorded for the presented data was 792 mm (Figure 2.2). These consist of data collected from 

the rain gauge in Debre Mawi and data from the Adet ARARI rain gauge and meteorological 

agency office in Bahir Dar. According to the community, most of the season’s rain came later 

than usual in the year but there had been a few sporadic storms early in May and June as well. In 

total, 205 separate rainstorms occurred over the months of July, August and September and over 

800 five-min interval rainfall data were recorded. While some storms were of high intensity or 

long duration, most were of moderate or low intensity, lasting on average around 25 min. 

Maximum rainfall intensity measured in these data was 67 mm hr-1 (occurring once on 27 

August and again on 6 September), while the mean and median rainfall intensity were 7.1 and 
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3.6 mm hr-1, respectively. The longest precipitation event recorded occurred for almost 5 hours 

in the late evening of 4 July and early morning of 5 July, producing 9.6 mm at an average 

intensity of 2 mm hr-1. The greatest amounts of precipitation measured during a storm occurred 

on 7 July (20.9 mm) and 6 September (22.1 mm). These amounts and intensities can be 

contrasted with the soil infiltration rates measured in this and surrounding sub-watersheds. The 

average steady-state infiltration rate of the soil in Debre Mawi was 70 mm hr-1 and the median 

infiltration rate was 33 mm hr-1 (Tilahun et al, 2015). The latter was only exceeded 3.5% of the 

time and the former not exceeded.  

Similar low occurrence of storms above infiltration capacity of sub-humid catchments 

has been observed by Bayabil et al. (2010) and Tilahun et al. (2013). Due to the high hydraulic 

conductivity in the well-drained clay soils in these sub-humid catchments, high infiltration is 

observed in the top soil unless the soil is otherwise already saturated or ponded by the presence 

of a hardpan. Although, there are some rodents and other fauna that can create some macropores 

in the subsurface, it is not certain that they are responsible for the high hydraulic conductivity. It 

is more likely that the high infiltration rates are caused by the aggregates that are formed out of 

the blocky structure of the soils.  
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Figure 2-2: Daily rainfall (mm day-1) between 2 July and 17 September 2012 for the 14-ha Debre 

Mawi study site. 
2.3.1.2 Piezometer water level 

The piezometer measurements of groundwater table depth above impermeable layer 

revealed that the subsoil remained saturated throughout the last part of the rainy season for the 

downslope areas and the lower midslope section (midslope-1). There was less saturation for the 

higher midslope section (midslope-2) and very little saturation for the upslope areas as shown in 

Figure 2.3. The subsoil was deeper the further downslope it was located. The mean depth for 

downslope soils was 3.2 m whereas for the lower midslope, upper midslope, and upslope areas 

the mean depth was 3.06 m, 2.22 m, and 1.55 m. Because of a gully draining water between two 

of the downslope piezometers leading to lowered groundwater table measurements, the average 
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saturation recorded here was shown to be less than actually observed (with the other two 

piezometers and surrounding areas demonstrating the water table was actually near the ground 

surface).  

A second plot of the downslope water table without the influence of the gully was plotted 

characterize the majority of the area. Despite the downslope area being much deeper, the water 

table in this area stayed closer to the surface throughout the season and the surface soils 

remained saturated by the beginning of August. As discussed in the next section, the trend of 

rising water table coincided with a decreasing trend observed in sediment concentration, partly 

due to the greater contribution of baseflow from the saturated areas to the gully channel as the 

rainy season progressed. Other contributing factors to this pattern may have been more plant 

cover and well-developed rill networks as previously observed (Tilahun et al., 2015; Zegeye et 

al; 2010).  
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Figure 2-3: Water table depth below surface at downslope, midslope, and upslope areas (defined 
in Figure 2-1 and Table 2-1). 
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2.3.1.3 Sediment concentrations and streamflow 

Sediment concentrations, sediment yield, and streamflow temporal trends are important 

in determining the intensity of erosion processes throughout the season. The greatest sediment 

concentrations occurred during the beginning of July and on average decreased thereafter (Figure 

2.4, 2.5). Sediment concentrations of up to 11.7 kg m-3 were observed in the early part of the 

season while after 1 August, the greatest sediment concentration observed was 3.2 kg m-3. The 

sediment yield carried off in runoff from 7 July to 2 September 2012 was an estimated 3.2 t ha-1 

yr-1. Most events occurred on separate calendar days as shown in Figure 2.5, and any events 

occurring on the same day were usually clearly distinguishable by the time between events (7 

hours for two events on 7 July, 5 hours between events on 12 July, 6 hours between events on 21 

August).  

Although rainfall intensity and amounts are consistent throughout the season, higher 

amounts of sediment and higher concentrations are measured prior to the mid-point of the 

season, indicating an importance in detachability of the soil early in the rainy season. The 11 

measured storm events during the month of July produced a sediment yield of 2.4 t ha-1 yr-1 (75% 

of total), whereas for month of August the 10 measured storm events produced 0.78 t ha-1 yr-1 

(Figure 2.6) and the 1 measured storm event in September produced 0.02 t ha-1 yr-1. Zegeye et 

al., (2010) interestingly also noted a change in rill activity after the midpoint of the season.  
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Figure 2-4: Sediment concentration (kg m-3) for storm events at Shanko Bahir sub-watershed. 
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Figure 2-5: Sediment concentrations (kg m-3) for samples taken during storm events at Weir 2 for 
the 14-ha sub-watershed as individual samples (a) and in box plot representation (b). 
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Figure 2-6: (a) Sediment yield (primary Y-axis) and runoff depth (secondary Y-axis) for the 
measured storm events at Shanko Bahir (Tilahun et al., 2015) between 7 July and 2 September. (b) 
Relationship between sediment yield and runoff depth has a correlation of determination (R2) of 
0.35. 
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2.3.2 Determination of Highly Eroding Areas 

Highly eroding areas have been identified in each of the erosion maps (Fig 2.7). Within 

Shanko Bahir, the observational evidence based on erosion pin measurements estimated change 

in soil surface depth based on 16 different locations at different slope regions and thus can be 

used to infer relative intensity of sediment detachment and deposition in different land uses and 

slope ranges. The most noticeable changes occurred in a mono-cropped area in the midslope. The 

USLE predictions are grids spatially distributed throughout the sub-watersheds and can be used 

to describe land-use and slope regions. Finally, the focus group and transect walks had many 

discussion points related to erosion; those directly related to land-use and slope regions were 

selected for comparison with these other methods. 

2.3.2.1 Erosion pins and observational evidence 

The erosion pins at the top portion of the hillslope did not reveal much average depth 

change with the exception of one pin that detected a 2 mm increase in soil deposited on the 

surface. This top portion was cultivated with intercropped rows on relatively flat or mild slopes. 

Although it had a lot of disturbed soil at the beginning of the season due to agriculture (Table 

2.1), few visible eroded features were present. Erosion pins in the middle portion (Table 2.1, 

Figure 2.1, Figure 2.7a) changed the most, usually decreasing in soil depth: net 4 mm soil depth 

decrease in midslope-1 and net 11 mm soil depth decrease in midslope 2 (Figure 2.7a). The 

center-most part of the midslope areas was under a single crop-cover and had the steepest slope 

of the measured land-uses. The lower part of the hillslope, saturated grasslands, exhibited very 

little soil depth change: net decrease of 0.8 mm. Vegetation and weeds on cultivated fields 

played a major part in providing soil cover that was absent during the first weeks of the rainy 

season. This, in addition to a lower slope gradient, seemed to be the main factors resulting in 
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smaller depth changes for the top portion of the hillslope in contrast to the midslope areas. The 

two main spring paths conveying overland runoff, interflow, and incoming flow from road 

drainage ditches, occurred on two opposite sides and met at the gully near the outlet of the sub-

watershed. Gullies were mainly located along these flow paths and the nearby saturated areas 

within the grassed areas. 
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Figure 2-7: (a) Erosion pin map, (b) USLE erosion map, (c) Transect walk diagram. Red dots mark 
piezometer locations and the numbers identify each sampling site for soil surface depth change 
and ground water level monitoring. Open triangle markers are gullies and degrading areas 
identified by the middle-aged men’s transect walk, filled star markers are gullies and degrading 
areas identified by the middle-aged women’s transect walk. Green dot at bottom marks the outlet 
weir.   
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2.3.2.2 USLE predicted erosion patterns 

According to Eq. (1), heavy rainfall, poor vegetation cover, and few conservation 

management practices lead to higher estimates of erosion. The midslope area of agriculture and 

the top portion of the sub-watershed (piezometer locations 6, 7, 10, 11, 13-16; Figures 2.1, 2.7) 

therefore are characterized as being in the highly susceptible range according to these factors. 

Figure 2.7b presents the USLE estimates with all factors except for slope length factor, since 

each grid represents a fixed length. The numbers identify the piezometer ID and land use (Table 

2.1). The USLE predicted these cropland areas to erode at higher rates than the eight other areas, 

which were located on grass land. The USLE also estimated the greatest erosion to be located in 

the middle region cropland with mild slope (the greatest slope area within this basin; Figures 2.1, 

2.7). The presence of gullies is not accounted for in its predictions, however the USLE factors 

were not a designed to be able to do this. Estimates of sediment generated by sheet and rill 

erosion are the main function of the USLE. Other methods are needed to estimate sediment 

yields generated from gullies, stream bank and streambeds, and uncontrolled roadsides 

(Wischmeier and Smith, 1978). 

Unfortunately, as the map stands, there is no incorporation of temporality, which is very 

important in the sub-humid climate of the Ethiopian highlands. This is another issue raised by the 

use of these estimates to identify erosion patterns. The USLE is intended to be a long-term 

average estimate; it does not identify the most important times to act on soil conservation. As a 

typical equation used to add erosion estimates to a hydrology model, it will be limited by this 

lack of dynamic erosion processes. As such, it is not suited for use in simulation models that are 

process- or physically-based and used with short time steps.  



36 

 
 

 

 

Figure 2-8: (a) Facilitator leading a transect walk and discussing a highly eroding area with the 
community members. (b) Composite sketch of eroding areas, land resources, and suggestions for 
soil conservation. 

 
2.3.2.3 Transect walk and focus group discussion themes 

While the discussion and transect walks with farmers also determined these midslope 

cropland areas to be highly susceptible to erosion, an assertion not covered by the USLE 

estimates was that eroding areas are mainly induced by high runoff that has a special relationship 
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to saturated areas. The occurrence of small or large gullies also coincided with observed 

saturation in the soil surface (Figure 2.8). Furthermore, how overland flow is managed by the 

farmer on his or her land has implications on the soil downslope of the flow. During the transect 

walks, each participating group located around six or more gullies and degrading areas that 

consistently had flowing water (on the surface or subsurface) and degrading sides (Figure 2.7, 

2.8). These are marked by the triangular and star markers in Fig 2.7c. The identification of these 

areas was mostly consistent, however there were occasions when a few features stood out to one 

group as being a very drastic form of erosion. Near saturated areas between piezometers 5,6,11, 

and 12, several gullies formed in varying sizes and are overlapping marked positions on the map.  

Perceptions of relative severity of erosion varied but most often groups concurred that the 

lower area, which received more runoff and had a steeper incline than that of the flat top of the 

slope, was experiencing more erosion (coinciding with midslope cropland). We discussed with 

age- and gender-differentiated groups to understand the ways in which perceptions on soil 

erosion had developed and been disseminated among the community. In the discussions with the 

middle-aged adult groups, they expressed hope that conservation methods could rectify a 

perceived degradation in soil fertility. This conviction was also shared by the youngest group of 

participants, though less ardently with the male adolescents and young adults who viewed the 

conservation practices as decreasing space for crops. The elder members seemed also to have 

very strong opinions against the conservation bunds as currently being implemented, though 

there were some in this group that supported action to protect against soil erosion.  Hence, the 

generations that have the most involvement with carrying out farm activities near the soil 

conservation bunds and building them (middle-aged and children) have the most similar 
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Table 2-2: Brief summary of opinions regarding erosion and conservation. 

Group Erosion on the slope position Erosion based on soil type Terracing as a means of soil 
conservation 

Girls 
(N=15) 

“[severe erosion occurs] at the bottom” “Black soil splits and red soil is 
dusty” 

“The modern way is better than 
the traditional method in 
preventing soil erosion” 

Boys 
(N=16) 

“The top settles on the middle and the 
middle settles on the bottom. Hence, 
there is nothing to support the bottom and 
soil erosion is severe at the bottom.” 

--- “It is very useful to prevent soil 
erosion” 

Young 
Female 
Adults 
(N=16) 

“… [the most affected area is] the bottom 
since the water at the top level rests on 
the bottom”, “soil erosion occurs at the 
top and bottom levels.” 

“Black soil splits during the non-
rainy season and during the rainy 
season it becomes muddy. Red 
soil if not eroded earlier has the 
capacity to conserve soil or it is 
not easily eroded.” 

“Terracing prevents soil erosion” 

Young 
Male 

Adults 
(N=12) 

“What we see at bottom is a current 
erosion. This was what was eroded from 
the top area. Hence erosion is severe at 
the top in principle. “…“The bottom is 
severely eroded. You see gorges at the 
bottom not at the top.”…”The middle is 
highly eroded compared to others.” 

“Black soil erodes five or six 
times more compared to red soil. 
Black soil splits and is prone to 
erosion.” “Though the position or 
direction of the land is a 
determining factor for whether red 
soil erodes as easily as that of the 
black soil” 

“The traditional method seems 
effective to me. Terracing 
accumulates a lot of flooding and 
if terraces are somehow broken by 
the flood the end result is 
dangerous. Areas which are not 
prone to erosion shall also be 
affected.” 

Middle-
aged 

Women 
(N=10) 

“…erosion decreases gradually as you 
come down from the top.” 

“Flooding harms the black soil 
more so than the red soil” 

“What has been very effective in 
preventing soil erosion is the 
method of the government i.e. 
terracing.” 

Middle-
aged 
Men 

(N=9) 

“At the top where we have the red soil 
there is no erosion. At the middle the area 
is rocky with sandy soil and this is highly 
eroded. At the bottom here the soil does 
not have a capacity to absorb water. 
Hence it is eroded highly” 

“Red soil is much better in with-
standing erosion. The black soil is 
very weak at resisting erosion.” 

“There was a training given by 
agriculture on the use of terracing. 
As a result entire areas were 
terraced with very strong 
participation and commitment on 
the part of the farmers.” 

Elder 
Women 
(N=14) 

“[erosion is  severe] at the top 
mountainous areas” 

“The red soil resists erosion. The 
problem is that it is highly farmed 
repeatedly. Once the red soil is 
made soft, it is highly eroded by 
the flood.”… “Black soil breaks 
and forms gorges. Otherwise it is 
not easily eroded.” 

“The old method [is preferred]. 
The reason is that a lot of farmland 
which might have given us 
considerable product is wasted for 
constructing terracing” 

Elder 
Men 

(N=11) 

“What is severely affected is the bottom.” “the black soil is affected by 
severe erosion.” 

“Terracing has been introduced… 
But we have not been 
successful.”… “when we block 
the flood today, we see it being 
demolished the next day.” 
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opinions and perceptions, while the adolescents and elder members differ in opinion on these 

general themes.  

Most of the cultivated land in Shanko Bahir has had soil or stone bunds implemented 

(new and established), however very few gullies had been treated with any sort of conservation 

practice. This was a concern for the groups who walked in the transect walks; they pointed out 

that within the past 5 to 10 years, many gullies had been appearing and that individual counter-

measures had had very little mitigation impact. Common suggestions for rehabilitation and 

management of high flow areas consisted of placing sandbags, check-dams, or stones in the flow 

paths. Eventual implementation, they argued, would require time, money, resources, the 

organization of people, and expertise to implement these ideas. 

2.4   Discussion 

The collection of integrated data on soil erosion spatio-temporal patterns in a given 

watershed has seldom been carried out in Ethiopia. An exception is the Soil Conservation 

Research Program (Hurni, 1988), which carried out this type of research from the 1980s to the 

1990s. We compared different methods of detecting localized spatial patterns of erosion to reveal 

gaps and inconsistencies with implications for the development of an understanding of erosion. 

Attempts to learn about natural phenomena begin at the initial stages of data collection (e.g. 

observation), which lead later to attempts to consolidate information and provide estimates (e.g. 

modeling with USLE) and have their final application when brought to the public’s attention for 

application or action (engaging the community’s perceptions). As can be seen in this small sub-

watershed, there are places at which most methods will concur that soil erosion is taking place at 
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a severe rate, but the watershed management will depend on what to do at the remaining areas. 

An integrated approach may help to create longer-term strategies that work more efficiently to 

stop erosion. 

First of all, what can be seen in rural settings where economic resources are scarce is that 

often a diversity of knowledge and options is preferred over simple measures. Likewise, to 

identify the spatially and temporally important areas for addressing soil erosion in a multi-use 

rural watershed with a sub-humid climate, a diversity of research methods will be more effective 

for developing the right strategies. All three methods converged on the view that steep land that 

cultivated one crop created vulnerable conditions for soil erosion. This is a good result, showing 

that there is room for dialogue among people who are studying or witnessing the process in a 

study site or their home. This also provides common ground for working together on common 

strategies within the community and in surrounding communities for addressing vulnerabilities 

on these types of lands. The erosion pins and observational evidence as well as the community 

perceptions however suggest that a single approach to address these types of lands may not be 

appropriate for the entire watershed due to the drainage, land practices, or slope. Heeding this 

would save time, physical labor, and energy needed to monitor and maintain conservation bunds 

that may not be appropriately placed given the socio-economic conditions and resources 

available.  

The second implication is that topography and hydrology may need to be given a greater 

emphasis when planning for spatio-temporal patterns of erosion. Areas that promote a 

convergence of lateral subsurface and overland flow will provide preferential paths for the water 

through a basin. The transect walks pointed out the importance of managing these areas as it was 

consistently noted that this convergence was responsible for creating degraded areas and gullies 
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along the flow paths  (Figures 2.7c, 2.8). In addition, areas that have milder slopes may be less of 

a hazard if at the top of a slope but if located at the bottom of the slope, they will accumulate all 

the subsurface flow or intercepted overland flow and become consistently saturated leading to 

conditions that induce the detachment of soil particles from the soil surface. The erosion pins and 

transect walk discussions both revealed this.   

Finally, the dynamic aspect of soil erosion was shown to be important for the community 

and observational evidence. Average sediment concentrations decrease and average discharge 

increases; two main processes contributed to this. A saturated downslope area in the second half 

of the season contributed to more baseflow response and therefore lower concentrations because 

of dilution, but also the sediment transported was also lower after the mid-point.  This sub-

watershed had low baseflow unless a storm was occurring, but otherwise storms would have 

been separated by the increase in streamflow at the weir and the recession of that flow to under 

1cm or pre-storm levels. Any long-term soil conservation projects that treat soil erosion as a 

static process occurring the same way throughout the year or season has the disadvantage of 

planning for only one condition. The hydrological and sediment measurement results 

demonstrate that some of the highest sediment transport events occur early in the season. The 

USLE, because of its theoretical framework, is only valid for long-term average estimates, 

meaning it would not be able to give the detailed intraseasonal information needed to plan for a 

flexible or adjustable soil conservation strategy.  

As a point of departure and initial planning, modeling is effective for illustrating general 

themes and patterns within watersheds and sub-watersheds. For more effective planning, an 

integrated approach is important for illustrating the proper areas and patterns that should be 

identified for soil conservation practices. The USLE alone does not adequately represent the 
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spatio-temporal erosion patterns for sub-humid catchments in the Ethiopian highlands, and for 

that reason should be complemented whenever possible by field data, observational evidence, 

community insights when creating campaigns for soil conservation. 

2.5   Conclusion 

The three methods typically used to detect localized spatial erosion patterns for planning 

of conservation were used concurrently to identify highly eroding areas. Based on all three 

methods, the same cropped area was identified as being highly susceptible to erosion. The 

methods differed, however, in regards to the impact of pathways for runoff. Since USLE is 

designed to calculate long-term estimates for erosion over a given area with a specific land use, it 

does not take into account how runoff is produced or distributed throughout a watershed and 

hence modeling with it can ignore gully erosion. Farmers are aware of erosion from cultivatied 

land, but they are becoming increasingly concerned with the saturated areas and flow paths 

around their watershed since gullies have been forming preferentially there. Whereas the USLE 

overlaps six parameters to find highly eroding areas, community members mostly looked at 

where concentrated overland flow occurs to identify areas susceptible to erosion. The temporal 

patterns shown in the hydrological monitoring demonstrated that saturated bottom slope areas 

coincided with more soil depth changes than the upslope unsaturated cultivated land. Therefore, 

saturated pathways that induce saturation excess overland flow and subsurface flow, causing 

gully formation, were more readily identified by the community than through modeling with 

USLE. Observations based on the erosion pins were consistent with USLE identification of 

cropped lands in the upland areas of the watershed as susceptible to mobilization. Since the 

erosion pins can only detect localized soil movements, the 11 mm and 4 mm net soil decreases in 

the two midslope regions were not corroborated by proportional deposition amounts downslope.  



43 

A final important influence of these saturated areas is that the shallow water table in the 

downslope area contributes to greater baseflow and reductions in sediment concentrations 

midway through the season for the watershed outlet storm flow. Developing a database of soil 

erosion patterns in coordination with the communities can be a powerful tool for developing 

strategies where few long-term data or research networks exist. Models such as USLE and 

research field observations can provide a starting point for planning and action on conservation 

projects in the uplands of watersheds, but they should be coordinated with the community in 

order to not miss important sediment contributing areas such as saturated zones and possible 

gully formation. 
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CHAPTER 3 : LINKING OUTSIDERS’ AND INSIDERS’ PERCEPTIONS 

OF SOIL EROSION RISK 

 

Abstract  

Perceptions of soil erosion risk manifest themselves in divergent and powerful ways 

within small agricultural communities in the highlands of Ethiopia. This investigation examines 

a period of ethnographic research conducted during the rainy season of 2012 in a sub-watershed 

of Debre Mawi, Ethiopia to analyze the framing of risk amongst a local agricultural community 

dependent on rain-fed crops and limited resources. Compounding this situation were the 

differences that arise between the methods scientists use to assess soil erosion risk and the ways 

in which a community confront the ideas with their own assessment of erosion risk. 

Key words: Participatory conservation, soil erosion, risk perception 

3.1   Introduction 

3.1.1 Planning Environmental interventions 

Soil and water conservation efforts in the Ethiopian highlands and many developing 

countries have had several successes but are more often noted for their challenges and failures. In 

some places, years of investments in structures have not resulted in continuously upheld 

conservation programs. Key to rectifying this trend has been to reevaluate how local 

communities have been or are being involved in the planning, design, and implementation of 

conservation structures. Whether or not local perceptions of soil erosion risk are acted on by 

communities or elicited and understood from the perspective of government and non-government 

organizations has implications for the long-term viability of these erosion-prevention strategies. 

Since a dialogue for environmental conservation between as many parties as possible has been 
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called for in the current paradigm of participatory environmental management (Chambers, 1994), 

it has been suggested that typical field measurements and computational modeling efforts must 

be matched with ethnographic studies that coincide with researched watershed data. 

Understanding how these different sources of information contrast or complement each other is 

fundamental to understanding why soil conservation programs specifically, and so many 

development programs in general have been plagued by repeated failures (Chernea, 1991). If as 

James Joyce says, “In the particular is contained the universal”, this information can help to 

better inform development projects with the social dimensions that contribute to or impede the 

outcome and level of success. Hence, the object of this paper is to provide a point of departure 

for comparison between social science and biophysical data on soil erosion risk and the effects of 

soil conservation in a micro basin (14 ha) representative of many agricultural communities in 

rural Ethiopia and possibly other mountainous rural regions of the world. The comparison is 

intended to reveal how the different approaches might lead to alternative prioritizations in 

conservation strategies due to the different results that may be yielded. It also entails a discussion 

about what interventions might be effective, keeping in mind that policy makers and academics 

must find more ways to supplement biophysical research with ethnography, and vice versa, for 

conservation projects. 

3.1.2 Background  

3.1.2.1 Alternative rationalities in Ethiopia 

In developing strategies for stabilizing erosion in Ethiopia in the 1970s and 1980s, 

NGOs, bilateral organizations, and the Ethiopian government employed a method that targeted 

areas “at-risk” of erosion and provided incentives for mitigating those risks through physical 
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structures. Many of these structures are constructed as ways to detain water and soil particles by 

digging a ditch and placing the removed soil either upslope or downslope adjacent to the ditch 

line. Other conservation methods entailed using stones to create such detention dams or 

enclosing an area of land for fallowing or reforestation. These strategies have been reported by 

many to have been top-down in nature (Hoben, 1995; Osman and Sauerborn, 2001; Shiferaw and 

Holden, 1998) wherein the decisions about locations and participants came from the 

implementing organization. The Food for Work initiative from the World Food Programme and 

other programs typically provided food aid for person-hours worked or length of conservation 

structure produced. In the eyes of these donor organizations and government institutions, what 

was occurring on the field scale had to be acted on by the farmers and convincing these farmers 

of the importance of this work required motivation or compensation. Whether or not the farmers 

agreed with the sense of urgency was not so important as was the end result of placing soil 

conservation structures in the fields and watersheds deemed “at risk” by the experts and policy 

makers.  

In this progression of events, however, history shows that there was and is a different 

rationality among rural farmers in Ethiopia that considers many more factors when deciding 

about soil conservation strategies. In 1991, when the socialist regime fell, the destabilization and 

later reformation of land and subsidy policies created a different atmosphere for decision-

making.  Farmers, when given full control of managing these conservation structures without 

incentives, began to deconstruct some and modify others (Shiferaw and Holden, 1998). Several 

studies tracked what factors in a farmer’s life were more likely to be associated with the 

construction and maintenance of soil conservation structures. Several of these had to do with 

land-holding size, members in family, education level, land topography, amount of livestock 
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owned, among many others (Shiferaw and Holden, 1998; Bekele and Drake, 2003). At a 

minimum, these listed factors provide a backdrop for understanding that the rationality that 

guides farmers in managing their land has several unique characteristics that differentiate their 

decision-making process from that of scientists or experts who are explicitly external to the 

agricultural production system. Furthermore, these invigorated attempts to promote conservation 

through construction of specific structures on such a large public scale resemble in rhetoric the 

many projects throughout the world that talk about conservation as though it had been an 

afterthought of these local farmers (Bean, 2000). For example, white, middle-class members of 

the Mennonite Central Committee have lamented their sometimes paternalistic views towards the 

Akha (Thailand’s smallest tribe), in their constant talk of environmental protection and forest 

reserves assuming these indigenous people have not given it thought. They do think about it, in 

fact every day, since their livelihood as forest hunters depends on it (Bean, 2000). In another 

example, the government of Guinea West Africa blamed smallholder agriculturalist for 

deforestation when actually villagers had created complex and variable divisions between closed 

and savanna forests contributing to conservation of forest areas (Fairhead and Leach, 1996). 

Here and in many other cases it is clear that farmers do think about conservation and that they 

utilize their own methods to protect the farm resources on which they depend for their own 

livelihood. In contrast to conventional designs, built in one go, traditional stone bunds in 

Ethiopia are constructed step by step and gradually attain a final shape only after many years of 

fine tuning, according to labor and materials available (Krüger et al, 1996).  Hence, these are 

decisions based upon a rationality situated in a particular time (and over time) and location as 

opposed to implementation strategies that may come as a package deal.   
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As Mairal (2003) suggests, what is important is not to legitimize or delegitimize one type 

of rationality or the other, but instead to come to understand each. Plough and Krimsky (1987) 

argue that only recently has awareness of the obstacles to communication about risk become 

more apparent. At the heart of these obstacles, they observe, is the disparity between the 

“technical rationality” of experts and the “cultural rationality” of the community members who 

must live with the consequences of the risk decisions. In the face of “technical rationality”,  

knowledge or concerns from a cultural perspective may be seen as unimportant, misinformed, or 

invalid and these are superseded for the sake of an assumed progress in a given area (economic, 

political, development). This disparity can be further aggravated in circumstances where 

heterogeneities exist between and among ethnic groups. Since there are many ethnic groups and 

heterogeneous agricultural systems around the globe and even within Ethiopia, understanding the 

disparity between these rationalities is essential to begin reconciling the consequent difference in 

formulating environmental conservation strategies. 

3.1.2.2 A discourse dominated by a physical interpretation of soil erosion risk 

Much of what can be termed external perspectives of soil erosion risk comes from the 

physical interpretation of what causes soil erosion. In the simplest form, the physical 

interpretation states that erosion will occur when a force (usually wind or water) is applied to a 

soil surface with enough intensity that particles begin to detach from the soil surface. The 

challenge from here is to decide in what ways it is possible to counter-balance those factors that 

elevate the rates of soil erosion beyond what is natural or can be tolerated (rate of soil 

formation). Furthermore, complicating matters is the question of how certain factors increase the 

rate of soil erosion when there are so many interacting factors such as soil composition, rainfall, 

vegetation, and topography, to name a few. In a physical sense, factors that increase soil erosion 
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rates or risk are (a) those that increase the soil’s exposure to rainfall, (b) characteristics that alter 

the cohesion of the soil, and (c) the length of slope on a hill that receives uninterrupted storm 

water flow. Thus, beginning in the 1970s and 1980s, NGOs and government institutions began to 

implement those conservation structures that had been deemed proper for covering the soil 

surface to interrupting overland storm flow.  

For example, the principle conservation mechanism behind reforestation projects and 

enclosures is that more vegetative cover in the form of tree canopy, grasses, and bushes will 

minimize the impact caused by rain drops as they fall during the intense rainy season. Soil bunds, 

stone bunds, and terraces on the other hand try to slow the flow of water over the surface. They 

seek to enable soil particles to fall out of the flow of water or deposit into ditches rather than be 

carried away into the waterway. Risk was then not merely communicated in localities amongst 

community members, but on a bigger scale by experts who either represented the government or 

consulted on behalf of the government. A “professionalization” of the risk of soil erosion can be 

said to have occurred. Some researchers claimed to be protecting the population from current or 

future physical harm, arguing that this supplied modern states with the legitimacy to carry out 

such risk management projects (Plough and Krimsy, 1987). 

Had it not been for the flaws in implementation, financial resource allocation, 

maintenance, or supervision, this discourse of physically induced soil erosion and physically 

treated soil conservation could possibly have been sustained. However, it soon came to the 

attention of development practitioners that the issue of soil erosion was not merely a physical 

phenomenon but a manifestation and product of social issues that were being altogether ignored. 

Hence, truly addressing soil erosion would not merely be a question of convincing a series of 

local communities that a proposed external solution is appropriate, but rather to discuss what 
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possible integrated approaches could be developed that fit into their social and cultural structure. 

A useful framework for understanding how such an approach can be undertaken is to seek a 

unified viewpoint for a series of external and internally defined perspectives. 

3.1.2.3 The emics and etics of soil erosion risks 

Farmers are constrained in their yearly activity by their income, social obligations and 

activities. Their focus on agriculture may have more relation to these issues than to any attempts 

at mitigating soil erosion risks. On the other hand, an external perspective would rarely take into 

account such specific concerns and instead often relies on defining the probabilistic estimates of 

“real risks” derived from scientific and biophysical calculations (Stoffle et al., 1991). In the same 

vein, these strictly scientific perspectives may attempt to describe a local community’s ability or 

inability to perceive the “real risks” using variables that allow comparativist researchers to 

describe across cultures (Morris et al., 1999). These different perspectives can be representative 

of what has been designated as emic, locally perceived, and etic, externally defined, perspectives 

(Pike, 1967). This framework of the emic and the etic is useful for understanding soil erosion 

risk; several erosion-inducing factors can only be rightly understood after an insider perspective 

is adopted, while others may be adapted into externally defined systems that can be compared 

within and across cultures. 

Scientists and policy makers are attracted to formulaic models and studies that guide the 

efficient use of resources, preferring simple, replicable methods. The Universal Soil Loss 

Equation (USLE), as developed by Wischmeier and Smith (1978), has become a ubiquitous tool 

in this regard to assist in the development of erosion prediction tools. However, whereas its 

original conception is based on a half-century of erosion research in different states within the 

United States, it is now being used and modified and adapted to predict erosion in tropical 
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climates throughout the world. However, these and other models represent a very etic outlook on 

how soil erosion estimates are obtained that can be derived from local characteristics of a given 

area that seriously ignore important emic characteristics. Usually these areas, considered for the 

erosion prediction, are watersheds or farmland and these frameworks or models place very little 

weight on the human interaction and processes involved in assessing erosion rates, save for what 

should be reacted upon by the community after estimates are made (conservation factor). For 

example, a soil type can be developed in a specific location with certain porosity, permeability, 

structure, clay content, and organic matter. These are all things that must be determined from the 

etic perspective, for use in comparing erosion estimates between two given areas, based on the 

USLE (or similar models). 

 How these characteristics are intertwined with the local environment, however, is very 

much still important and cannot always be extracted to understand why erosion might or might 

not be caused. Knowledge of the unique factors or processes that community members of a 

region may have is essential to truly understanding the nature of incremental erosion processes. 

Preferential pathways for water through the soil matrix may have developed that directly affect 

the rate of infiltration, or underground layers of rock could be affecting what is occurring 

beneath the surface. Furthermore, the biota, age of the soil, parent material, and other 

geographical factors only present in that certain locality may be causing a new and different 

process to be occurring. There may be other factors beyond those mentioned that are not even 

classified in scientific terms that lead to a unique condition in the soil. People’s perceptions and 

understandings of these conditions and how they respond to them provide a key supplement. So 

even here it is important to understand those local nuances and characteristics from the 
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generational knowledge accumulated from local experiences before simplifying or ignoring 

because it does not fit into the overall structure of the etic perspective.   

Judged from an external perspective, the behavior of individuals in a particular setting 

may appear to have entirely distinct or contradictory meanings. So then, these etic and emic 

viewpoints must be distinguished. Kluckhohn (quoted by Pike, 1967) says that “the first 

responsibility of the anthropologist is to set down events as seen by the people he is studying.”  

In the next sections, I will set down these events as seen by the people living in a small 

watershed community of the northern Ethiopian highlands, focusing on their perceptions of the 

risk of soil erosion in their surroundings. The different components of risk as described from this 

emic perspective will be laid out in contrast and comparison to the “technical rationality” briefly 

described above and the dominant neo-Malthusian narrative (that exploding population growth 

leads to increased pressure on resources and environmental degradation) based on bio-physical 

considerations. Finally, once these different aspects have been set out, opportunities for 

synergies will be identified for future reflections on soil and water conservation programs. 

3.2   Methods 

Debre Mawi is name of a woreda (third-level administrative division) containing several 

small communities in a large watershed encompassing a total area of 523 ha. It is located 30 km 

south of Bahir Dar (See Figure 3.1). An average of 1,200 mm of precipitation falls annually in 

this area, located at between 2,200 – 2,300 m above sea level, placing it in the moist weyna-dega 

agro-climatic zone (Tilahun, 2012). The people in the watershed community are of the Amhara 

ethnic group and predominantly practice Ethiopian Orthodox Christianity. Common crops 

cultivated include potato, teff, barley, and other vegetables and cereals in managed in mixed-
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agriculture smallholder conditions. Farmers in Debre Mawi practice oxen-driven tillage for weed 

management and preparation of sowing beds, but also keep a variety of other livestock and 

animals. 
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Figure 3-1: The Blue Nile Basin (17.4 M ha; left), the Debre Mawi watershed (523 ha; middle) 
and 14-ha study basin in the northern portion of the watershed (Basin 2; right) (Tilahun, 2012). 
Red dots indicate piezometers that measured groundwater tables and a yellow dot indicates the 
outlet weir. Gray line indicates the road. 
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Several Cornell and Bahir Dar University research studies have looked at various scales 

of soil erosion processes (sheet, rill, and gully erosion; Tilahun et al, 2015; Zegeye et al, 2010; 

Tebebu et al, 2010) occurring from interdisciplinary perspectives and this current investigation 

framework was been influenced heavily by their research design and findings. My research team 

was composed of myself, one female anthropologist, one male hydrology undergraduate 

assistant, and one male local community assistant. To understand the perception of soil erosion 

processes and social structures influencing the different activities in the watershed area, the 

research team organized two main opportunities for interaction with community members in a 

group setting.  

The anthropologist conducted the group interviews in Amharic from a printed discussion 

guide and managed the tape recorder.  Transcripts were later translated from Amharic to English 

by a certified translator who also prepared the IRB approved discussion guide and consent 

statements.  Notes were taken during each of these meetings by one assistant for content and by 

myself for body language and other indirect activities taking place in the group interviews. These 

notes were also translated into English by another translator to validate the main themes arising 

from each group interview. A total of eight groups were asked to discuss erosion and participate 

in transect walks throughout the watershed.  These groups were organized into sets of 

community members that shared similar attributes. Those common characteristics included age, 

gender, and being in a household close to a set of erosion monitoring sites in the watershed. 

There were four age groups for male and female participants: (i) children, (ii) adolescents and 

young adults, (iii) middle-aged adults, and (iv) elder adults, a total of eight groups in all.  

Two separate formats for the group interviews (focus group discussions and transect 

walks) proved to be fruitful for illustration of ideas since some of the concepts discussed could 
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only really be explained in a setting that allowed for deep discussion, while other concepts would 

only make sense by physically pointing out certain things. In these discussions, the risk of soil 

erosion was perceived mainly in relation to climate, agricultural cultivation, and active 

community engagement.  On the other hand, the responsibility for finding a solution to the 

problem appeared to be a more complicated matter shifting between the community and 

government leaders at different times. 

3.3   Results 

3.3.1 The relationship between climate, culture, and soil erosion risk perception  

The climate (rain, temperature, and environment) is a central component to the threat of 

erosion from both etic and emic perspectives, but the emic reveals concerns not often considered 

by outsiders. While many of the soil conservation methods are proposed to minimize the impact 

of water forces on soil, a holistic analysis of the newly altered pathway of water following 

construction of these structures reveals important emic considerations. In essence, new forms of 

soil erosion processes could be encouraged by certain of the externally-encouraged soil 

conservation methods. One of these, for example, could be due to an over-retention of water, 

which was witnessed by myself and community members. Terracing has sometimes had this 

flaw. In sub-humid climates, rain can cause excess amounts of overland flow (“floods”): 

“Flood is accumulated by terraces. This becomes dangerous when there is 

too much flood accumulated. It may over flow the terraces or demolish the terraces. 

Hence, terracing alone is not very satisfactory unless a combination of the 

traditional and the modern methods are mixed.” 

-Young Male Focus group, 4 August 2012 
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Children had a vivid knowledge of methods for stopping erosion and in one of the group session 

they explained that they use certain techniques because of how it interacts with the water: 

“[We use] Bund maintenance at the gorges. We tie the stones with wires… The 

soil is deposited while the water continues flowing.” 

    - Boy Focus group, 29 July 2012 

There are further instances among middle-aged women: they explain that the pathway taken by 

the rainwater on the surface is especially important. In the flatter areas of the watershed, the 

group of women on the transect walk explained that in that particular area the construction of the 

road through that part of the watershed helps.  

“The motor way has also helped the area by blocking the flow of the flood.” 

    - Adult Female Transect walk, 2 August 2012 

This particular opinion is expressing the effect of the road drainage lines on the nearby crop and 

forested lands. Instead of receiving the oncoming flow of water from areas higher than these 

areas, the road drainage lines accumulate and divert the flow to concentrated points that lead 

down the watershed at another point. In a similar fashion, when asked what they do if they want 

to protect the soil from the rainwater, the first thing they build is a drainage line.   

“We make transverse drainage or channels to drain the flood.” 

 
Thus, instead of uninterrupted layers of water flowing over the surface of the soil, the water will 

accumulate into these lines and will be directed diagonally away from the rest of the field.  

However, another aspect of the climate that is not often taken into account is the 

cumulative effect of the heat during the non-rainy season on the soil. On several occasions, this 

factor was seen to be a main cause in creating the conditions necessary for soil transport:  



64 

“The main causes are heat, over population and over grazing. You could see 

how the soil is eroded with this stream. Once the stream water touches the soil, the 

soil is eroded. During the non-rainy season the soil becomes soft and fragmented. 

This loose soil gets washed away the moment there is rain. The main reason is that 

nothing helps the soil to stay where it is. Nothing supports the soil. It is exposed both 

to heat and rain water. Hence, the only chance of the soil is to be eroded.” 

Yet, this is not mentioned in the soil and water conservation programs that are usually 

implemented. In fact, this heat is greatest at the beginning of the rainy season and decreases as 

the season progresses as the temperature becomes milder with the recurring storm events. 

Finally the environment, flora and fauna, also play key roles in a construction of risk. 

Most elder members remember the times past as being one with plentiful trees, vegetation, 

forests, and uncultivated land. These times corresponded to low rates of erosion. In contrast, 

these days, trees and forests are very few in number compared to cultivated land. One animal that 

has only recently been discussed in terms of soil erosion is the field mouse. They have been 

deemed pesky and irritating because of the damage they cause to crops.  Some soil conservation 

structures (stone bunds) may inadvertently sustain these populations by providing a home for the 

pesky mice. Few studies have actually noted their perceived importance related to the formation 

of subsurface pathways for water flow. Several discussions pointed out that some degraded areas 

and even gullies were developed as a result of the burrowing of the mice, whose holes later 

collapsed and became larger tunnels or eroded areas. These main local environmental conditions 

create what the Debre Mawi community perceives to be the conditions that lead to soil erosion. 
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3.3.2 The relationship between agricultural cultivation, culture and soil erosion risk 

perception 

Another aspect of the dominant neo-Malthusian narrative (emphasizing the negative 

impacts of population pressures on limited resources) constructed by an external perspective 

stressed that increasing cultivated land threatened the resiliency of environmental resources. 

Some of these threats have been expressed and used as a discourse on behalf of local community 

members to justify conservation programs. Yet the action of cultivation itself may not be 

thoroughly expressed in these discourses when so far removed from the context. What are those 

practices involved in agricultural cultivation that are so disruptive to the soil structure and why is 

it that farmers would continue to act in this way if they were aware of that damage? They 

certainly perceived change. The elderly focus group participants were the most expressive in this 

aspect, framing the problem in terms of changes from then to now and even extending into the 

future:   

“We used to cultivate without any fertilizer and the product was also very 

dependable. Today we use much fertilizer on a piece of farmland. The reason is that 

there is no soil. The land has become naked. There is not soil. The land has become 

naked. There were soil varieties as black, red or sandy. Every bit of the land was 

fertile soil. We have eaten what we need today. What worries me is what our children 

are going to face in the future.” 

 
Their primary focus is the intensity of cultivation. Times of the past were characterized 

by plenty of space and opportunities to leave lands fallow to regenerate. The present time is 

characterized by constant cultivation, very little fallow periods. The disruptive nature of tilling is 

not what concerns farmers the most, but instead the lack of opportunity for plots of land to 
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regenerate soil nutrients and structure. They lament that the population has driven them to 

expand the amount of land in cultivation and the intensity with which each plot is cultivated. 

These population dynamics have exacerbated possibly the problem because of local land policies 

that constrict mobility. Families either grow in close proximity to each other or are pushed to 

migrate to cities rather than afforded the opportunity to spread in their rural localities due to 

ownership of adjacent lands by other people. These lands are partitioned to smaller and smaller 

amounts through each passing generation.  

3.3.3 The relationship between community engagement, culture and soil erosion risk 

perception 

With more and more researchers citing the absence of social considerations in the 

planning, design, and implementation of soil and water conservation programs it is important to 

continue to seek the nuanced responses regarding the type of community engagement desired. 

Reports that discuss the programs of the 1970s and 80s outlined how incentives were used to 

convince farmers to carry out conservation programs.  With the progression of development 

programs and organizations and experiential knowledge, has there been a significant 

improvement in the strategies for engagement?   

In Debre Mawi, in fact the trend is sometimes encouraging. The elder farmers have seen 

how development programs have changed and taken note of what is improving and what still 

needs to improve: 

My hope is that improvement may come due to the recent attempt of the 

government. The development agents are working with us. I hope this process may 
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bring some change. What matters is not the study conducted. What is important is 

our inclusion in the implementation of what has been studied by the government.  
 

Still there is a bit of the past in the present interactions between the community and the 

government with respect to soil erosion prevention practices. The main traditional technique for 

preventing “flooding” and thereby erosion, is to use channeling. This is what many of the 

respondents say they have used and been taught to use since their childhood. The recent attempts 

from government employees focus on bringing in and encourage terracing of the slopes. Most of 

this engagement happens when farmers are less busy with the rainy season farm activities: 

“They [development agents] were teaching about the methods of soil erosion 

prevention during the non-rainy season. All men and women were working on the 

construction of terraces during the non-rainy season. The professionals from the 

woreda design the terraces while we carry out the construction.”  

 

These past years a large campaign has been carried out that was similar in nature to the 

ones previously carried out and the results of this new program remain to be seen. The participants 

said that while the work needed to build the terraces demanded a lot of labor and time from farmers, 

the end result of construction was satisfactory. But when asked to gauge its effectiveness, 

participants were not able to give a concrete response because these terraces’ first rainy season 

was still underway and its impact could not yet be evaluated. Still, the young age group was 

skeptical of success and were unsatisfied with the type of engagement they say happened when 

these terraces were installed: 

“The farmers know how the water flows. They know the behavior of the flood 

in each locality. I think soil conservation should have been left to farmers. If 
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development agents had employed the skill of the local farmers everything would 

have been effective. Development agents come only with the skills they have been 

trained for. They never entertain the suggestions of the local farmers. Hence, 

terracing is not effective today. The farmers know the nature of their farmlands and 

the nature of the flow of the flood. But farmers were told to have no say in preventing 

soil erosion. There is terracing everywhere.”   

 
This pattern of acting under the direction of a managing figure has some parallels with 

the ways in which work is done on the farms. When asked if it was either the men or women 

who managed the farm, most of the participants said that management of the farm was done 

equally, that almost all the work was done together at the same time, regardless of gender. 

However, after asking follow-up questions nuances began to surface, such as the fact that only 

men can till the land with oxen. There was subsequently some illustration that most of the rights 

and responsibilities are given to the men.  

“Men supervise the farmland daily. Women don't visit the farmland on their 

own initiative. Close supervision of the farmland is done by men.”  

and, 
 “Husbands direct their wives to what is to be done today or tomorrow. 

Hence women follow the direction of their husbands. Rather, women receive the 

orders from their husbands.” 

    -Young Male Focus Group, 4 August 2012 

The agreement on this was the same for each gender group in the different age ranges. Young 

females also echoed this fact by saying that men manage the farmland with a greater role but that 

women give a lot of care and contribution to the farmland activities.  
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Hence the level of current engagement between implementing agencies and community 

members seems to be welcomed but with a reluctant acceptance. Though there might be a similar 

pattern of interaction, there are examples of individuals from external implementing institutions 

that bring in their different engagement strategies. Community members perceive themselves as 

being aware of the risks and aware of the intricacies of their land, which enables them to best 

address soil erosion and people who acknowledge and promote that awareness are appreciated. 

They mentioned one official by name who did this and stood out from the rest. He was viewed as 

a positive force for working against soil erosion and as having a personal investment, but 

repetition of this kind of interaction with the community has been very limited.  

3.3.4 Whose responsibility is it to find a solution? 

If soil erosion is perceived as a problem, who then is responsible for addressing it? Many 

of the previous development narratives placed the blame on the unknowing farmers and 

subsequently proposed instructing them of the problem and then methods for addressing it. But 

this implicitly gives responsibility to two sets of agents in addressing soil erosion. The people 

directly responsible would be those farmers, but there is an assumed indirect responsibility 

implied by the notion that outsiders or government institutions must make sure that farmers are 

working to address the issue of soil erosion. How valid is such a claim or to what extent did these 

local actors express similar sentiments? Are the farmers who are closest to the issue falling into a 

state of risk tolerance? Do they feel that the risk has been identified, calculated, and estimated by 

science, so it can be ignored, underplayed, or considered irrelevant by the society (Mairal et al., 

2001)? The group discussions do not suggest this. Some responses are quite critical of the current 

community approaches. In fact they see very little of what might be called a “community 

approach”: 
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“There is no cooperation among farmers. Everyone blocks his own 

farmland. But if farmers had cooperated to channel the flood to flow into 

appropriate areas the flood would not have eroded the soil. Most farmers do not 

cooperate to treat the problem of soil erosion as a common problem that will be 

solved with joint approaches.” 

 
In fact these respondents even cited reservations based in jealousies that contributed to 

the low level of cooperation for soil conservation practices. How then does this compare to the 

suggestions given by external experts? These community dynamics seem to be rarely considered 

in the externally designed and implemented soil and water conservation programs. There may be 

an assumption that a community will work together and cooperate as a homogenous unit even 

though the reality is that each of these communities is composed of heterogeneous actors at 

different levels of income, social standing, or influence. However, at some juncture an impetus 

may be needed in certain circumstances where farmers are acting individually rather than 

communally: 

We fight to protect our own farmland. We did not attempt to help others. But, 

the current method of the government is to protect all the people or to protect large 

areas of farmlands or villages. The span of the method of the government is very 

large. Our method focuses only to protect individual farmlands. We have not tried 

any method to assist others like that of the government. 

 
Further comments seem to place a somewhat resigned acceptance of risk of soil erosion 

during their lifetime given the circumstances. And this can create a longer framework for 

expected impacts and expected action on soil erosion. It is a problem that they “have not solved 
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so far”. Moreover, it is something that “has no end”. Yet, that does not mean that they do not 

want a solution to be found. Older members of the community fully expect something to be done 

by both community efforts and external assistants: 

“…the present condition is alarming. The soil is eroded. We are gradually 

losing hope. A remedy must be found for soil erosion. This is our chronic problem. 

We need the government fully involved with us to solve this chronic problem. This a 

burning issue that must be answered quickly.” 

 
In this sense, the never-ending problem still must be acted on, it must be acted on quickly 

and the government is needed for this action on a much invested level. The benefits of course 

would be the tangible renewal of productive resources, but these effects are not meant to be 

conservation for the sake of preservation of soil. The soil that sustains life is seen exactly in 

those terms; it is recognized as something that must be maintained regularly towards a beneficial 

purpose. Much like clothing is worn and beneficial for covering the body, eventual over-use will 

necessitate that old, ragged, and tattered clothing be renewed. This could be through repairs and 

stitching or by acquiring new clothing. The farmers used this comparison to illustrate their 

expectations for the remediation of the quality of their soil: 

“It must be renewed like wearing new clothes. The farmland that we see is 

physically getting poorer and poorer. It is going to be of no use for us. If the 

government works with us very closely our life and the life of our children may 

improve.” 

So although there are heterogeneities in concerns, abilities, and motivations, the farmers 

are linked in their mutual expectation that they must be able to leave something stable and useful 

for their families and children. Moreover, they have an interest in renewing the productivity of 
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their soil and explicitly point to this as a goal. They are holding themselves accountable but also 

holding the government responsible to effectively mediate cooperation among the members to 

create useful conservation structures.  

3.4   Discussion 

An integration of emic and etic view points for effective management of soil erosion risk 

Morris et al. (1999) believe that the emic and etic approaches can be used in ways that 

complement one another and make up for each one’s weaknesses. Returning to one of the 

previous points about alternative rationalities, a cultural approach to risk communication, 

construction, and analysis is one that considers popular behavior and symbolic dimensions by 

distinguishing two forms of rationality applied to risk: technical and experiential, both of which 

make contributions, but neither of which is sufficient (Plough and Krimsky, 1987). This 

approach does not imply that farmers’ knowledge is non-technical, but rather that the 

conventional technical view of risk communication can generally be reductionist, focusing on 

quantifiable variables. In particular, when risk communication becomes embedded in a political 

realm, the view becomes less about “risks” and more about responsibility and accountability 

(Plough and Krimsky, 1987). Kassam (2009) explains that local knowledge is context-specific, 

complexly connected to the immediate environment, empirically-based, dynamic and adaptive, 

and heterogenous such that it coexists and interacts with technical understanding (or scientific 

knowledge) in a finely intertwined web of complex relationships. Yet, quantitative risk analysis 

and technical language may reduce possibilities of dialogue between communities and risk 

assessment experts (Plough and Krimsky, 1987). 

Currently a plan is being acted on that follows the similar pattern of educating the 

farmers on the importance of soil erosion, designing soil conservation structures, and having 
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farmers construct these structures (usually terraces). But if this continues to be the sole method 

of operating, established in the 70s and 80s, it risks committing the same oversights and 

missteps. Several key findings from our field discussions should be taken into account in the 

current process that would strengthen the efforts to prevent erosion. 

A particularly fruitful opportunity exists for the treatment of the surface flow of water. 

There are some weaknesses in the traditional method of drainage channels that are created by the 

farmers as well as some weaknesses in the design of soil bunds and terraces. For very strong 

storm flow, terraces (usually promoted by external actors) retain too much water and the water 

pressure eventually breaks through and creates areas of high soil loss. Implicit in the creation of 

the channels (usually used by farmers in the Amhara region of Ethiopia) is the idea that heavy 

storm flow should be directed to less vulnerable areas, meaning that the two methods could be 

integrated. The one (terraces) to promote community work and planning on conservation 

strategies and the other (in-field channels) to fine tune efficient drainage between terraced land 

and at the soil bunds.  

Insufficient land is also driving a very intense pattern of cultivation, one that was less 

intense in the memory of the elderly due to the lower population and resulting abundance of 

land. External viewpoints see the traditional form of agriculture (ox-driven plowing) as causing 

the conditions for extreme storm events to carry away soil. In both of these viewpoints there are 

merits, but there are some opportunities to join the suggestions by encouraging fallowing on 

increased landholdings for farmers. Currently, population increases must be managed by giving 

smaller pieces of land to each subsequent generations, pushing each farmer to cultivate as much 

as he or she can to produce enough food within the household. If it were possible to encourage 

the population dynamics to expand over a larger area of land, increased possibilities would exist 
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for fallow periods without putting households a risk for not producing sufficient food during a 

year. The availability of that land is not entirely certain however, and there are unrealistic 

expectations and ulterior motives that often accompany such attempts to put this into practice as 

seen in the previous villagization and resettlement program (Hoben, 1995; Makki, 2012). Some 

have instead pointed to a program of family planning to alter population growth and improve 

women and families’ health, among other things. 

Finally, community engagement and delegated responsibility in managing soil erosion 

risks pose a chance for the community and government to increase cooperation and mutual 

understanding, were a period of facilitated negotiation to occur.  Satisfaction on both sides seems 

to be limited and each could benefit from greater interaction so that opinions and ideas could be 

exchanged. 

3.5   Conclusion 

People’s conception of risk of soil erosion amongst a local agricultural community that 

depends on rain-fed crops and has few resources has a significant impact on how actions are 

taken or not taken to reduce soil erosion. As many studies have shown (Hoben, 1995; Shiferaw 

and Holden, 1998), previous attempts to arrest soil erosion processes, whether through large 

scale NGO campaigns or localized programs, have operated under a premise dictated by a 

simplified development narrative. This narrative placed at the forefront the importance of 

impeding the natural processes that had been identified from a biophysical standpoint. It took 

very little account of the context-specific or unique local social or biophysical processes at work.  

The people of Debre Mawi had very strong and vocal positions regarding the processes 

that affected soil erosion; they were far from passive agents in their environment. The people had 
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a comprehensive understanding of the seriousness of soil erosion and its effects on their 

livelihoods. But there were, in these interpretations of risk, some nuances that reflected a much 

more localized understanding of soil erosion. The levels of influence caused by climate, 

agricultural cultivation, and community engagement were identified as key factors in the 

construction of this risk. Water was not seen as a harmful agent as rainfall but instead as its 

transformed phase of overland flow or “flood”.  

The typical construction of risk in externally designed programs stresses the 

“conservation” of soil and water and such a “conservation” of water is not always needed or 

desired. In fact, community members said that flooding is the main problem and proper drainage 

would then be the preferred management strategy. Agricultural cultivation, because of the 

disruptive nature on the soil surface, has been deemed a significant culprit in the etic perspective 

of soil erosion risk, but farmers believe that there are other justifications, reasons why they 

cultivate and till where they do. What is dangerous is not so much that the tilling occurs, but that 

now the decreasing land available has pushed them to plow continuously every year without 

being able to “rest” the soil through fallow periods.  

The people furthermore expressed that engagement with the community has been limited. 

In a sense, the prevailing assumption of the importance of “technical rationality” has been 

maintained and information necessary for the cultivation of this rationality is taken from studies 

within watershed communities, but not often “with” the watershed communities. This provides 

an opportunity for the government research institutions to begin negotiation to share 

responsibilities more effectively among agents for change. The expected agents for change and 

management of soil erosion risks followed a similar structure in both locally and externally 

defined “action plans”, however the mechanisms and expectations from each group in these 
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structures were different. Local community members were encouraging, amongst themselves, 

individual work and joint endeavors to manage their risks, but they acknowledged the clear fact 

that diversity and differences exist in their own abilities and desires to manage. Unlike 

conventional external approaches that might emphasize community togetherness, individual 

community members spoke to one another as a group of heterogeneous actors that each had to 

address personal reservations, reluctance, or jealousies before being able to unite and work 

cooperatively. Beyond this they suggested that the government’s efforts were relevant and had a 

close role to play in their endeavors to practice soil conservation but must be more 

accommodating in accepting and integrating suggestions and ideas put forth by farmers. Their 

perception of risk is not based on an endeavor to get the “right” policy done for the “right” kind 

of development as may be seen in some development paradigms and narratives; instead it’s 

based on how their lives are changing from the past to the present and what they expect can be 

left for their future or their families’ future. Their perception is based on something extremely 

close to them and they are invested in it because it directly affects them and it is a part of their 

daily life. This emic perspective of soil erosion risk is hence not a mere local perception that is 

incorrect because it lacks scientific vigor, but rather a situated perspective that takes into account 

all the nuances that external perspectives may simplify in order to compare between regions.  

These perceptions of soil erosion risk in the small agricultural community in the highlands of 

Ethiopia show that local efforts are needed for the global efforts to succeed. 
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CHAPTER 4 : MODELING SEDIMENT CONCENTRATION AND 

DISCHARGE VARIATIONS IN A SMALL ETHIOPIAN WATERSHED 

WITH CONTRIBUTIONS FROM AN UNPAVED ROAD 

 

Abstract  

The Parameter Efficient Distributed Model has been used in several watersheds in the 

Northeastern US and Northern Ethiopia where saturation excess overland flow heavily 

influences discharge and sediment concentration variations. Though saturation excess has a 

dominant presence as a runoff mechanism, there are still instances of infiltration excess overland 

flow in these watersheds. The sub-humid climate of the Debre Mawi watershed, in the Amhara 

Region of the northern highlands, creates a highly variable rainy season in terms of precipitation 

and discharge, making investigations quite difficult. This study focuses on a nested watershed 

within a larger, previously-studied site that receives some overland contributions from an 

essentially impermeable layer of soil on an unpaved road surface. Since overland flow on 

impermeable surfaces such as roads can be analogous to Hortonian flow on soils with low 

infiltration capacity or flow during high intensity storms, this adjustment to the PED model 

develops the possibility of incorporating both infiltration excess and saturation excess flow 

regimes. The modification made in this resulted in similar NSE and R2 values for previous 

studies on a daily basis in the Debre Mawi watershed and also in other Blue Nile Basin 

watersheds (NSE=0.71, R2 = 0.72 for hydrology and NSE = 0.71, R2 = 0.72 for sediment 

concentration modeling). The results show that this saturation excess model can be adjusted to 

include contributions from impermeable surfaces to give reasonable results, but more work is 

needed to account for contributions from gullies, which can cause high influxes of sediment.  
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4.1   Introduction 

Modeling soil erosion has the potential to help manage soil degradation and to that end 

many studies have recently argued for more effective conceptual or empirical approaches. 

Modeling hydrological patterns more accurately is vital to achieving this more effective 

approach. In tropical or sub-humid watershed systems, the usual assumptions for most 

hydrological models may be overlooking specific flow regimes. That is, that the overland flow 

responsible for most erosive events may have more to do with the seasonality of the soils’ 

response to cumulative high intensity rainfall rather than the infiltration capacity of the soil.  This 

highlights the point of departure for some hydrological modeling. In the simplest distinction, 

some have relied primarily on infiltration-excess as a dominant mechanism employing an SCS 

Curve Number approach (SCS, 1956; Haith and Shoemaker, 1987; Williams et al., 1984; Arnold 

et al., 1998, Krysanova et al., 1998). Others have relied on saturation excess as the principal 

mechanism for producing runoff in catchments (Dunne and Black, 1970; Beven and Kirkby, 

1979; Buytaert et., 2007, Liu et al., 2008; Bingner and Theurer, 2007; Steenhuis et al., 2009; 

Collick et al., 2009). In Ethiopia, both mechanisms are likely occur in different watersheds at 

different extents and at different times during a rainy season or storm event. Depending on which 

runoff mechanism is relied upon the basis for the modeling efforts, certain types of interventions 

may be proposed or carried out by policy makers and development agents demonstrating the 

local importance of these hydrological considerations. 
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Specifically in the Ethiopian highlands, modeling attempts for hydrology and sediment 

transport have included, but are not limited to, SWAT (Mekonnen et al., 2009; Setegn et al., 

2010, Tibebe and Bewket, 2011; Betrie et al., 2011; Yesuf et al., 2015), AGNPS (Mohammed et 

al., 2004), and SWAT-Water Balance (Easton et al., 2009, White et al., 2011). In the more 

northern part of Ethiopia, Hengsdijk et al. (2005) generate some important debate on the trade-

offs and effects of soil and water conservation through their analysis of erosion in Tigray 

watershed using the Limburg soil erosion model, or LISEM (Nyssen et al., 2006; Hengsdijk et 

al., 2006). These types of approaches follow a conventional approach of trying to explicitly 

characterize and prescribe landscape heterogeneity in an attempt to reproduce complexity in 

watersheds. A more fruitful approach may include a focus on finding the underlying set of 

principles responsible for this heterogeneity and complexity (McDonnell et al., 2007). Dooge 

(1986) explains that due to the relatively high degree of complexity and some degree of 

organization, purely analytical mechanics or purely statistical mechanics will not provide the 

accurate basis for prediction in hydrology. Most problems in catchment hydrology are systems of 

“organized complexity”, as Dooge states, that can be initially analyzed on the basis of hydraulics 

and soil physics but encounter serious problems in parameter specification due to the high degree 

spatial variability in a catchment of any size.  

Pedo-transfer functions such as those described by Steenhuis et al., (2013) use an 

approach that is a semi-physical interpretation of a watershed’s storage capacity in an effort to 

represent some fundamental runoff-producing mechanisms. Mainly it simulates runoff through 

the framework of saturated overland flow, which occurs once the land becomes totally saturated 

and is unable to accept incoming rainfall (Legates et al 2011; Kirkby and Chorley, 1967). 

Together with the interflow, this saturation excess runoff that reaches the outlet of a catchment is 
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part of the variable source area concept (counter to Hortonian runoff processes) that determines 

storm runoff in humid climates (Dunne and Black, 1970; Hewlett and Hibbert, 1967). This 

separation of the watershed’s infiltrating or saturated areas determines whether or not certain 

areas will accept incoming rainfall. The approach involves arranging the heterogeneity of the 

land into a simple configuration. Legates et al. (2011) argued that this type of framework, 

centered on soil moisture or available soil water content, is essential for understanding not only 

hydrology, sediment transport, and nutrient loss but also climatology and biogeography. They 

highlight studies demonstrating that spatial variations in soil moisture affect the generation of 

overland flow as well as the amount and source of sediment supplied to a channel. For this 

reason, the model structure highlighted in Steenhuis et al. (2013) was used as the basis for 

analyzing sediment and hydrology data for this current investigation in a small highland 

watershed in order to assess if elements could be added to it for improved results. In addition, the 

need for the incorporation of varied land use types that might generate sediment was also a 

motivation to work with this conceptual model.  

The Parameter Efficient Distributed (PED) model (Tilahun et al., 2013ab; 2015) was 

established as simple model capable of simulating stream discharges and sediment 

concentrations on a daily, weekly, and 10-day basis using saturation excess overland flow 

patterns. While the motivation for the development of such a model was based on field 

observations and experimental data showing higher soil infiltration capacities than storm 

intensities in Ethiopia (Bayabil et al., 2010; Tebebu et al., 2010), its formulation has origins in 

hydrological and sediment detachment processes observed both inside and outside of Ethiopia 

(Steenhuis et al., 2013). The water balance component of this model was developed by 

Thornthwaite and Mather (1955) to predict watershed outflow in the eastern U.S., and has been 
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used for predicting recharge in New York State (Steenhuis and Van der Molen, 1986), while the 

sediment transport portion follows a theoretical framework involving studies from South-East 

Asia and Australia (Ciesiolka et al., 1995). Furthermore its hydrological framework has been 

applied for streamflow and lake levels in Central America (Caballero et al., 2013) and in the 

Caribbean (Steenhuis et al., 2013), respectively.   

For the upper Nile basin, Van Griensven et al. (2012) assert that a necessary part of 

modeling involves giving more attention to the dominating hydrological processes, though there 

may not be one mechanism occurring exclusively. Infiltration excess and saturation excess may 

be happening at the same place at different times of the season and alternatively, both processes 

may be active at the same time at different parts of the catchment. It is precisely this attention 

which the PED model gives over to saturation excess as a more likely runoff generation 

mechanism, though the presence of Hortonian runoff has never been rejected even if it was 

argued as less prevalent.  

In this study, the PED model is evaluated for a multi-land use watershed within a 

previously studied Ethiopian highland watershed (Debre Mawi). Here, the dominant runoff 

mechanism is considered to be saturation excess based on experimental data (Tilahun et al., 

2015). However, a starting point is provided for the integration of overland flow on unpaved 

surfaces as a complementary runoff and sediment contributor. The 14 ha Shanko Bahir sub-

watershed was studied by the authors during three rainy years in 2010, 2011, and 2012. In 

addition, Tilahun et al. (2015) recently modeled the hydrological and erosion patterns for the 

total surrounding watershed area of Debre Mawi and other nearby sub-watersheds. This current 

study site (Shanko Bahir), however, had to be modeled separately due to flow contributions from 

a road that bordered the northern and western border of the Debre Mawi watershed. The unpaved 
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road surface, while causing difficulties for the PED as previously developed, has in fact allowed 

for the opportunity to consider multiple complementary flow contributing mechanism during 

larger storms early in the rainy season. Thus, the objective of this study was to add a component 

to the PED model that would account for the added discharge and sediment contributions from 

an impermeable road surface and evaluate its performance. 

4.2   Methods 

4.2.1 Study site 

This study took place in the Shanko Bahir sub-watershed of the Debre Mawi watershed in 

the Blue Nile Basin of the Ethiopian Highlands, located 30 km south of Bahir Dar (Figure 4.1). 

Shanko Bahir corresponds to one of the four gauged sub-watersheds of the 95 ha portion of the 

Debre Mawi watershed (Figure 4.2) studied by Tilahun et al. (2015). Four sub-watersheds within 

Debre Mawi were studied with each being designated a code for each of the drainage areas 

(Weir-1, Weir-2, Weir-3, Weir-4) (Figure 4.1b). Shanko Bahir corresponds to the sub-watershed 

at “Weir-2” in the previous investigation (Figure 4.2). The nearest sub-watershed to Shanko 

Bahir was adjacently located just to the west and represented by “Weir-1”. The main outlet for 

the 95 ha portion was denoted as “Weir-5” and is jointly monitored by Bahir Dar University and 

the Amhara Regional Agricultural Research Institute. The general soil characteristics and 

cropping systems of the Debre Mawi watershed, the sub-watershed at Weir-1, and the Shanko 

Bahir sub-watershed are similar, though with some unique differences.   
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Figure 4-1: The (a) 17.4 x106 ha Blue Nile Basin, (b) the 523 ha Debre Mawi watershed, and (c) 
the 14 ha sub-watershed (Shanko Bahir) (Tilahun et al, 2015) (d) Grassland and a gully are found 
in the southern portion of the sub-watershed leading into the weir. The gray line indicates the 
unpaved road and the numbered red dots indicate piezometer monitoring wells. 
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Figure 4-2: Northern part of the Debre Mawi watershed (95 ha) with labels (W=Weir) for locations 
of sub-watersheds 1, 2 (Shanko Bahir), 3, and 4, and the main outlet for the larger watershed (5) 
from Tilahun et al. (2015). 

 
The soils, studied through geological pit profiles, are characterized by an A horizon 

composed of shallow nitisols in the top portion of the watershed and deep vertisols in the bottom 

portion of the watershed (Abiy, 2009). This is similar for the two gauged sub watersheds (Weir-1 

and Shanko Bahir) and the main watershed since the landscape converges to a central waterway 

beginning near the first two weirs and continuing on to the outlet weir. Nitisols in the upper 

reaches are well drained, red, tropical soils with at least 30 percent clay and an angular block 

 



87 

structure. Vertic nitisols are located throughout the midslope area. In the bottomlands, the 

Vertisols have a high percentage of clay content (above 70%) and are characterized as having a 

dark brown to black color with a strong shrink swell activity (ISRIC, 2014). The catchment 

experiences a sub-humid climate with a unimodal rainfall pattern and an average of 1,100 mm of 

rainfall, 80% of which falls in this location from the months of June to September (Tilahun et al., 

2015, Teshome et al., 2013; Mekonnen and Melesse, 2011). Due to its elevation of between 2200 

to 2300 m a.s.l. it is classified in the Weyna Dega agro-ecological belt (Hurni, 1998).  

A variety of cereals are cultivated in the watershed including maize (Zea mays), barely 

(Hordeum vulgare L.), wheat (Triticum sp.), finger millet (Eleusine coracana), and teff 

(Eragrostis tef). Several legumes are also intercropped or cultivated on fields after harvest as a 

second season crop such as haricot beans (Phaseolus vulgaris) and lupine (Lupinus albus L.). 

Finally, potatoes (Solanum tuberosum L.) can be cultivated throughout the season to provide 

early and later sources of household income and food. Aside from cultivated areas, the watershed 

is composed of fallow lands, grazing areas, and eucalyptus plantations (Figure 4.1d). Other areas 

consist of native bushland areas or trees that have remained in place for household use purposes 

or have grown in on unused areas on rough or steep terrain.  

The unpaved road that connects Bahir Dar to Addis Ababa via Adet consists of a 

compacted gravel road of about 10 m in width with another 2 to 4 m on each side of the road to 

accommodate grassed drainage ditches. The road borders the northern and western border of the 

Debre Mawi watershed before continuing on to the city of Adet. Every year, the surface has a 

new layer of gravel and soil added to it that is compacted before the rainy season begins. Since it 

bisects the Shanko Bahir sub-watershed, some of the flow from the northern portion of the sub-

watershed (Figure 4.1c) will not always be received as overland flow at the weir outlet as it is 
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intercepted by the northernmost roadside drainage ditch and diverted to another watershed. For 

more prolonged storm events however, these ditches overflow and since the northernmost 

outside edge is super-elevated above the centerline of the road (Figure 3.3), the overland flow 

from the northern portion of the sub-watershed will continue down into the rest of the sub-

watershed as runoff. 

4.2.2. Hydrometric and sediment concentration data  

Rainfall was measured continuously by an automatic rain gauge during each rainy season 

and complemented by data collected at the weather station in the Adet Research Center of the 

Amhara Regional Agriculture Research Institute (ARARI). Evaporation data was also provided 

by ARARI. Stream discharge data were recorded by paid community assistants who documented 

stage and velocity measurements at a rectangular broad-crested weir established in 2010 by one 

of the co-authors (Tilahun et al., 2015). Measurements were taken at 10-min intervals starting at 

the onset of a rainstorm and continued until the streamflow returned to pre-storm levels or 

declined to below 1 cm. Flow rate was calculated by converting the stage to discharge using a 

stage-discharge relationship (Tilahun et al., 2015). Total daily discharge was calculated by 

summation of all storm stream flow data within a 24-hour period.  

Measured sediment concentrations were assumed to be constant during the 10 min 

period. Each 10 min interval sediment concentration value was estimated by collecting a grab 

sample of storm water containing one liter of volume and filtering each sample using a 2.5 μm 

Whatman filter paper. The retained soil mass was determined by weighing the sample after it had 

been oven dried for 24 hours at 105°C.  Sediment loads for a storm period and daily interval 

were calculated by multiplying the flow rate and the sediment concentration during each interval 



89 

and then summing the total during each interval. Daily sediment concentration values were 

calculated by dividing the daily sediment load by the daily streamflow discharge volume. 

 

Figure 4-3: Unpaved road at super-elevated curve in the northern part of the sub-watershed during 
(a) dry and (b) rainy conditions. 

 
  

a 
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4.2.3. The PED model: adding road flow contributions to a saturation excess erosion 

model 

The original Parameter Efficient Distributed model (Eq. 1) is described in this section and 

the adjustments needed to add the unpaved road contributions are explained. It was developed by 

Tilahun et al. (2013b) and is based on a simplification of the velocity to sediment concentration 

relationship explained by Yu et al. (1997) and Ciesiolka et al. (1995), who adapted the original 

theory put forth by Hairsine and Rose (1992).  Using four parameters for the erosion component 

with the nine parameters for the hydrology component, the sediment concentration is calculated 

as: 

C
. .

     (1) 

where “C” is suspended sediment concentration (in kg m-3); “A” pertains to areal fractions of  (1) 

saturated, (2) degraded, and (3) infiltrating areas of the watershed; “qr” is the surface runoff 

produced in each runoff producing area; and “qb” and “qi” are the baseflow and interflow, 

respectively (all runoff rates expressed in depth units, mm d-1). Two sediment transport 

parameters are also included for each runoff producing area for which the active rill parameter 

“H” shifts between two conditions (decreasing from 1 to 0): transport limiting conditions “at” 

and source limiting conditions “as”. In total that makes four calibrated sediment transport 

parameters (at1, at2, as1, as2). The H variable represents the fractional area in the watershed with 

active rills forming on the soil surface and proportionally decreases as the rill network develops 

and become stable. For this analysis, during a brief period at the very beginning  of each season 

the H variable was set to 0.7 to indicate that not all the fields had been plowed and ready for 
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cultivation (some crops such as teff require plowing later into the season) and then was set to 1 

and decreased progressively to 0.  

The adjustments are motivated by the fact that roads can be the cause of a significant 

portion of erosion and therefore need to be included in model.  Unpaved road surfaces have a 

very low hydraulic conductivity and therefore usually exhibit Hortonian overland flow. Unlike 

the agricultural soils in these types of highland watersheds where the infiltration capacity has a 

high probability of being greater than the rainfall intensity (Bayabil et al., 2010; Tilahun et al., 

2015), the opposite is true for these roads where all rainfall intensities are larger than the 

infiltration capacity of road. This incorporation into the model then leads to a similar expression 

as for saturation-excess runoff but with a very small storage. To explain this further, the structure 

of the expression is reexamined. 

The PED model uses daily precipitation and evaporation data as an input and is 

composed of a semi-distributed conceptual water balance model and a sediment model. The 

hydrology portion of the PED model has been developed by Steenhuis et al. (2009) based on 

Collick et al. (2009) for the Ethiopian highlands and employs a Thornthwaite-Mather procedure 

to predict recharge and runoff through three distinct portion of the watershed that either infiltrate 

and contribute to baseflow or produce runoff directly (Steenhuis and Van der Molen, 1986).  

These are, (1) the saturated or (2) degraded areas producing runoff (qr1 and qr2 respectively), as 

well as (3) the permeable areas which allow rainwater to infiltrate and either flow laterally as 

interflow (qi) or vertically to recharge the groundwater, and eventually baseflow (qb). These 

areas are represented fractionally in the nine-parameter hydrology model as A1, A2, A3, with the 

subscripts pertaining to the previously denoted regions of the watershed. The remaining six 

hydrology parameters in the model are the maximum water storage capacity parameter for each 
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of the three areas (Smax1, Smax2, Smax3), BSmax which is the maximum groundwater storage, * 

which is the duration of the interflow, and t½   which is the half-life of the aquifer.  To add flow 

contributions to this model, one more fractional area will be needed to account for the area of the 

road surface (A4). Also the maximum water storage capacity parameter (Smax4) for the road is 

required which will be much smaller in comparison to the other areas. Finally, a flow component 

“qr4” that represents the overland flow contributed by the road is used to route the flow through 

the sub-watershed. 

In order to calculate sediment contribution from the impermeable road surface, first 

consider the findings incorporated from Ciesiolka et al., (1995) and Hairsine and Rose (1992) 

relating sediment concentrations at the source limit (Cs, kg m-3) to discharge: 

C           (2) 

From Tilahun et al., (2013a,b), any additional sediment load contributions per unit watershed 

area (Y, kg m-2d-1) would then be obtained by multiplying the concentration in Eq. 2 by the 

relative area and flux per unit area: 

A                                                                                                      (3) 

For this study, the numerator for the sediment concentration equation (Eq 1) is modified by 

adding this sediment load component contributed from the impermeable road surface. This will 

consist of the additional areal fraction parameter (A4) and a source limiting condition parameter 

(as4) to indicate that the road and subsequent drainage network contribute sediment limited by 

what is available on the surface. The denominator is modified by adding the relative area (A4) 
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and flux per unit area (qr4) and Eq 4 now shows the saturation excess erosion model with flow 

and sediment contributions from a road: 

C
. . .

                             (4) 

One further change is that in the Thornthwaite-Mather procedure used for the road surface, the 

input is the directly measured precipitation rather than the effective precipitation (Pe, 

precipitation less evaporation) to  model the direct response a road would have in achieving flow 

rather than the storing precipitation.  

The main framework of the PED model remains intact with the adjustment made, 

however the new component provides an entry point for integration of the overland flow from 

impermeable surfaces and saturation excess overland flow in a simple semi-distributed model. 

While following the similar structure and mechanism for flow, the road contribution is mainly an 

extension of the conceptual degraded area with a much smaller maximum water storage capacity 

that fills up quickly and produces runoff.  

4.3   Results 

The initial performance of this adjustment to the PED model was reassuring and 

suggested that the road contributed an important portion of flow and sediment that could then be 

incorporated to erosion pattern studies in Debre Mawi. Previously, this sub-watershed had not 

been included in modeling studies due to receiving an unknown amount of runoff from the road 

drainage ditches (Tilahun et al., 2015). Here, the analysis estimated that around 8% of the flow 

came from these road overland flow contributions. The predicted values are reasonably close to 

measured values with a NSE coefficient of 0.71 for daily prediction of the hydrology modeling 
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(Table 4.1, Figure 4.4) and a NSE coefficient of 0.71 for the sediment concentration modeling 

(when not including an extreme event on August 2, 2010; Table 4.2, Figure 4.6). Including this 

event, the NSE values actually lowered to 0.58. Explanations for reasonable exclusion of this 

event, however, are provided in the following sections.  

Table 4-1: Parameter values optimized in the hydrology portion of the model for the Shanko Bahir 

sub-watershed (at Weir 2) in the Debre Mawi watershed. A1 is the saturated area, A2 is the 

degraded area and A3 is the permeable hillslope area. Smax is the maximum water storage capacity 

in each area, BSmax is the maximum groundwater storage, * is the duration of the interflow and 

t1/2 is the half-life of the aquifer.   

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Parameter Unit Weir 1 Weir 2 Weir 2 w.o. road 

Area (ha) 8.8 13.9 13.9 

Saturated Area A1 % 8 15 15 

Smax in A1 mm 80 80 80 

Degraded Area A2 % 20 18 26 

Smax in A2 mm 30 30 30 

Perm. Area A3 % 40 22 22 

Smax in A3 mm 60 60 60 

Road Area A4 % - 8 - 

Smax in A4 mm - 2 - 

BSmax mm 80 80 80 

t1/2 days 70 70 70 
t* days 5 5 5 

Total area % % 68 63 63 
NSE  0.66 0.71 0.70 
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Table 4-2: Parameter values optimized for the erosion portion of the model used to simulate the 
sediment concentrations in Shanko Bahir representing Weir 2 in Tilahun et al. (2015). 

Watershed zone Coefficients Weir 1 Weir 2 Weir 2 w.o. road 
  Transport limit 

Saturated area a1t 1 1 1 

Degraded area a2t 6 5 5 
      
  Source limit 

Saturated area a1s 0.5 0.5 0.5 

Degraded area a2s 0.5 0.5 0.5 

Road area as4 - 3 - 
 NSE 0.8 0.71* 0.63** 

 

*Actual NSE when including an extreme outlier was 0.58 

**Actual NSE when including an extreme outlier was 0.52 

 

4.3.1 Discharge simulation 

The values for the Smax, BSmax, half-life (t½), and interflow parameter (*) were kept 

consistent with the parameters calibrated with the remaining sub-watersheds of the Debre Mawi 

watershed (Table 4.1) studied by Tilahun et al. (2015). Shanko Bahir corresponds to the sub-

watershed at “Weir 2” in the previous investigation (Figure 4.2). The areal fractions pertaining to 

the permeability or degradation are the only way in which these sub-watersheds differed in the 

previous investigation and the analysis for this sub-watershed yields analogous results. The total 

area contributing discharge to the broad-crested weir in Shanko Bahir was similar to the sub-

watershed at Weir 1 (63% vs 68%) however the main difference lies in the composition of the 

conceptual areas described in the model.  They are more evenly distributed in Shanko Bahir than 

they are in sub-watershed 1 (Table 4.1) with more fractional saturated areas, A1 (0.15 vs 0.08), 

and less degraded hillside, A2 (0.18 vs 0.20), and less permeable areas (0.22 vs 0.40). The lower 

portion of this sub-watershed (Figure 4.1d) was found to be saturated throughout the rainy 
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season after a couple weeks of rainfall. While there were some areas with planted eucalyptus that 

were less saturated, they were located at a slightly higher undulating part of the lower portion. 

The proportional area that the unpaved road represented is 8%. Combined with the 

degraded area, as a part of the total area with low storage capacity, this would represent 26% of 

the area in the watershed. The maximum water storage capacity, Smax, in the area comprised of 

the road surface was found to be 2 mm, which is much lower than the saturated and permeable 

hillside areas and one-sixth of the degraded area maximum water storage capacity. The nearest 

similar value of 10 mm for Smax for the degraded areas is found in a study of three basins in the 

Blue Nile Basin and at the Blue Nile Basin itself (Tilahun et al. 2013a). The value of 2 mm 

hence is sufficiently small and practical for representation of an unpaved compacted surface. The 

road does, however, have depression storage due to the roadside ditches that eventually guide the 

flow to the northernmost parts of Shanko Bahir and flow to the outlet weir in the south (Figure 

4.1a).  There seems to be some improvement in efficiency, but the hydrology component appears 

to be already performing well even without the additional road contribution. The currently 

adjusted semi-distributed hydrology component of the model provides reasonable results with 

NSE coefficient of 0.71 and a coefficient of determination (R2) of 0.72 (Figure 4.4) for the 

Shanko Bahir sub-watershed. Without the road contribution, the NSE is 0.70 and the R2 is 0.71. 

The under-predicted values in the first year seem to be evened out by the over-predicted values 

in the second year (Figure 4.5), but relatively more effective in the third year. The results for 

sediment predictions illustrate however, the importance of how this road flow contribution 

carries with it some sediments. 
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4.3.2 Sediment concentration simulation 

The source-limiting condition parameters were kept consistent with the small sub-

watershed (at Weir 1) nearest the Shank Bahir sub-watershed (Table 4.2) however the transport-

limiting condition parameter for the degraded area had to be lowered slightly (at=5).  Although 

Shanko Bahir had a greater portion of land in cultivation, possibly leading to either higher or 

equal transport limiting conditions for sediment transport in overland flow, some of these 

cultivated areas were treated with soil conservation bunds potentially influencing these sediment 

source conditions. Furthermore, partial areas of this sub-watershed are divided from the rest by 

the road that dissects the northern portion which could further alter the connectivity of high 

transport conditions.  

The new source-limiting condition parameter for the road surface (as4= 3) is greater than 

the parameter representing this condition for degraded areas in the other sub-watershed within 

Debre Mawi (as=0.5), but it is the same as the one that was calibrated for the entire Debre Mawi 

watershed (as=3) (Tilahun et al., 2015). The NSE for the sediment concentration modeling was 

0.71, with an R2 value of 0.72, when excluding an event on August 2, 2010 (Figure 4.6). The 

excluded event was an extreme value (30.8 kg m-3, Figure 4.7) caused by a very low discharge 

value (1.8 mm) with slightly above average sediment load transport (0.56 t ha-1) for 13.9 mm of 

rainfall (Figure 4.8). The next nearest sediment concentration value measured over the period of 

three years was 16.3 kg m-3, occurring on July 12, 2011 for 10.2 mm of rainfall and 3.3 mm of 

discharge. A likely scenario could either be related to the progression of gully erosion or an 

extreme rain event on July 29, 2010 (50 mm) that could have been transporting sediment over 

the surface of the watershed but not entirely out to the weir outlet. Either of these scenarios could 
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be resulting in higher than usual sediment concentrations when that particular storm occurred on 

August 2, 2010.   

 

Figure 4-4: Scatter plot of the measured vs predicted storm runoff (mm) with a NSE of 0.71. 
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Figure 4-5: Measured and simulated storm runoff for (a) 2010, (b) 2011, and (c) 2012. 
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Interestingly, the improvement in model efficiency seems to be more important for the 

sediment concentration estimates than it is for the discharge. Compared to the performance when 

the road is included (NSE=0.71, R2=0.72), the results without the road decrease in predictive 

performance. Without the modeled contribution from the road the NSE is 0.63 and the R2 is 0.64. 

Three events producing sediment at the beginning of the season in particular are important for 

the improvement of these results in this sub-watershed. On July 4 and 5, 2010 and June 25, 2011, 

sediment concentration values were measured as 7.5, 9.2, and 6.2 kg m-3, (Figure 3.8), however 

the amount of effective precipitation (Pe) was not enough (around 11 mm each time) to exceed of 

the storage capacity of the different areas of the watershed this early in the season in order to 

produce runoff and sediment. Thus, the original formulation without the road contribution did 

not produce sediment for these days (Figure 4.6c,d, shown by the predicted 0 values for sediment 

concentration), however with the road included as an area with minimal storage more plausible 

results were obtain as sediment concentration values: 8.5, 8.0, and 3.4 kg m-3, respectively 

(Figure 4.8). 
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Figure 4-6:  Scatterplot of measured vs predicted sediment concentrations for Shanko Bahir using 

PED model with road contributions (a) all values on the left, (b) extreme event (red) excluded on 

the right and PED model without road contributions (c) all values on the left, (d) extreme event 

(red) excluded on the right. 
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Figure 4-7: Boxplot of all measured sediment concentrations values from 2010 to 2012, whiskers 

for 1.5 times the interquartile range, and the extreme event marked at 30.8 kg m-3. 
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Figure 4-8: Measured and simulated sediment concentrations for (a) 2010, (b) 2011, and (c) 2012. 
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4.4   Discussion 

The inclusion of impermeable hard surfaces into this model assisted in the expansion of 

the applicability of this model to other watersheds and locations. Although the road is the main 

consideration for Hortonian flow (and it’s possible that otherwise some other Hortonian flow 

occurs during the largest storms), the implications are that models that simulate overland flow 

relying on saturation excess as the dominant runoff mechanism can realistically be integrated 

with other flow mechanisms.  

Saturation excess overland flow in the sub humid catchments of the Ethiopian highlands 

has been argued to be the dominant mechanism for runoff production based on data analysis, 

field experiments, and observations (Liu et al, 2008; Bayabil et al., 2010; Tebebu et al., 2010; 

Tilahun et al., 2013a,b; 2015). Other researchers have also noted the importance of soil moisture 

storage and saturation for runoff generated in highland watersheds (Bewket and Sterk, 2003; 

Zeleke, 2001). However, these studies have acknowledged that there are instances in which the 

infiltration capacity of the soil may be exceeded by very intense rainstorms, leading to Hortonian 

overland flow to occur. In the semi-arid highlands of Ethiopia, studies have also shown the 

presence of saturation excess as a mechanism however only during certain parts of the rainy 

season. In Tigray, infiltration excess overland flow caused by heavy or high intensity storms has 

been shown to be common in the early part of the rainy season (Zenebe et al., 2013; 

Descheemaeker et al., 2009; Walraevens et al., 2009). Thus, although Hortonian and saturated 

overland flow processes occur with varying intensity in different watersheds, few attempts had 

been made to integrate both mechanisms in a satisfactory way. The effort in this study has been 

to use the road bordering and dissecting the Shanko Bahir sub-watershed as a starting point for 

considering these two mechanisms as complementary runoff mechanisms, while acknowledging 
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the dominance of one (saturation-excess) over the other (infiltration-excess). Dunne (1983) 

argued that the value of a theoretical model is greatly enhanced when developed in close 

cooperation with field studies. The PED model was in fact developed based on those principles 

so that it would provide an adequate description of field conditions.  

In the Shanko Bahir watershed, previous attempts to predict the discharge and sediment 

concentrations with similar parameters as nearby sub-watersheds did not perform well (Tilahun 

et al., 2015) and had to be modified before the model could provide reasonable results. Still, the 

presence of gullies in this small sub-watershed and the nearby sub-watersheds continues to 

provide challenges in adequately describing the field conditions. Advancing head cuts (channel 

initiating areas moving upslope; Montgomery and Dietrich, 1989) and slumps (sliding of the 

gully walls; Tebebu et al., 2010) in these channels can lead to very high sediment transport 

events. The incorporation of the flow from the road, however, at least shows that with only three 

more parameters (A4, Smax4, as4), the PED model can remain a simple semi-distributed model that 

can predict the hydrology and sediment concentrations in a data-scarce environment on a daily 

basis. Future developments on the model will aim to fully describe similar impermeable or low 

permeability surfaces such as foot paths as well as to address the connectivity of sediment 

transport along the hillslope as well as incorporating threshold limits for moisture and gully 

expansion events. 

4.5   Conclusion 

Research on soil erosion has been more prevalent as access to field data and computing 

capability have increased. Local and international research institutions within different parts of 

Ethiopia are increasingly involved in projects attempting to understand the complex physical 
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components of the food security challenge through comprehensive data collection and 

contextualized data analysis. This model’s development has benefited from these two trends 

especially in the data-scarce regions of East Africa. The PED model, while benefitting from 

computing capabilities, is most influenced by higher soil infiltration capacities (shown by field 

data) than rain event intensities in sub humid Ethiopian highland watersheds. While for most 

Ethiopian watersheds modeled so far, the PED model performed reasonably well, the Shanko 

Bahir sub-watershed provided difficulty in using strictly saturation excess runoff mechanism due 

to the presence of a gravel road contributing overland flow. The modification made in this study 

to accommodate the overland flow and sediment contributions from this road with low hydraulic 

conductivity resulted in similar NSE and R2 values for previous studies on a daily basis in the 

Debre Mawi watershed and also in other Blue Nile Basin watersheds (NSE=0.71, R2= 0.72 for 

hydrology and NSE=0.71, R2=0.73 for sediment concentration modeling). The sediment portion 

of the analysis provided the most improvement showing that incorporating sediment sources 

such as roads or other areas with low hydraulic conductivity is an important step to improving 

erosion modeling efforts. The data furthermore show that increased variability in discharge and 

sediment concentrations in this sub-watershed can be attributed to the unpaved road and that soil 

and water conservation structures need to recognize these added contributions if sediment 

concentrations in streams are to be reduced. 
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CHAPTER 5 : SPATIAL PATTERNS OF SOIL NUTRIENTS AND 

GROUNDWATER LEVELS WITHIN THE DEBRE MAWI WATERSHED 

OF THE ETHIOPIAN HIGHLANDS 

 

Abstract  

Gradual and cyclical patterns of erosion have emerged in the Ethiopian highlands leading 

local and international development organization to construct soil and water conservation 

structures throughout the countryside to mitigate natural resource degradation. A common concern 

is the loss of soil fertility and loss of soil water. This study investigates the spatial patterns of soil 

nutrients and water table depths in a small sub-watershed in the northwestern Ethiopian highlands. 

Nitrogen (N), phosphorus (P), and potassium (K), a particularly important group of nutrients for 

inorganic fertilizer considerations, did not follow a consistent trend as a group along and across 

slope and land use transects. The level of total nitrogen is moderate to low when compared to fields 

with great fertility. The nitrogen concentration reached its greatest value in the upslope regions 

(~0.2% TN) compared to the lower slope positions. Available phosphorus had comparably similar 

concentrations in the different slope regions throughout the watershed (~2.7 mg kg-1). The 

exchangeable cations (K+, Ca2+, Mg2+) did increase in concentration in cultivated lands and in a 

downslope direction (in most cases though, they were highest in the middle region) but not 

consistently later in the season. The perched water table (the groundwater trapped above an 

impermeable soil layer) in different areas of the watershed showed a very distinct trend. The lower 

part of the sub-watershed had shallower of water table depths (less than 10 cm from the surface) 

than did the ones located in the upper parts of the sub-watershed (usually greater than 120 cm from 

the surface). The piezometers located in the middle part of the sub-watershed had depths located 
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at 40 to 70 cm below the surface. These results show how the landscape slope position and land 

use may be important for planning where and when soil nutrients and water would be expected to 

be appropriately “conserved” or stored. 

Key words: spatial variability, nutrient depletion, groundwater table variations 

 

5.1   Introduction 

Land degradation across the globe threatens food supply through limiting the potential 

agricultural productivity of the remaining arable soil. Most farmers will tend to manage changes 

in productivity by replacing any depleted soil nutrients or water storage through increases in 

fertilizer or irrigation schemes. In the low-input rainfed agricultural systems of the rural Ethiopia 

highlands, however, farmers encounter greater challenges in making such adjustments. Where 

resources are strained and decisions limited, it is important to direct the appropriate actions to the 

most affected or strategic areas.  This means stopping erosion at, applying fertilizers to, or 

directing water for the areas that are likely to create a deficit in potential productivity. Soil, 

water, and agricultural researchers have for decades now worked on the challenge of trying to 

locate these areas by trying to identify the specific processes and landscape characteristics that 

are most responsible for nutrient depletion and water scarcity. The hope in this endeavor is to 

implement or promote soil and water conservation practices where they can reap the most 

benefits. Though erosion rates are studied a various scales, few studies in Ethiopia look at 

patterns of soil fertility gradients and perched water table variability concurrently on a small 

watershed scale—a scale which could tie together plot scale and basin level analyses.  

Soil fertility gradients refer to the heterogeneity of soil fertility spatially in smallholder 

farms of sub-Saharan Africa (Tittonell et al., 2005; Tittonell et al., 2013). They can be 
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substantially affected by environmental processes and vegetative cover. Soil erosion, for 

instance, can lead to a significant portion of soil nutrient losses and variability. As underlined by 

Erkossa et al. (2009), soil erosion in fields under cultivation can be responsible for a major 

portion of soil nutrient export due to the enrichment of soil particles lost occurring during 

sediment transport processes. In detecting nutrient patterns in the sub humid highlands, it is 

possible that areas of high runoff and eroding areas could be hotspots for nutrient losses and that 

focusing on topographic factors (Bayabil et al. 2010), for example, could improve nutrient 

efficiency programs. Few studies in these climates have tested this supposition.  

In the semi-arid northern Tigray highlands, several researchers (Descheemaeker et al. 

2006; Nyssen et al. 2004; Vancampenhout et al. 2006; Mekuria et al. 2007; Tesfahunegn et al. 

2011; Gelaw et al. 2013) have investigated the effect of different vegetative covers on soil 

nutrient and aggregate conditions. Some important trends in soil structure, organic C, and texture 

were demonstrated in association with variations caused by land use and slope positions. 

Descheemaeker et al. (2006) revealed that exclosures produce a series of “old” (centuries ago) 

and “new” (~20 years ago) sediment deposition processes that create profiles with distinct layers 

of soil structure and soil nutrients in different parts of these semi-arid catchments. Higher soil 

organic carbon and total nitrogen were observed in open pasture and silvopastoral systems 

(Gelaw et al., 2013) than in rainfed land cultivation. Working on a larger scale (1240 ha), 

Tesfahunegn et al. (2013) published one of the few catchment-scale assessments on the spatial 

variability of a host of different soil physical and soil chemical properties. Their study in the 

Mai-Negus catchment found that the highest values of chemical soil properties, silt, and clay 

contents were found in areas characterized by deposition, high vegetative cover, or intensive 

cultivation and soil management.   
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Though land use and topography may affect these stores, few studies go beyond the field 

plot level to attempt to characterize the variation within an agricultural watershed in the 

highlands. In the Central Highlands of Ethiopia, Haileslassie et al. (2006) compared NPK stocks 

and balances in two different watersheds containing agroecosystems of two of the nation’s major 

crops, teff (Eragrostis tef ) and enset (Ensete ventricosum), and showed the negative impact of 

teff on nutrient cycling of N and K. While different systems may lead to different stocks, the fact 

remains that within-farm spatial heterogeneity and diversity of soil fertility patterns need to be 

addressed if interventions are to be expected to have a noticeable and short-term effect (Titonell 

et al, 2013). The patterns of soil heterogeneity in Ethiopia are similar to those on smallholder 

farms in Uganda and Kenya become spatially variable and could have important implications for 

designing integrated soil fertility management strategies in other tropical climates. Fallowing the 

land is just one of the ways fertility is restored in heavily farmed and densely populated areas. 

Selassie et al. (2014) suggest agricultural practices such as liming and organic matter input as 

ways to counteract the acidification and leaching of base cations on different soil types in the 

Yigossa watershed of South Gonder Zone. But supplying sufficient nutrients only addresses part 

of the equation to improving productivity, the other being “green water” sources, or soil water.  

Groundwater level patterns are important for understanding what green water resources 

are available but they also indicate how the hydrologic balance may respond to soil and water 

management practices. The latter may be a concern for how conservation practices are promoted 

and managed by government or NGO programs. In particular, this information can demonstrate 

which areas have deficits and which areas have surpluses of water. In sub-humid conditions, 

research has found that waterlogging may be induced by retention of excessive soil moisture as a 

result of some water conservation practices (Herweg and Ludi, 1999). On the other hand, Nyssen 
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et al. (2004) found that soil bunds were responsible for providing beneficial amounts of soil 

moisture in the northern Tigray highlands. Vancampenhout et al. (2003) likewise showed that 

soil moisture storage is enhanced by stone bund at depths of 1-1.5 m for at least 2 months 

following the end of the rainy season. Thus, the impact is dependent upon the local patterns of 

water storage and the local climate patterns in which conservation practices are implemented. 

In the central Ethiopian highlands, research on water table elevation was shown to also 

affect rates of soil loss from sheet (Bayabil et al., 2010), to rill (Zegeye et al., 2010; Tilahun, 

2012), to gully erosion processes (Tebebu et al., 2010). The shallower (nearer to the surface) the 

water table was, the higher the soil loss observed on different field plots or gully sections. 

Dahlke et al. (2102), gauged piezometer wells with water level recorders to examine the 

influence of water table thresholds on observed fractional area contributing saturation excess 

runoff. The research showed that predicted saturated area extents had the best agreement with 

observed saturated area extents when the water table was at 10 cm (or less) below the surface of 

the soil. Since soil bund-type soil and water conservation practices (“fanya yuu”) not only 

interrupt overland runoff paths but also have furrows that reach depths of 30-50 cm below the 

surface, they most likely impact the subsurface interflow processes. Water table observations aid 

in understanding how topography may better inform conservation strategies and the implications 

of each with respects to the hydrology of the watershed. Hence, observation of the spatio-

temporal patterns of water table fluctuations play an important role in developing future 

management options for agriculture and water resources.  

The objective of this study was to investigate spatial and temporal patterns of soil nutrient 

content and groundwater table depths that have emerged in a small sub-watershed in the 

Ethiopian highlands experiencing advanced patterns of erosion. A concurrent study was focused 
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on identifying the spatial and temporal patterns of soil erosion rates with different techniques 

(chapter 2). This particular investigation contextualizes those results and the impact those rates 

have on soil fertility and soil water resources. The hypothesis is that nutrient concentrations will 

be lowest where the water table is nearer to the surface, since they have a greater chance of being 

transported through dissolution and leaching or by detachment caused by overland flow. That is, 

where higher patterns of degradation processes have been taking place, we would expect lower 

nutrient concentrations. Alternatively, land use may be a larger determinant of soil nutrient 

variability. 

5.2   Methods 

5.2.1 Study site 

The sub-watershed chosen for this study will be referred to as Shanko Bahir (after the 

local named village in Amharic) and is located within the larger Debre Mawi watershed of the 

Blue Nile Basin (Figure 4.1). The average rainfall in the area is around 1100-1200 mm, 80% of 

which occurs within the unimodal rainy season typically occurring between the months of June 

to September (Teshome et al., 2013; Mekonnen and Melesse, 2009). The soils have developed in 

a basalt area with two main soil types: red nitisols and black vertisols (ISSS Working Group, 

1998; Abiy, 2009).  Nitisols are found mostly in tropical Africa and Ethiopia has a high 

prevalence of these soils (IUSS Working Group WRB, 2006). Though published analytical data 

for nitisols is scarce they are typically defined as deep, well-drained, red, tropical soils, with a 

clay-rich ‘nitic’ subsurface horizon that have a blocky structure and shiny peds (IUSS Working 

Group WRB, 2006; De Wispelaere et al., 2015). It has been reported as a neutral or slighty acidic 

soil (Selassie et al., 2014). In this sub-watershed, the nitisols are located in the upper parts of the 
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watershed, while vertic nitisols are found in the midslopes and finally vertisols in the lower parts 

of the watershed.  
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Figure 5-1: The (a) 17.4 x106 ha Blue Nile Basin, (b) the 523 ha Debre Mawi watershed, and (c) 
the 14 ha sub-watershed (Shanko Bahir) (Tilahun et al, 2015) (d) Grassland and a gully are found 
in the southern portion of the sub-watershed leading into the weir. The gray line indicates the 
unpaved road and the numbered red dots indicate piezometer monitoring wells. 

 

  

8 7 6
5

9

432
1

16 15 14 13

12
1110

Weir 2 

¯
Lake Tana 

a b c 

d 



122 

The slopes found in this area ranged between 3% and 35%. Though upslope, midslope, 

and downslope regions may be a different way to divide a hillslope than the typical land use 

classification, the division is made here in the study to keep track of what occurs in each of these 

areas where topography may play a role in the observed dynamics. A detailed description of the 

land use is present in chapter 2, however the following will be a brief summary. Generally, the 

upslope lands are dominated by cultivation, (single and intercropped fields of teff, beans, maize, 

wheat, and finger millet). The toe slope is mostly uncultivated land that has been left fallow or 

managed as grazing or grassland that is harvested after the rainy season as a source of cut and 

carry livestock food source. The midslope area has mixed land use of grassland, eucalyptus 

plantations, and cultivated lands. 

5.2.2 Soil nutrient monitoring 

Composite samples were collected at 16 different locations throughout the main part of 

the watershed.  Half of the sampling sites were located in cultivated land and half were located in 

non-cultivated land—either fallow land or grassland (Table 5.1). This placement, along with the 

semi-gridded spacing of the locations, allowed for a comparison of both land use and slope 

position. That is, four altitudinal transects (downslope, midslope-1, midslope-2, upslope; Figure 

5.2) contained four sampling locations along each transect. Each soil sample was prepared by 

extracting 25 cm of the top soil with a 30 mm diameter Oakfield Soil Probe, combining 6 to 8 

soil cores, thoroughly mixing them together, and removing a one kilogram subsample (Mekuria 

et al., 2007).  
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Table 5-1: Description of slope and land use for monitored sites in the Shanko Bahir sub-
watershed. 

Sample  
Site ID # 

Slope area Land use Depth below surface to 
bottom of piezometer (m) 

1 Downslope Grassland 3.5 
2 Downslope Grassland 3.2 
3 Downslope Grassland 3.1 
4 Downslope Grassland 3.0 
5 (Lower) Midslope-1 Grazing/ fallow 3.1 
6 (Lower) Midslope-1 Cropland (wheat) 3.3 
7 (Lower) Midslope-1 Cropland (wheat) 3.2 
8 (Lower) Midslope-1 Grazing/ fallow 2.7 
9 (Upper) Midslope-2 Grazing/ fallow 2.5 
10 (Upper) Midslope-2 Cropland (wheat) 2.1 
11 (Upper) Midslope-2 Cropland (wheat) 2.6 
12 (Upper) Midslope-2 Grazing/ fallow 1.8 
13 Upslope Cropland (teff) 2.3 
14 Upslope Cropland (maize intercropped) 1.3 
15 Upslope Cropland (bean intercropped) 1.2 
16 Upslope Cropland (teff) 1.4 

 

 

 

 

Figure 5-2: (a) Three-dimensional view of Shanko Bahir (14-ha sub-watershed) in the northern 
section of Debre Mawi watershed with white block symbols indicating piezometer locations and 
(b) cross-section with piezometer number locations west to east (left to right). 
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Nutrients were analyzed using a series of analyses at the Amhara Design Suervision and 

Works Enterprise. Total nitrogen was determined using the Kjeldahl method. Available 

phosphorus was determined using the Bray method and soil pH was measured potentiometrically 

using a digital pH meter in a supernatant suspension of 1:2.5 (soil: water) (Selassie et al., 2014). 

Exchangeable cations (Ca2+, Mg2+, K+) were extracted using ammonium acetate and then 

determined by atomic adsorption mass spectrophotometry (Ca2+, Mg2+) and flame photometry 

(K+) (Sparks et al., 1996).  

5.2.3 Piezometric monitoring of the perched water table 

Concurrently at each of the 16 different locations in the watershed, a 5 cm diameter PVC 

pipe was inserted to the depth of the impermeable bedrock layer or to a maximum of 3.5 m (the 

maximum length of the PVC pipe). The bottom 30 cm of the pipe was perforated and wrapped in 

permeable fabric to allow water to enter the pipes free of soil particles. In the upper part of the 

watershed this impermeable layer was located at around 1 m below the surface. In the bottom 

part, it was located at around 4 m. The perched water table was measured at each PVC pipe 

location twice a day in the morning and afternoon.  

Wherever rising and falling patterns varied sufficiently to demonstrate drainage or 

interflow patterns, they were quantified to estimate the lateral hydraulic conductivity at that point 

using the assumptions of a moving drying front over a sloping bed (the region separating 

saturated and the partially dry zones for unconfined groundwater flow in sloping aquifers; 

Stagnitti et al., 2004). These rates were compared to the vertical hydraulic conductivities 

measured by Tilahun et al. (2015).   
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5.3   Results 

Findings from the assessment of the soil nutrients and groundwater revealed some 

general trends about the spatial variability in this sub-watershed and where it might be expected 

to observe depletion of these nutrients. Many of the exchangeable cation measurements are 

higher in the bottom parts of the watershed, while nitrogen and phosphorus are usually highest in 

the upper parts though there was considerable variability (Figure 5.3, Table 5.2). The soils were 

acidic throughout the different areas of the watershed (pH between 5.5 and 6.7) and slightly 

more acidic in cultivated areas and in the upper part of the watershed (Figure 5.4, Table 5.2). The 

perched groundwater table accumulated closest to the surface in the lower part of this watershed, 

leaving the lower grassland areas saturated and the upper areas unsaturated throughout most of 

the rainy season (Figure 5.5). The midslope areas revealed quick lateral drainage of the perched 

water table (Figure 5.6) possibly explaining the interflow patterns of the small sub watershed. 

5.3.1 Exchangeable cations 

Calcium, magnesium, and potassium tended to have similar trends in spatial presence 

throughout the sub-watershed. From the beginning to the end of the season, however, there was 

more of a difference. While calcium nutrient concentrations ranged from 42.7 cmol kg-1 and 50 

cmol kg-1 for the different slope regions (Figure 5.3), the difference in samples analyzed at the 

beginning of the season to the end of the season ranged between 24 and 50 cmol kg-1. 

Magnesium nutrient concentrations similarly ranged from 6.2 to 7.5 cmol kg-1 during the initial 

part of the rainy season but was at its lowest towards the end of the season at 1.1 cmol kg-1 

(downslope region) when the interflow leach out the most. Values for potassium nutrient 

concentrations in the different slope positions of the watershed ranged from 0.55 to 0.94 cmol 

kg-1.  Mg2+ and K+ on cultivated fields are in the same range for Tebebu et al. (forthcoming) in 
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Debre Mawi (~4 cmol kg-1, 0.083 cmol kg-1) as this study (~5.5 cmol kg-1, 0.085 cmol kg-1). The 

results for Ca2+, however, are higher by orders of magnitude (0.9 cmol kg -1 vs ~35 cmol kg-1), 

though the difference could be influenced by the extraction methods (for atomic adsorption vs 

ICP). Other factors might lead to this difference. For example, Tebebu et al. (forthcoming) 

sampled throughout Debre Mawi in addition to Weir-2, so possibly the other areas are more 

depleted. Another factor could be sampling depth. Tebebu et al. (forthcoming) sampled from 0-

20 cm, 20-40 cm, and 40-60 cm, whereas these data in 2012 were from 0-25 cm. As Emiru and 

Gebrekidan (2013) indicate there are lower concentrations of cations with depth. Lastly, the year 

assessed was two years later (2014) for the Tebebu et al. (forthcoming) study.  

The generalizable trend observed when comparing nutrient status of soils in different land 

uses was that soils in cultivated land had lower concentrations of exchangeable cations than 

fallow land soils (Figure 5.3). These results were statistically significant for K+ (p<0.001), Ca2+ 

(p<0.005), and Mg2+ (p<0.05). The measured pH was also significantly lower statistically 

(p<0.005) for cultivated land. The differences when comparing the slope positions was not as 

strong. Comparing all measurements for Ca2+ variations based on slope position (downslope, 

midslope-1, midslope-2, upslope), there was strong correlation for two of the four sampling 

dates. With increasing number of years in cultivation, soils tend to be slightly leached of the 

cations and become acidic (Jaiyeoba, 2003; Emiru and Gebrekidan, 2013; Tebebu et al., 

forthcoming), and this was demonstrated in the data (Figure 5.4) with cultivated soils being more 

acidic than non-cultivated soils.  This increased soil acidification then leads to even further 

amounts of exchangeable cations being displaced from exchange sites and increasing amounts of 

cations are leached (Haynes and Swift, 1986; Tebebu et al., forthcoming).  



127 

 

 

 

Figure 5-3: Soil nutrient concentrations measured on June 9 (6.9) and September (9.3) for (a) 
calcium and magnesium; (b) potassium (K) and available phosphorus (AP); and (c) total nitrogen 
(TN). 
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Figure 5-4: Fallow vs cultivated land soil nutrient concentrations for (a)total nitrogen (TNf vs 
TNc), (b) potassium (Kf vs Kc), available phosphorus (Apf vs Apc),  (c) calcium (Caf vs Cac), (d) 
and Magnesium (Mgf vs Mgc) as well as (e) soil pH. Whiskers show maximum and minimum 
values. 
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Table 5-2: Average soil nutrient content (n=4) of 0-25 cm depth for different slope positions and 
land uses (grassland, agriculture, and mixed grassland and agriculture). Sampling frequency for 
June 9 is n=2.  

Sample 
date Land use Slope position 

pH 
H2O  

Exchangeable cations  
(cmol (+)/kg) 

 
TN 

 
AP 

2012     1:2.5  Ca2+ Mg2+ K+  (%) mg/kg
9-Jun                   
  Grassland Downslope  -  46.9 7.5 0.68  0.05 2.8 
  Mixed Midslope-2  -  50.1 7.0 0.94  0.03 3.0 
  Agriculture Upslope  -  42.7 6.2 0.60  0.12 3.2 
                    
10-Aug                   
  Grassland Downslope 6.0  55.1 7.4 0.51  0.07 0.37 
  Mixed Midslope-1 6.3  50.3 7.0 0.74  0.09 0.16 
  Mixed Midslope-2 5.8  33.4 5.9 0.38  0.15 0.11 
  Agriculture Upslope 5.7  32.2 4.7 0.60  0.09 0.27 
                    
24-Aug                   
  Grassland Downslope 6.1  40.9 5.9 0.60  0.08 0.20 
  Mixed Midslope-1 6.2  49.3 6.4 0.64  0.05 0.13 
  Mixed Midslope-2 5.6  43.9 7.9 0.51  0.11 0.06 
  Agriculture Upslope 5.7  37.8 6.2 0.67  0.06 0.15 
                    
3-Sep                   
  Grassland Downslope 6.1  33.0 3.3 0.55  0.06 0.22 
  Mixed Midslope-1 6.1  34.0 3.2 0.57  0.03 0.20 
  Mixed Midslope-2 5.8  28.4 3.5 0.49  0.04 0.38 
  Agriculture Upslope 5.6  24.1 1.1 0.67  0.04 0.75 

 

 

5.3.2 Phosphorus 

Available phosphorus was present in very similar amounts in upslope, midslope, and 

downslope regions (between 2.7 and 2.9 mg kg-1) at the beginning of the season. Over the season 

however, there were sharp reductions which were more pronounced in the mid and lower regions 
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than they were in the upslope region with a 10-fold reduction being seen in the former (down to 

0.22 mg kg-1) and a threefold reduction occurring in the latter (down to 0.74 mg kg-1).  The 

coefficient of variation, CV, was greater than 1 (CV = 1.07) indicating high variance in the 

available phosphorus throughout the watershed for all measured.   

5.3.3 Nitrogen 

Trends for nitrogen were not so straightforward. There was high variability (CV = 0.60) 

among all the soils sampled. Nitrogen seemed in fact to be lowest in the midslope or downslope 

areas and increasing when going up the slope or down as well depending on the date when the 

sample was taken. Available nitrogen levels were highest (at up to 0.22 % TN on 24 August at 

point 9) in the upslope region and lowest mostly in the midslope (at down to 0.01% TN). These 

upslope regions are in fact dominated by mixed cropping systems (maize and bean being 

intercropped) and a monocrop system (teff).  

5.3.4 Water table fluctuations 

The piezometers measuring the perched water table in different areas of the watershed 

showed a very direct trend. Those piezometers located in the lower part of the sub-watershed 

(red triangles, Figure 5.5) had shallower levels of water table depths (less than 10 cm from the 

surface) than did the ones located in the upper parts of the sub-watershed (blue solid squares, 

usually greater than 120 cm from the surface). The piezometers located in the middle part of the 

sub-watershed (orange filled circles and green open circles) had intermediate levels of water 

table depths located at 40 to 70 cm below the surface.  

In Figure 5.5, there are two lines that depict the trends for the “downslope” areas and two 

lines that depict the trends in the “midslope” areas. The red filled triangles indicates the average 
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depth at the lowest part of the sub-watershed without including the piezometers located closest to 

the gully channel (Fig. 5.1d). These piezometers closest to the channel continually drain the 

water table to a deeper level near the beginning and middle of the season, whereas it rises to the 

level of the other downslope piezometers by the end of the season in September (Figure 5.5, 

open red triangles). Because of this, the second line is depicted to show how the effective water 

table depth is varying with the progression of the rainy season (consistently shallow by late July 

essentially saturating this region).  

Most of the piezometers in the same elevation transect had similar levels of water table 

depths and similar land use, with the exception of some interesting results in the midslope 

transects. For example, the downslope areas were all grassland, whereas the upslope areas were 

either lands under cultivation with teff or intercropped maize and bean. The monitored areas in 

the middle slope areas were the only areas with varied land use as well as greater variation in 

undulating land surfaces. On the eastern and western-most points monitored in this middle area, 

land was either in fallow or grazing conditions (Figure 5.7), while towards the center of the sub-

watershed, the land was being cultivated with wheat crops (Table 5.1, Figure 5.1a). 
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Figure 5-5: Water table depth below surface at downslope, midslope, and upslope areas. 

 

Figure 5-6: Water table depths (cm) below surface at midslope 2 region for piezometers 9-12. Point 
9 is the westernmost point. 
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In Figure 5.6, the second midslope transect (higher up on the slope) is depicted as its four 

comprising piezometer records for the season. While piezometer 11 water table measurements 

show a steady progression towards shallower depths and then leveling out around 100 cm below 

the surface, the remaining piezometer wells show a more varying pattern of recharge and 

drainage. This is actually a quite interesting representation of how the subsurface patterns of soil 

permeability redistributes the water availability. Piezometer 10 for example shows a level of 

saturation in that midslope area from August 3 to August 10 after which there is a steady decline 

in the water table. The total depth to the bottom of the piezometer well is 208 cm, so that given 

rate of decline of the water table it would be possible to roughly estimate the lateral hydraulic 

conductivity by making several assumptions about the movement of the wetting front down the 

slope. 

For instance, the Boussinesq equation derived from Darcy’s law using the Dupuit-

Forchheimer assumption, and neglecting capillarity above the water table surface would give the 

flux, Q (L2T-1), per unit aquifer width at any point x in an unconfined aquifer as (Rupp and 

Selker, 2005): 

	 	 ⁄          (1)  

where k is the hydraulic conductivity and h is the water table height. The average velocity, V (L 

T-1), for the drying front to go from A to point B in Figure 5.8 (emptying the water in piezometer 

10) would be given by:   

⁄ 	 	 ⁄ ⁄  ,       (2) 
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If it takes 5 days (August 10 to August 15) for the water table to reach 107 cm below the 

surface at point 10 (Figure 5.6), it will take around 10 days for the water table to drain to the full 

208 cm depth of the piezometer and hence around 10 days before the drying front can reach 

point B (Figure 5.8). Since the distance from the top of the watershed to this point is 196 m, the 

velocity is approximately 20 m day-1. 

 

Figure 5-7: View in southern direction of saturated valley on the east side (a,c) and fluctuating 
saturated flow path on western side (b, d) with young eucalypt (yellow outline) and older eucalypt 
(red outline) plantation for reference. Blue circle shows position of piezometer 12 and white circle 
shows position of piezometer 10.  
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Figure 5-8: Diagram of the theoretical movement of the wetting front at piezometer 10. 

 

In porous media the average velocity (V) of the interface, where the pressure of water is 

zero (pw = 0), must be replaced by the true velocity (qx/ne) with effective porosity (ne=0.405), 

and the hydraulic gradient (∂h/∂x) for a sloping bed would become sin (for  = 12.13°). So 

rearranging we can estimate the lateral hydraulic conductivity based on the drawdown of the 

water table: 

	 sin⁄ 	 20.1	 0.405 /	sin 12.13  = 39 m day-1 or 0.04 cm s-1 

This lateral hydraulic conductivity is orders of magnitudes higher than the vertical hydraulic 

conductivity measure by Tilahun et al. (2015). Similar calculations were conducted for the other 

piezometers. 
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5.4   Discussion 

As a study on a sub-watershed characteristic of the Weyna Dega climate in the sub-humid 

climate of the Ethiopian highlands, the findings provide a baseline for the future expectations of 

soil nutrients and water resources in the watershed. In the same year, conservation structures 

were beginning to be rehabilitated or newly constructed, especially with additional biological 

measures (planting vegetation on bunds for added stability). These have the potential to change 

the dynamics of sediment and nutrient transport in the watershed and only with the proper 

information can the right conclusions be drawn. The information from this data shows the state 

of nutrient status in the watershed after several decades of land use changes and provides a point 

for comparison after soil and water conservation works have been put in place. 

5.4.1 Nutrient trends 

Soil fertility is dependent on returning nutrients lost during a cultivation cycle, either 

through harvest material or leached, volatilized, or eroded nutrients. In sub-watersheds like 

Shanko Bahir, most of the land is cultivated with one rain-fed crop during the main rainy season 

and an occasional second crop season is cultivated using residual moisture depending on the rain 

patterns and soil type (Erkossa et al., 2005). This can be most commonly seen to occur in the 

lower parts of the watershed where soils (usually vertisols) tend to collect flow from uphill and 

retain moisture for some time after the rains. Thus, nutrient losses (from fluxes such as crop 

uptake) can be expected to occur both in upslope and downslope areas at near equivalent rates. 

The Ca2+ concentration measured throughout this sub-watershed (24.1-54 cmol kg-1) 

seem to be much higher than what was found in more semi-arid climates of Ethiopia. Mekuria et 

al. (2007) report Ca2+ content values of between 2.7 and 27 cmol kg-1 in their study of Tigray 

Region rangelands. They noted also that the mean Ca2+ content was higher in grazing land than 
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in exclosures. Grazing lands in this subwatershed were also where the greatest concentrations of 

Ca2+ were measured. This is interesting because calcium is usually considered not leachable and 

quite immobile, meaning that the pathway for export should mainly be plant uptake and physical 

loss through sediment remobilization. Still, even the Ca2+ levels in the cultivated areas were 

relatively quite high in Shanko Bahir as compared to other regions in Ethiopia. The studied soils 

surpassed the levels of exchangeable cations in the nitisols measured in the humid sub-tropical 

climate >2,000 mm rainfall) of Jimma zone in SW Ethiopia (7.09 to 13.15 cmol kg-1) by De 

Wispelaere et al. (2015) but had the same pattern of dominance of Ca2+ and Mg2+ for base 

cations found in studies throughout Ethiopia (Mekuria et al., 2007; Tesfahunegn et al., 2011; 

Getahun and Selassie, 2013; De Wispelaere et al., 2015).  When comparing these concentrations 

to a larger scale, considering the flow of dissolved cations transported in the Blue Nile, Probst el 

al. (1994) report a mean annual flux of 2.57•106 t year-1. In that study, Ca2+ was the second major 

dissolved cation transported by the Nile.   In other parts of the East African Highlands, Kenyan 

and Ugandan smallholder farms were found to have Ca2+ contents of 1.5 to 14.5 cmol kg-1 

(Tittonell et al., 2013).   

For the other exchangeable cations, the range was similar to smallholder farms in East 

Africa. Exchangeable Mg2+ (between 1.1 and 7.9 cmol kg-1) was found to be on the same order 

of magnitude as other studies in Kenya and Uganda (between 1.1 and 5.3 cmol kg-1; Tittonell et 

al., 2013). Soil samples had exchangeable K+ < 1 cmol kg-1 (between 0.38 to 0.94 cmol kg-1) and 

were similar to exchangeable K+ observations in Kenya and Uganda (ranging between 0.19 to 

0.65 cmol kg-1).   

The differences in AP were statistically insignificant across the land use types, which has 

been observed for other studies in the Ethiopian central highlands (Amsalu et al., 2007). All soils 



138 

sampled had < 5 mg kg-1 of available P at the beginning of the season and were <1 mg kg-1 by 

the end of the season. By contrast smallholder plots in Kenya have been measured as having 

usually < 10 mg kg-1 available P with the exception of very fertile plots (Tittonell et al., 2013).  

The mean value of TN (0.06%) was low and on the same order of magnitude for other 

cultivated soils in the highlands (0.12%, Tesfahunegn et al., 2011; 0.06%, Amsalu et al., 2007) 

though much lower than measured values for soils under natural vegetation in the Beressa 

watershed of the central highlands (0.42%, Amsalu et al., 2007). In the South Gonder Zone of 

Amhara, Getahun and Selassie (2013) found medium TN contents in Nitisols (0.09%-0.16%). In 

the Tigray region, Mekuria et al. (2007) measured average TN between 0.21% and 0.57% for 

different slope positions on free grazing lands and exclosures. In well managed dairy farm 

pasture land, soil TN can range from 0.3-1.3% (Shepherd et al., 2015).  

5.4.2 Groundwater trends 

Groundwater is an essential component of the hydrological balance in a basin that in this 

study was shown to have close interaction with water content in the soil near the surface. Yet, 

these perched groundwater table dynamics are not only important indicators for soil and water 

conservation projects looking to improve “green water” in drought prone climates, they also help 

for understanding how water becomes either surface or subsurface runoff. Some direct 

implications then are that soil water should be retained where deficits are observed after the rainy 

season and between rain events, however where soil water is sufficient or overly captured it 

should instead be properly distributed or drained so as to diminish potentially. These results 

show how the landscape slope position and land use may be important for planning where and 

when soil water would be expected to be appropriately “conserved” or stored.  
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As shown in the results (Figures 5 and 6) the groundwater tables were shallowest in the 

lower parts of the watershed and tended saturate the land elsewhere unless there was a gully 

present or high lateral hydraulic conductivities. This is consistent with a study by Tebebu et al. 

(2010) in a nearby site and with findings from Bayabil et al. (2010). The subsurface water 

patterns in these sub-humid highland watersheds show a strong topographically-driven 

dependence. There have been several studies in Ethiopia (Collick et al., 2009; Steenhuis et al., 

2009; Easton et al., 2010; Tilahun et al., 2015; Gumindoga et al., 2015) and elsewhere (Kirkby, 

1988; Savenije, 2010) that indicate a topographic dependence driving runoff and saturation in 

hilly regions and more empirical evidence is showing that it may impact both nutrient and soil 

management. Dagnew et al. (2015) reported that several gullies initiated at the end of 

conservation bund furrows that were constructed in the lower slope areas of the Debre Mawi 

watershed. Where the water table was near the surface, the loss of soil strength due to saturation 

led to the collapse of soil bunds and sliding into the furrow. Nyssen et al. (2004a, 2004b) 

described that gullies are formed by unknown processes, developing and contributing to 

sediment. There seems to be some relationship between saturation and concentration of surface 

or subsurface flow however. 

An interesting finding that emerged from the water table measurements was the quick-

draining nature of the soils in the upper part of the watershed and the consistent saturation of the 

soils in the lower part of the watershed. This demonstrates what has been proposed by other 

researchers (Steenhuis et al., 2009; Steenhuis et al., 2013; Tilahun et al., 2015) about the 

connectivity of the different areas of the watershed to contribute either surface overland flow, 

interflow, or base flow to outlet flow. The lateral hydraulic conductivity estimated from these 

data are orders of magnitude higher than what was measured using ring infiltrometers previously. 
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Indeed, many models that incorporate lateral hydraulic conductivity into process-based 

hydrological models tend to use calibrated values that are 10 to 100 times larger than the vertical 

hydraulic conductivity (Brooks et al, 2004).  One implication is that these horizontal flow paths 

could be leading to erosion. Nieber et al. (2006) argue that lateral macropores, activated under 

saturated conditions, could easily cause seepage erosion in hillslopes, leading to a continuously 

open path or a soil pipe. While these physical characteristics of the underlying soil layers show a 

fast movement of water through the basin, there may be options to retain soil moisture above the 

water table by promoting organic matter.  

5.4.3 Future needs and research 

As international development programs continue to emphasize the importance of 

agricultural efficiency in developing economies, greater attention needs to be given to the 

condition of the soils and the storage capacity of soils in agricultural watersheds. The increases 

that will be seen in application of fertilizers in rural watersheds should not only take into account 

where soil fertility is low, but may also need to keep in mind how the hydrology and erosion 

processes on a hillside can affect the available soil nutrients. A supplemental study will be 

needed to see what portion of the nutrient changes are being caused by vaporization, leaching, or 

uptake to be able to properly assess the impact of depletion by erosion. A cycling study similar to 

that from small watersheds in Mexico (Campo et al., 2000) could reveal how the retention of 

critical plant nutrients may be better planned.  

Furthermore, as there is a rising interest to improve soil and water efficiency, greater 

emphasis should be placed on the subsurface hydrology of agricultural watersheds that may be 

altering patterns of infiltration, throughflow, and saturation. Valentin et al. (2015) note in their 

global review on gullies that sub-surface flow is often the cause of gully erosion (responsible for 
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carrying away large quantities of sediment) and that these sub-surface flow erosion processes 

should be included in research priorities. 

5.5   Conclusion 

The soil fertility and water resources of the Ethiopian highlands have been a main 

concern of development projects in the last decades (Hurni et al., 2005; Amsalu et al., 2007). The 

investments in soil and water conservation, while targeting the physical retention of soil on a 

landscape ultimately aimed at maintaining or improving the agricultural productivity and 

available water of the soil left in the fields.  This study investigated the spatial patterns of soil 

nutrients present and also compared it with the subsurface hydrological patterns. Subsurface 

water resources (green water) are very scarce during the beginning of a rainy season but usually 

become more available as the rainy season progresses and provide, in the lower slope areas, a 

source of residual moisture for a second round of legumes or other crops. Soil nutrients did not 

show a common distinct spatial trend, but there were some individual trends.  Nitrogen 

concentrations were comparatively higher in the upslope regions (~0.1% TN), while available 

phosphorus had similar nutrient content in the different slope regions throughout the watershed 

(2.7 mg kg-1). K+, Ca2+, and Mg2+ had higher concentrations present in fallow land than in 

cultivated land.  Most of these fallow lands are located in the bottom lands where the water table 

is shallowest, however land use appeared to be more of a determining factor than slope position 

for concentration decreases. While N and P may be annually replenished through fertilizers, it 

appears secondary nutrients are being depleted. Policy makers and development agents should 

avoid recommending practices in lower slope areas which retain water since they may provoke 

saturation-excess induced erosion. 
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CHAPTER 6: CONCLUSION 

 
 

The environmental degradation processes in the sub humid highland watersheds provoke 

concerns widely in the field of agronomy, economics, sociology, hydrology, and 

geomorphology. The rational assessment and planning for solutions and remediation is often 

cited as the reason for interdisciplinary studies on the topic of soil erosion in particular. 

However, models are incomplete in their potential to assist in solving this very real problem for 

many farmers due to data constraints and faulty assumptions. “Soil and water conservation” 

(SWC) as an international and local narrative with its methodology, its implicit and explicit 

assumptions, and its commonly expected outcomes was the main object of study for this 

dissertation investigation and different methods were needed to accomplish this. 

Greater investments in research are needed in order to understand the hydrological and 

sociological processes that play out in wet mountainous regions, as many current inferences are 

data-limited and outside of the realm of the original intended use for many models  (Stocking, 

1995; Boardman, 2006). For example, estimation of discharge and erosion are highly influenced 

by the local topography, soil types, infiltration capacity, presence of rural roads, and rainfall 

regimes in several studies conducted in the highland regions of Ethiopia (Liu et al., 2008; Easton 

et al., 2010; Tilahun et al., 2015), Colombia (Ruppenthal et al., 1996; Poveda et al., 2001; Hoyos 

et al., 2005), Honduras (Hellin and Haigh, 2002), the Caribbean (Anderson and MacDonald, 

1998; Steenhuis et al., 2013), and Thailand (Ciesiolka et al., 1995; Forsyth, 2007; Sombatpanit et 

al., 1995; Ziegler and Giambelluca, 1997). Beyond these incompatibilities in environmental 

modeling, many researchers see inconsistencies in planning for development of social and 
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economic systems (Hoben, 1995; Shiferaw and Holden, 1998; Osman and Sauerborn, 2001, 

Bewket and Sterk, 2003), demonstrating the lack of comprehensive approaches currently 

employed to investigate processes in understudied regions. This dissertation research has shown 

that in order to address soil erosion in the sub-humid Ethiopian highlands, conservation programs 

must (1) revisit the validity of the mathematical assumptions underlying erosion risk estimation, 

(2) closely consider the perceptions of risk involved by different actors, (3) advance the creation 

of contextually-based models, and (4) recognize variabilities in soil fertility and soil water 

distribution, to properly provide strategic options.      

The first portion of this research (Chapter 2) reassessed the appropriateness of 

extrapolations from an empirical planning tool based on experimental plots in the US (the 

Universal Soil Loss Equation, USLE; Wischmeier and Smith, 1978) that has been integrated into 

many watershed modeling tools. Though Wischmeier and Smith (1978) frequently commented 

on the limitations of the USLE and its tendency to overestimate when applied to larger scales due 

to irregularities, its principles and revised versions (RUSLE) have often been used to analyze 

potential erosion patterns on areas as large as the sub-continental scale, for example as Claessens 

et al. (2008) show for Blue Nile basin. The results showed similar shortcomings for spatial and 

temporal rates of erosion and illustrated how field observations and community knowledge 

indicated other important areas (saturated pathways, degrading areas, and gullies). Some 

agreement was found however when considering monocropped steep areas, providing 

possibilities for cooperation and collaboration between the methods. 

The following chapter (Chapter 3) investigated the perceptions of risk held by various 

actors involved in managing soil erosion in Debre Mawi, a small Ethiopian watershed 

community. I sought out community members’ views on the socio-economic and environmental 



151 

processes taking place their watershed and compared them to common assertions made by 

external agents or policy makers. The framing of erosion risk in externally formulated programs 

prioritizes “conservation” of soil and water (i.e. keeping it on plots of farm land as much as 

possible). On other hand, “conservation” of water is not always necessary in (sub) humid 

climates receiving large volumes of rainfall each season. Community members instead argued 

that flooding was a critical issue and that more efficient drainage and flow management could 

determine the preferred erosion management strategy. Perceptions of relative severity of erosion 

varied but most often groups based on gender and age concurred that the lower area, which 

received more runoff and had a steeper incline than that of the flat top of the slope, was 

experiencing more erosion. The generations that have the most involvement with building bunds, 

maintaining the terraces, and carrying out farm activities near the soil conservation bunds 

(middle-aged people and children) have the most similar opinions and perceptions about the 

potential positive impacts of conservation bunds, while the adolescents and elder members 

tended to oppose these general themes. 

In the Chapter 4, we used the knowledge of the environmental context (saturation 

induced runoff) to improve discharge and erosion predictions for the nested sub-watershed in the 

sub-humid highlands. The Parameter Efficient Distributed (PED) model placed primary 

importance on runoff producing areas as previously developed (Tilahun et al., 2015). The 

modification made demonstrated how varying levels of infiltration excess runoff that may occur, 

on unpaved compacted road surfaces, and served as a basis for added contributions of overland 

flow unaccounted for previously. Furthermore, this analysis provides further opportunities to 

demonstrate the impact of the continued building of roads throughout the countryside. 

Streamflow was greater in this sub-watershed (Shanko Bahir) when compared to the nearby sub-
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watersheds and sediment concentrations were more variable. This is a well-known pattern and 

impact caused by roads, but few models have included this effect in the sub-humid Ethiopian 

highlands. 

Lastly, the spatial and temporal variability in soil nutrients and soil water were 

investigated to consider fertility and water resource implications of erosion (Chapter 5). The 

variability due to inherent characteristics and the variability caused by slope position and land 

use were considered to hypothesize if soil and water conservation placement could affect this 

variation. The results suggested that the differences in available phosphorus and total nitrogen 

were not statistically significant between slope positions and land use, but there were strong 

differences in exchangeable cations and pH related to land use (cultivated land caused reductions 

in both). There may be a benefit to installing conservation structures, to the extent that the bunds 

would retain sediment particles that have exchangeable cations bound to them, but nitrogen and 

phosphorus would need more agronomic approaches to improving soil fertility. Soil water 

resources, assessed through the presence of the perched groundwater table, showed strong 

differences based on slope position. The lower slope positions were saturated due to quick 

interflow processes, leaving the upper slope areas mostly unsaturated. Soil and water 

conservation bunds may not be able to have much impact on the natural hydrological process of 

quick interflow and thus might rather be responsible for accelerated saturated of areas further 

down the slope.    

The challenges that natural resource degradation poses to rural communities in the sub-

humid highlands will continue to create environmental poverty traps unless appropriate measures 

are taken. The erosion (in its various forms) occurring in these highland watersheds is clearly 

seen and perceived by outsiders (international researchers, local scientists, and local institutions) 



153 

and insiders (community members). Considering these erosion processes with the appropriate 

quantitative and qualitative methods enables appropriate action to take place that ensures 

livelihood security for famers in the Ethiopian highlands, where over 80% of the population and 

95% of the cultivated land depend on the sustainability of soil and water resources. The results 

presented from this dissertation research contribute to the efforts to increase contextualized 

approaches and local participation in conservation planning. 
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APPENDIX A:  

Table A-1 Values for USLE from Hellden (1987), Hurni (1985) 

R: Rainfall Erosivity Importance 28 

Annual Rainfall (mm): 100 200 400 800 1200 1600 2000 2400 

Annual factor R: 48 104 217 441 666 890 1115 1340 

K:  Soil Erodibility  Importance 2 

Soil Color: Black Brown Red Yellow  

Factor K: 0.15 0.20 0.25 0.30  

L: Slope Length Importance 8 

Length (m): 5 10 20 40 80 160 240 320 

Factor L: 0.5 0.7 1.0 1.4 1.9 2.7 3.2 3.8 

S: Slope Gradient  

Slope (%): 5 10 15 20 30 40 50 60 

Factor S: 0.4 1.0 1.6 2.2 3.0 3.8 4.3 4.8 

C: Land Cover Importance:1000 

Dense forest: 0.001    Dense grass: 0.01 

Other forest: 0.01-0.05    Degraded grass: 0.05 

Badlands hard: 0.05    Fallow hard: 0.05 

Badlands soft: 0.40    Fallow ploughed: 0.6 

Sorghum, maize: 0.10    Ethiopian tef: 0.25 

Cereals, pulses 0.15    Continuous Fallow: 1.00 

P: Management Factor Importance 2 

Ploughing up and down: 1.0   Ploughing on contour: 0.9 

Strip cropping: 0.8   Intercropping: 0.8 

Applying mulch: 0.6   Dense Intercropping: 0.7 

Stone cover 80%: 0.5   Stone cover 40%: 0.8 

 


