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ABSTRACT 

Ongoing debate over water resource management in the Nile basin and continuing land degradation in agricultural areas 

of Ethiopia suggest a need for efficient mechanisms to improve agricultural output in the Blue Nile basin in Ethiopia. Nu-

merous econometric and hydrological models have been developed to assess the effects of sustainable land and water-

shed management (SLWM) investments, however these models fail to address the trade-offs faced by rural farmers in 

maintaining such structures. This study combines household survey data that evaluates the economic determinants of 

program sustainability with a detailed hydrological model that explores location specific effects of SLWM structures.  

Household survey analysis suggests that households that invested in SLWM infrastructure on their agricultural plots be-

tween 1992 and 2002 and subsequently maintained those structures had a 24 percent higher value of production in 2010 

than farming households that did not make such SLWM investments. The location specific hydrological model analysis 

suggests that terraces on middle and steep slope areas have the largest benefit in terms of decreased runoff and sedi-

ment and increased agricultural yields. Utilizing the results from the econometric and hydrological model, a systems 

model is constructed to analyze investment packages. Results suggest that the benefit of implementing only terracing on 

steep and mid-slope terrain does not outweigh the cost of foregone off-farm labor opportunities nor compensate for a fall 

in the price of agricultural output (due to increased supply). However, more comprehensive investments (such as in-

creased fertilizer use with SLWM) show economically significant increases in household income, suggesting that a pack-

aged investment approach is needed to reap welfare benefits from investments in SLWM infrastructure at farm level. 

  



4 

1. INTRODUCTION 

Land degradation in the Ethiopian highlands is due to a variety of factors including climatic variability, dependence on 

rain-fed agriculture, and a predominantly mixed crop-livestock farming system, which often leaves soil free of ground 

cover in the rainy season. In addition, high population pressure in rural areas (55 people per km2 in rural Ethiopia, and 86 

people per km2 in the rural highland cereal area; CSA, 2010), deforestation due to farmland expansion and energy 

needs, fragile soils, undulating terrain, and heavy seasonal rains make the highlands vulnerable to soil erosion and gully 

formation.  

The SLWM programs implemented thus far are designed to decrease erosion and increase agricultural yields in the high-

lands of Ethiopia, thereby improving rural household welfare. Since the overall intention of these programs is to improve 

environmental outcomes and reduce poverty, it is important to understand the linkages among production increases, cor-

responding output price changes, and household income effects in program areas. In addition, given that research sug-

gests that maintenance of SLWM structures in rural Ethiopia is uncommon, understanding the private opportunity costs 

to farmers of maintaining such structures is important in designing effective SLWM programs that ensure sustainability. 

Linking engineering models (hydrological models) with economic analysis of household survey data provides a more 

comprehensive framework for evaluating land management programs because doing so takes into account both biophys-

ical changes due to SLWM investments and economic components that shape program uptake and success. Thus far, 

however, combining engineering and economic analysis into a systems framework remains in a nascent stage in the lit-

erature. From an engineering standpoint, many project assessments are situated within an engineering economics 

framework where a majority of inputs are fixed and evaluation results reflect detailed direct effects of investments. Con-

versely, economic analysis of project impact takes into account indirect effects in a more stochastic framework, but often 

lacks detailed quantitative estimates of actual soil losses and water flows. Given that a variety of factors influence the 

adoption and maintenance of SLWM, including socio-economic factors and biophysical determinants, a systems evalua-

tion allows for a wider inclusion of influencing factors and potential outcomes. 

This study combines a hydrological model that explicitly estimates benefits of SLWM adoption on different slope types 

(steep hills, midlands, and flat areas) within a watershed of the highland cereals region; a detailed household survey 

analysis from nine population clusters in the same region of the country that evaluates the economic determinants of pro-

gram sustainability; and a road investment model to explore diverse investment scenarios. In doing so, the analysis ex-

plores the benefits and costs of providing a packaged rural investment strategy that includes improved market access, 

better access to fertilizer, and efficient maintenance of SLWM on a variety of slope types within a representative highland 

cereal watershed. Using a multi-market (MM) systems model computed using GAMS (General Algebraic Modeling Sys-

tem) software, we examine the impact of a variety of SLWM investments on agricultural production, producer and con-

sumer prices, and household income. 

The study focuses on five simulations: 1) calibrated base, 2) terraces built on steep and mid-slope terrain, 3) increased 

fertilizer application with no SLWM intervention, 4) terraces built on steep and mid-slope terrain and increased fertilizer 

application, and 5) terraces built on steep and mid-slope terrain and increased fertilizer, combined with road investments 

that decrease transportation costs. Results suggest that the benefit of implementing only terracing on steep and mid-

slope terrain does not outweigh the cost of foregone off-farm labor opportunities, nor compensate for a fall in the price of 

agricultural output (due to increased supply). However, packaged investments, such as increased fertilizer with SLWM, 

do show economically significant increases in household income compared to the base. Finally, the study explores a va-

riety of policy options and their respective costs to determine how adequate incentives might be provided for the mainte-

nance and sustainability of SLWM investments in the future. 

The remainder of this paper is organized as follows. Section 1 provides a literature review on systems modeling and MM 

models in assessing environmental and economic objectives. Section 2 describes the model and the data used to simu-

late SLWM investment options. Section 3 provides a detailed explanation of the model equations. Section 4 provides 

results from the MM model simulations and discusses tradeoffs in investments. Section 5 reports benefits and costs of a 

variety of policy options aimed to ensure improved maintenance of SLWM structures. Section 6 discusses future re-

search and concludes. 

2. LITERATURE REVIEW 

Given that economic growth and improved welfare is paired with environmental and agricultural sustainability in Ethiopia, 

analyses that are able to simulate long-term effects of complex ecological-economic systems are necessary in order to 

inform policy and investment decisions. A variety of software programs, including the General Algebraic Modeling Sys-
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tem (GAMS) have been developed to identify and optimize synergies between economics, computer science and opera-

tions research in the development of a systems model (Bussieck and Meerhaus 2004). This study uses a multi-market 

(MM) model framework in GAMS whereby various simulations model the impact of household supply and demand deci-

sions and household investment choices on the prices of selected commodities and on household income (Braverman 

and Hammer 1986). The MM model allows ex-ante estimates of the impacts of investments by taking into account both 

direct and indirect effects in order to better understand the set of investments available to policy makers and what the 

effects of such investments might be. For example, an investment in SLWM aims to increase agricultural production, but 

may have an indirect effect of reducing prices of agricultural goods, thereby partially offsetting the effect of increased 

production on household incomes.  

The MM framework is useful for evaluating agricultural policy reform. It identifies the network of important relationships 

and effects of an external shock or policy change (in this case, increased investment in SLWM leading to increased agri-

cultural output) on a specified economy. The primary advantage of specifying an MM model in GAMS is the ability to in-

corporate both inter-temporal linkages and systems of simultaneous equations within a period. 

Many systems models in diverse software programs have been used to evaluate environmental and ecological outcomes 

with economic results. Guo et al. (2009) used a systems model to research a variety of policy scenarios related to socio-

economic and environmental tradeoffs and implications for regional planning in the Lake Erhai region of China. Parsons 

et al. (2011) developed an integrated crop-livestock model to study sheep farming systems in Mexico. Scenarios simu-

lated specialized sheep farming systems versus mixed farming and found that mixed systems suggested a higher rate of 

return. Fiddaman (2007) and Ford (1999) reviewed a variety of environmental analyses using systems models including 

hydrological modeling, pesticide application and climate policy. Purnomo et al. (2011) analyzed forest management in 

Indonesia taking into account socio-economic variables that influence behavior and decision-making choices at the 

household level. 

MM models have been used for a variety of agricultural policy analyses.1 Dorosh and Haggblade (1997) used a MM 

model to simulate the impact of switching from a food-for-work (FFW) delivery of wheat food-aid program to a cash-for-

work (CFW) program in Bangladesh, and found that the proposed CFW program would improve welfare in poor house-

holds compared to the more commonly practiced FFW program. Minot and Goletti (2000) utilized a spatial multi-market 

analysis based on agro-ecological zones in Vietnam to evaluate market liberalization of the rice sector. Similarly, Goletti 

and Rich (1998) simulated a variety of policy options for agricultural diversification in different agro-ecological zones in 

Viet Nam. Lundberg and Rich (2002) built a generic multi-market model that could be adapted to various African coun-

tries in order to evaluate agricultural reforms. Stifel and Randrianarisoa (2004) draw from Lundberg and Rich (2002) to 

analyze alternative agricultural policies on the well-being of households in Madagascar, but also included simulations 

that evaluated infrastructure improvements (improving market access and lowering transaction costs).  

The MM model employed in this study utilizes the ability to set equilibrium conditions in order to introduce economic out-

put derived from the household survey into a systems framework. In doing so, the MM model includes explicit price-sen-

sitive supply and demand equations for a set of commodities, and commodity prices must adjust to equate supply and 

demand. Household agricultural income is calculated each year based on the value of production supplied to the market 

by each household type, taking into account costs of production. A comparison of different MM model investment simula-

tions facilitates an analysis of optimal investment strategies by quantifying the impacts of these investments on produc-

tion, producer and consumer prices, household income, income distribution, and other variables. 

3. MULTI-MARKET MODEL 

In this study, we simulate the effects of SLWM investments on agricultural production, producer and consumer prices, 

and household income in the short to medium term, taking into account substitution effects in production and consump-

tion, as well as opportunity costs of investing in a certain technology (Braverman and Hammer 1986). The model devel-

oped for this evaluation is grounded in detailed empirical data and technical parameters related to Ethiopian highland 

agricultural systems. First, the model takes into account different production systems based on slope type (agriculture on 

steep hills, midlands, and flat areas) in order to understand how investments in SLWM infrastructure on different slopes 

affect agricultural production and household welfare. Second, the model utilizes detailed information derived from house-

hold surveys that is representative of similar geographic and topographic areas in the rural, highland cereal agro-ecologi-

cal zone.  

In particular, specific data on cropping patterns and hydrological processes for each slope type are drawn from house-

hold survey data (Schmidt and Tadesse 2012) and a hydrological model (Schmidt and Zemadim 2013) in the Mizewa 

                                                           
1 Croppenstedt et al. (2007) provide a review of selected examples of MM models 
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watershed located in the southeast of Fogera woreda (district) in Amhara region. Utilizing a relief roughness analysis, 

land types are classified within the Blue Nile basin using Geographic Information Systems (GIS) by calculating the differ-

ence between the maximum and minimum elevation at a 90 meter resolution, divided by half the cell length connecting 

the center of each grid cell, taking into account latitude and the direction of water flow (Meybeck et al. 2001; Vörösmarty 

et al. 2000). The Mizewa watershed has a relief roughness classified as hilly or mountainous with areas of low and mid 

plateau. This characterization is similar to field descriptions of the area in Zemadim et al. (2012). After identifying the re-

lief roughness of Fogera, rural kebeles (sub-districts) that have similar relief roughness scores (within 0.5 standard devia-

tions of the relief roughness score for Fogera woreda) are included in the MM model analysis. Taking into account these 

areas, the MM model represents approximately 30 percent of both the agricultural area and the production of teff and 

maize in the highland cereal agro-ecological zone (Figure 1). 

Figure 1—Area in Blue Nile basin with similar land characteristics to Fogera woreda 

 
Source: Author’s calculations 

 

The model specifies the supply of seven consumer goods: teff, maize, barley, sorghum, and wheat (the five main cereals 

in Ethiopia), fertilizer, and other activities (including non-agricultural goods and services). Households are divided into 

four groups: three types of rural households in the highland cereal agro-ecological zone farming on (1) steep slopes, (2) 

midlands / rolling hills, (3) flatlands, and (4) a representative households for the rest of Ethiopia (ROE).  

3.1 Modeling production 

Production is modeled as a function of producer prices.2 Supply elasticities are estimates from Abrar (2003). The model 

assumes the same price response across all households regardless of slope types; however the productivity effect from 

SLWM varies by slope type.  

Each producing region is endowed with fixed labor and land at the farm level which is allocated across crops. Allocation 

decisions assume price sensitive behavior by households, whereby farmers allocate more resources to higher value 

crops.3 In the MM framework, this is captured by a land demand function by crop which is a function of the output prices 

of all crops, and a land clearing condition that specifies that a farmer cannot allocate more land than is available. Yield is 

a function of input prices and the price of output production.  

                                                           
2 This specification assumes that the farmers’ expected price is the actual price that ultimately prevails in the market (perfect foresight). 
3 For example, analysis by Abrar et al. (2004) suggest a statistically significant and positive response of fertilizer demand to output price. 
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3.2 Modeling income and demand 

Income in the four producing regions is derived from the net value of agricultural production and off-farm receipts. Off-

farm wage income is held exogenous in the model. However, labor allocated to SLWM investments (maintaining terrac-

ing or bund structures, gully rehabilitation, etc.) is included in order to take account of the opportunity costs of other off-

farm wage activities. Based on household survey data, construction of SLWM structures is estimated to take approxi-

mately 5 weeks per year. The model assumes 5 weeks of labor demand for the first year of SLWM construction and 2 

weeks per year of maintenance in the following years.4 

The demand system used is the Linear Expenditure System (LES). Price and income elasticities are from econometric 

analysis based on the Household Income Consumption Expenditure Survey (HICES) of 2004/2005 and reported by Ber-

hane et al. (2012) for individual crops. The demand system is calibrated to known information about own-price elasticities 

and expenditure elasticities (Abrar 2003; Berhane et al. 2012). Teff, maize, sorghum and barley are modeled as non-

tradable goods produced and sold on free markets within Ethiopia but isolated from world markets. Thus, the prices of 

these commodities vary endogenously in order to equate supply and demand. Wheat is produced as well as imported, 

thus the price of wheat is exogenously determined by a fixed world price. The domestic price of wheat clears the domes-

tic market, and imports respond to the price of wheat endogenously. For non-imported commodities, a large share of pro-

duction is dedicated to own-household consumption. To take into account distribution of commodities from producer to 

the rest of Ethiopia (ROE, which include urban areas), a price wedge is introduced in order to distinguish prices in ROE 

from the producing regions. This price wedge can be thought of as representing a marketing margin, comprised primarily 

of transport costs in the teff market in highland Ethiopia (see Minten et al. 2013a).  

3.3 Model data 

Defining 2009 as the base year, the model incorporates data from a variety of sources including the 2009 Ethiopia Re-

gional Social Accounting Matrix (SAM) (EDRI 2009), the Ethiopia Agricultural Sample Survey (AgSS) 2004/5-2007/8, and 

household-level survey data collected in 2010. In addition, data on fertilizer price and transport costs were adopted from 

analysis by Minten et al. (2013a, 2013b). Per capita consumption data for the five major crops were obtained from the 

national household survey data used to build the regional SAM, adjusting for the share of the study region in the Ethio-

pian rainfall-sufficient highland cereals agro-ecological zone of the SAM. Similarly, data on prices, output, and area for 

the ROE region were obtained from the Agricultural Sample Survey (CSA 2004/5 -2007/8). For the regions defined by 

slope type, the household survey data provided total production and area by slope type. Price and income elasticities of 

demand, and supply elasticities with respect to the price were obtained from previous econometric analyses (Abrar 2003; 

Berhane et al. 2012).  

4. MODEL EQUATIONS 

There are five core equation groups in the multimarket model: prices, supply, consumption, income, and equilibrium 

(Lundberg and Rich 2002).5 The price equations define relationships between producer and consumer prices in the do-

mestic market, and the relationship of consumer and world prices of fertilizer and wheat (imported commodities). The 

supply equations represent domestic production of the five cereals and off-farm labor. The consumption category reports 

household demand for commodities. Income is defined as the sum of the value of agricultural output and exogenous off-

farm production. End stocks are related to initial stocks, and equilibrium conditions are set to specify market clearing.  

4.1. Price equations 

The price equations relate producer prices to consumer prices through an exogenously determined marketing margin, 

which reflects transportation costs and other fees incurred when moving commodities from the farm-gate to the market. 

Detailed price data on the five cereals are obtained from the AgSS data, while the prices of other commodities in the 

market are collapsed into an ‘other’ good category and fixed at one, becoming the numeraire of the model. The net price 

to producers is then computed taking into account fertilizer use and prices. 

Producer price: 𝑃𝑃𝑉(𝑗) =  ∑ 𝑗𝑐𝑟𝑎𝑡𝑖𝑜𝑗,𝑐 ∗ 𝑃𝑋𝑉𝑐  / (1 + 𝑡𝑟𝑠𝑗)𝑐  

                                                           
4 Woldehanna and Oskam (2001) found that an average household used only 47 percent of their time working on-farm and off-farm due to Ethiopian 
Orthodox church holidays and lack of off-farm labor opportunities, thus we reduce maintenance work to 2 weeks per year to take into account intermit-
tent labor patterns.  
5 Import or export prices are fixed, so trade clears the markets, rather than prices. 
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[
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟 

𝑃𝑟𝑖𝑐𝑒
] =  [

𝑆ℎ𝑎𝑟𝑒 𝑜𝑓
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐
𝑖𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

𝑜𝑢𝑡𝑝𝑢𝑡

] ∗ [
𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐 
𝑠𝑢𝑝𝑝𝑙𝑦
𝑝𝑟𝑖𝑐𝑒

] / [

𝑆ℎ𝑎𝑟𝑒 𝑜𝑓
𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛

𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 
𝑒𝑎𝑐ℎ 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] 

The net producer price is equivalent to producer price net of input (fertilizer) prices.  

Net producer price: 𝑃𝑁𝐸𝑇𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 = 𝑃𝑃𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 − ∑ 𝑖𝑜𝑚𝑎𝑡𝑐,𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗ 𝑃𝑄𝑉𝑐𝑐  

[
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑝𝑟𝑖𝑐𝑒
𝑛𝑒𝑡 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡𝑠

] =  [

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑝𝑟𝑖𝑐𝑒
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

𝑜𝑢𝑡𝑝𝑢𝑡
] − [

𝑆𝑢𝑚 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 
𝑜𝑢𝑡𝑝𝑢𝑡 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑐
 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] ∗ [

𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝑝𝑟𝑖𝑐𝑒 𝑜𝑓

𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐
] 

4.2. Supply equations 

Supply equations consist of output supply and input demand. The model differentiates production of agricultural crops 

and demand for fertilizer by region, allowing for targeted simulations of SLWM investments, agricultural productivity, and 

input use. For the five major cereals, production is a function of the quantity of land used for a specific crop and its asso-

ciated yield. Output is modeled as a multi-product farm using the ‘jc ratio’, whereby agricultural output is translated from a 

producer good (or activity j) to a commodity good (commodity c) in order to accommodate producer activities that may 

produce more than one commodity (i.e. chicken produces chicken meat as well as eggs, which have separate prices at 

the market). Total land under cultivation is fixed, but can be reallocated among crops depending on changes in relative 

prices. Total commodity supply to the market is defined as production by commodity net of household own consumption. 

Total commodity supply: 𝑄𝑆𝑈𝑃𝑉(𝑐) =  ∑ 𝑗𝑐𝑟𝑎𝑡𝑖𝑜𝑗,𝑐 ∗ 𝑄𝑆𝑉(𝑗)𝑗 − ∑ 𝑄𝐻𝐴𝑉(𝑗, ℎ)ℎ  

[
𝐶𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦

 𝑆𝑢𝑝𝑝𝑙𝑦
] =  [

𝑆ℎ𝑎𝑟𝑒 𝑜𝑓 
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐 𝑖𝑛

 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗 𝑜𝑢𝑡𝑝𝑢𝑡
] ∗ [

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] − [

𝑂𝑤𝑛 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] 

The area, land market equilibrium, and yield equations are defined below. The shadow rental price of land and the total 

area is held constant; however, area allocated to specific crops changes depending on relative prices. In addition, the 

wage rate of labor is fixed. 

Area demand: 𝐴𝑅𝐸𝐴𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 = 𝐴𝑟𝑒𝑎𝐼𝑛𝑡𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗ 𝑊𝐹𝑉𝑓𝑝𝑢,𝑙𝑛𝑑
𝑊𝐹𝐸𝑙𝑎𝑠𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗ (

𝑃𝑃𝑉𝑗

𝑃𝑃00𝑗
)

𝐴𝑟𝑒𝑎𝐸𝑙𝑎𝑠𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑

 

[

𝐴𝑟𝑒𝑎 𝑐𝑟𝑜𝑝𝑝𝑒𝑑
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗
𝑏𝑦 𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑑 

𝑙𝑎𝑛𝑑 𝑡𝑦𝑝𝑒

] = [

𝐴𝑟𝑒𝑎
𝑖𝑛 𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] ∗ [

𝑅𝑒𝑛𝑡𝑎𝑙 
𝑝𝑟𝑖𝑐𝑒

𝑜𝑓 𝑙𝑎𝑛𝑑
]

𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦
𝑜𝑓 𝑙𝑎𝑛𝑑 

𝑟𝑒𝑛𝑡𝑎𝑙 𝑝𝑟𝑖𝑐𝑒

∗ [

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑝𝑟𝑖𝑐𝑒
𝑜𝑓 𝑐𝑟𝑜𝑝𝑠 𝑓𝑟𝑜𝑚

𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟

]

𝐴𝑟𝑒𝑎
𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦

 

Land market equilibrium:  ∑ 𝐴𝑅𝐸𝐴𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑𝑗 = 𝑞𝑓𝑠𝑓𝑝𝑢,𝑙𝑛𝑑   

[

𝐴𝑟𝑒𝑎 𝑐𝑟𝑜𝑝𝑝𝑒𝑑
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗
𝑏𝑦 𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑑 

𝑙𝑎𝑛𝑑 𝑡𝑦𝑝𝑒

] =

[
 
 
 
 

𝑇𝑜𝑡𝑎𝑙 
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
𝑙𝑎𝑛𝑑 𝑏𝑦 

𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑑 
𝑙𝑎𝑛𝑑 𝑡𝑦𝑝𝑒 ]

 
 
 
 

 

Yield: 𝑌𝐿𝐷𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 = 𝑌𝑙𝑑𝐼𝑛𝑡𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗ ∏ 𝑊𝐹𝑉𝑓𝑝𝑢,𝑝𝑓𝑎𝑐𝑝𝑓𝑎𝑐
𝑌𝑙𝑑𝐸𝑙𝑎𝑠𝑊𝐹𝑗,𝑝𝑓𝑎𝑐 ∗ (

𝑃𝑁𝐸𝑇𝑉𝑗

𝑃𝑁𝐸𝑇00𝑗
)

𝑌𝑙𝑑𝐸𝑙𝑎𝑠𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑

 

[

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

𝑏𝑦 𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑑 
𝑙𝑎𝑛𝑑 𝑡𝑦𝑝𝑒

] = [

𝑌𝑖𝑒𝑙𝑑
𝑖𝑛 𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟
𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] ∗ [

𝑅𝑒𝑛𝑡𝑎𝑙 
𝑝𝑟𝑖𝑐𝑒

𝑜𝑓 𝑙𝑎𝑏𝑜𝑟
]

𝑌𝑖𝑒𝑙𝑑 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦
𝑜𝑓 𝑙𝑎𝑏𝑜𝑟 

𝑟𝑒𝑛𝑡𝑎𝑙 𝑝𝑟𝑖𝑐𝑒

∗ [

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑝𝑟𝑖𝑐𝑒
𝑜𝑓 𝑐𝑟𝑜𝑝𝑠 𝑓𝑟𝑜𝑚

𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟

]

𝑌𝑖𝑒𝑙𝑑
𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦

 

The demand for fertilizer is a function of output prices, yield, and area: 
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Fertilizer demand: 𝑄𝐼𝑁𝑇𝑉𝑐 = ∑ 𝑖𝑜𝑚𝑎𝑡𝑗,𝑐 ∗ 𝑌𝐿𝐷𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗ 𝐴𝑅𝐸𝐴𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑𝑗  

[
𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒

𝐼𝑛𝑝𝑢𝑡 
𝐷𝑒𝑚𝑎𝑛𝑑

] =  [

𝑆𝑢𝑚 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 
𝑜𝑢𝑡𝑝𝑢𝑡 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑐
 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] ∗ [
𝑌𝑖𝑒𝑙𝑑 𝑜𝑓
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] − [
𝐴𝑟𝑒𝑎 𝑜𝑓
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

] 

4.3. Consumption equation 

Given that the model simulates the behavior of rural households, we do not differentiate between rural and urban de-

mand. However, the model does take into account household own-consumption demand. Thus, household demand is 

the product of the market price of the commodity, minimal level of subsistence consumption based on income of house-

hold ℎ and price of crop 𝑐, and available household income after taking into account subsistence spending at the market 

and consumption from own-stock. Household consumption is modeled based on the ‘linear expenditure system’ (LES) 

which has been used widely in economic models. 

Household demand: 𝑃𝑄𝐻𝑉𝑐,ℎ ∗ 𝑄𝐻𝐷𝑉𝑐,ℎ = 𝑃𝑄𝐻𝑉𝑐 ∗  𝛾𝑚
𝑐,ℎ

∗  𝛽𝑚
𝑐,ℎ

 * (𝐸𝐻𝑉ℎ − ∑ 𝑃𝑄𝐻𝑉𝑐𝑐𝑐𝑐 ∗ 𝛾𝑚
𝑐𝑐,ℎ

− ∑ 𝑃𝑃𝑉𝑗𝑗𝑗𝑗 ∗ 𝛾ℎ
𝑗𝑗,ℎ

)  

[
 
 
 
 

𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 

𝑠𝑝𝑒𝑛𝑑𝑖𝑛𝑔 

𝑜𝑛 𝑚𝑎𝑟𝑘𝑒𝑡 𝑜𝑓
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐 ]

 
 
 
 

=  [

𝑀𝑎𝑟𝑘𝑒𝑡 
𝑝𝑟𝑖𝑐𝑒 𝑜𝑓

𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐
𝑡𝑜 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 ℎ

] ∗

[
 
 
 
 

𝑆𝑢𝑏𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒 
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑜𝑓 𝑚𝑎𝑟𝑘𝑒𝑡𝑒𝑑 
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐 

𝑓𝑜𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 ℎ]
 
 
 
 

∗  

[
 
 
 
 
 
𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 

𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 
𝑠𝑝𝑒𝑛𝑑𝑖𝑛𝑔

𝑜𝑓 𝑚𝑎𝑟𝑘𝑒𝑡𝑒𝑑 
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐 

𝑓𝑜𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 ℎ ]
 
 
 
 
 

∗ [

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑
𝑖𝑛𝑐𝑜𝑚𝑒 𝑓𝑜𝑟

 𝑛𝑜𝑛 − 𝑠𝑢𝑏𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒
𝑔𝑜𝑜𝑑𝑠

] 

4.4. Income equation 

Household income is calculated as the sum of agricultural income (net of fertilizer inputs), off-farm income, and transfers, 

plus residual savings, taking into account household own consumption. While agricultural income varies according to 

agricultural prices, off-farm income and transfers are treated as exogenous. 

Household Income: 𝑌𝐻𝑉ℎ = 𝑌𝑟𝑒𝑠𝑖𝑑ℎ + ∑ 𝑠ℎℎ,𝑙𝑛𝑑 ∗ 𝐴𝑅𝐸𝐴𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗  (𝑌𝐿𝐷𝑉𝑗,𝑓𝑝𝑢,𝑙𝑛𝑑 ∗𝑗,𝑙𝑛𝑑,𝑓𝑝𝑢 𝑃𝑃𝑉𝑗 ∗ 𝑃𝑁𝐸𝑇𝑉) + 𝑤𝑙𝑏𝑟ℎ ∗ 𝑛𝑙𝑏𝑟ℎ ∗

(𝑞𝑙𝑏𝑟𝑛𝑓ℎ − 𝑞𝑙𝑏𝑟𝑆𝐿𝑀ℎ) +  𝑇𝑅𝑁𝑆𝐹𝑅ℎ ∗ 𝑛𝑙𝑏𝑟ℎ 

[
𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑

𝐼𝑛𝑐𝑜𝑚𝑒
] = [

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝐼𝑛𝑐𝑜𝑚𝑒

] + ∑ [
𝑆ℎ𝑎𝑟𝑒 𝑜𝑓 𝑙𝑎𝑛𝑑

𝑜𝑤𝑛𝑒𝑑 𝑏𝑦
ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 ℎ

] ∗

𝑗,𝑙𝑛𝑑,𝑓𝑝𝑢

[

𝐴𝑟𝑒𝑎 𝑜𝑓
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑗

𝑏𝑦 𝑠𝑙𝑜𝑝𝑒 𝑎𝑛𝑑
𝑙𝑎𝑛𝑑 𝑡𝑦𝑝𝑒

] ∗ [
𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 𝑝𝑒𝑟
ℎ𝑒𝑐𝑡𝑎𝑟𝑒 𝑦𝑖𝑒𝑙𝑑

] + [
𝑊𝑎𝑔𝑒 𝑜𝑓 

𝑜𝑓𝑓 − 𝑓𝑎𝑟𝑚
𝑙𝑎𝑏𝑜𝑟

]

∗ ([
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓
𝑜𝑓𝑓 − 𝑓𝑎𝑟𝑚 

𝑙𝑎𝑏𝑜𝑟

] − [
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓
𝑆𝐿𝑊𝑀 𝑙𝑎𝑏𝑜𝑟

]) + [
𝐺𝑜𝑣𝑒𝑟𝑛𝑚𝑒𝑛𝑡
𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑠

] 

4.5. Market clearing equation 

A market equilibrium equation closes the system. Equilibrium is achieved by setting total supply (domestic supply plus 

imports) equal to household demand for each commodity, 𝑐, plus demand for intermediate inputs (fertilizer). For non-

tradeable goods, this implies that as quantity demanded changes, the price of commodity 𝑐 adjusts, whereas for tradea-

ble goods (fertilizer), as the quantity demanded increases the quantity imported of other tradable commodities de-

creases. 

Commodity market equilibrium (supply = demand):  𝑄𝐷𝑉𝑐 + 𝑄𝑀𝑉𝑐 = ∑ 𝑄𝐻𝐷𝑉𝑐,ℎ + 𝐼𝑁𝑇𝑉𝑐ℎ  

[

𝑇𝑜𝑡𝑎𝑙 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐
𝑠𝑢𝑝𝑝𝑙𝑦 𝑜𝑓

𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐
] +  [

𝐼𝑚𝑝𝑜𝑟𝑡 𝑠𝑢𝑝𝑝𝑙𝑦
𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐

] =  [

𝑆𝑢𝑚 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑

𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟
𝑐𝑜𝑚𝑚𝑜𝑑𝑖𝑡𝑦 𝑐

] + [

𝐷𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟
𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒

𝑖𝑛𝑝𝑢𝑡𝑠 (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟)
] 

5. RESULTS 

In analyzing the impacts of SLWM, separate simulations model supply effects of an exogenous increase in maize and 

teff yields in the primary growing season (meher season) on market prices and household income. Market prices adjust 

in order to balance supply and demand, and ensure market equilibrium in the five food markets specified in the model.  
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In this study, five simulations are reported and each of the simulations (modeled in GAMS) use yield data output by the 

hydrological model analysis using the Soil and Water Assessment Tool (see Arnold et al. 1998 for details on the SWAT 

model). The simulations are as follows: 

1) A base simulation (calibrated using household survey data and the hydrological model); 

2) Constructing and maintaining terraces on middle and steep slope areas;  

3) Doubling fertilizer application from 50 kg to 100 kg per hectare, but not investing in SLWM;  

4) Constructing and maintaining terraces on middle and steep slope areas and doubling fertilizer application;  

5) Constructing and maintaining terraces on middle and steep slope areas, and doubling fertilizer application, 

and improving in transportation infrastructure. 

Results are disaggregated into three categories based on slope type and corresponding to the specific household defini-

tions used in the MM model. The base simulation represents the current (calibrated in SWAT) state of the representative 

watershed, whereby no SLWM is constructed or maintained. A cumulative land productivity decrease of 1 percent per 

year is imposed in the base simulation to capture long-term soil productivity declines in land without SLWM investments 

as modeled by the econometric analysis (following results reported by Schmidt and Tadesse 2012). The MM model is 

run on an annual time step from 2009 to 2030; simulations are compared and expressed as a percentage deviation from 

the base simulation.  

In order to quantify the yield shock of SLWM on agricultural output, a water model was constructed using the Soil and 

Water Assessment Tool (SWAT) to quantify water runoff, erosion, and agricultural yield changes given a variety of 

SLWM investments.6 The SWAT model uses data from recently installed gauge stations in Mizewa watershed in order to 

understand more localized impacts of sustainable land management practices on runoff and erosion. The model is cali-

brated at a daily, weekly, and monthly time step. Parameter calibration was completed using one year of data collected 

at the outlet of the Mizewa watershed. The weekly and monthly simulated flow accurately depicts runoff, and reveals that 

hydrologic processes and flow regimes in SWAT have a good fit with observed flow data (monthly simulated to observed 

R2 values were .94). The SWAT model has a built-in crop model in order to track the growth cycle and yield of specified 

agricultural crops. Utilizing the calibrated SWAT model, yield shocks are derived based on different parameter modifica-

tions in SWAT to represent SLWM investments. Fertilizer application is also manipulated in the simulations in order to 

calculate yield shocks due to increased fertilizer application. 

SWAT simulations suggest that the most effective SLWM investments in terms of decreasing surface flow and erosion 

(which has a direct effect on agricultural yields) in the representative watershed are 1 meter tall terraces on steep agricul-

tural areas (greater than 20 degree slope) and 0.5 meter tall terraces on midland (5-20 degree slope) agricultural areas 

(Figures 2 and 3).7 Results suggest that implementing SLWM on steep, middle and flat slopes results in marginal im-

provements of runoff and sediment capture compared to terracing on only steep and middle slopes (Schmidt and 

Zemadim, 2013). However, SLWM on flat slopes provided mixed results when analyzing agricultural yield data due to 

increased flooding or waterlogging of agricultural crops during high rainfall years. Thus, this study focuses on middle and 

steep slope terrace construction as the primary SLWM intervention, paired with other supply side shocks (i.e. fertilizer 

application, transport cost decreases) . Each SWAT simulation is run on a daily time-step and aggregated to evaluate 

annual yields. Computed agricultural yields are then used in the MM model to compare SLWM simulations taking into 

account indirect effects (price changes, off-farm labor opportunity costs).  

                                                           
6 A commonly used hydrological model in Ethiopia is the Soil and Water Assessment Tool (SWAT) developed by the US Department of Agriculture 

(Arnold et al. 1998). Previous analyses in Ethiopia include: Tesfahunegn et al. (2011), Bewket and Sterk (2005), Legesse et al.(2003), Nyssen et al. 
(2010), Betrie et al. (2011), Schmidt and Zemadim (2013).  

7 Agricultural area is defined as any terrain that is not under forested landcover or within a wetland area 
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Figure 2—Average monthly surface flow (2009-2030) 

 
Source: Author’s calculation 
 

Figure 3—Average monthly sediment yield (2009-2030) 

 
Source: Author’s calculation 

 

5.1. Production effects of SLWM 

The main effect of SLWM is to increase production by decreasing runoff and erosion, as well as increasing water capture 

in the soil. On average, given ongoing degradation in the watershed, middle and steep slope terrace investments im-

prove agricultural production compared to the base by impeding the 1 percent decrease in production each year (Figure 

4).8  

Productivity shocks due to land degradation are calculated using household survey data stratified by households that 

participated in an SLWM program and a control group in order to allow for robust estimates of a single-difference in out-

comes analysis. Analysis suggests that the marginal difference between plots that receive SLWM investments and those 

that do not invest, increase at an increasing rate. For example, if SLWM structures are maintained on a plot for 7 years, 

the value of production is estimated to be 2 percent greater than non-SLWM plots, whereas if a household continues to 

maintain SLWM for 15 years the expected value of production is 12 percent greater (Schmidt and Tadesse 2012). These 

results echo analysis by Holden and Shiferaw (2002) that estimated productivity declines (using the universal soil loss 

equation) of 1.1 percent per year due to land degradation. 

                                                           
8 Fluctuations in agricultural production reflect varying yearly climate conditions reported in historical data and analyzed in the hydrological model. 
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Given calculations of land productivity due to land degradation, teff production in the base simulation decreases from 

approximately 1.7 million tons in 2009 to 1.3 million tons in 2030, whereas in the middle and steep terraces investment 

(MST) simulation, land degradation is less significant and overall maize production values fluctuate around 1.7 million 

tons throughout the simulation period (Figure 4). A similar pattern is reflected in teff production (Table 1).  

Figure 4—Total maize production in rural representative watershed 

 
Source: Author’s calculation 
* MST = Middle and steep slope terraces 

 
Fertilizer application greatly improves production. Currently, rural households apply approximately 50 kg/ha of DAP and 

urea to agricultural plots. When doubling fertilizer application to 100 kg/ha (recommended use of fertilizer application in 

Ethiopia varies from 100-150 kg/ha), production increases 1.5 times that of the base simulation immediately.9 This is sim-

ilar to previous field trials of maize production in Ethiopia where data suggest that efficient adoption of seed-fertilizer 

technologies could as much as double cereal yields (Howard et al. 2003). However, the fertilizer base simulation reflects 

the ongoing degradation due to a lack of SLWM. Although fertilizer application increases yields initially, sheet erosion 

and gulley formation continue to wash away topsoil and fertilizer over time, and the impact of fertilizer on production 

eventually begins to decline by 2015. Pairing increased fertilizer application with MST investments reaps the highest pro-

duction gains, given that fertilizer application is fully efficient (it is not running down the hill slopes), and runoff and ero-

sion are not causing greater land degradation.  

Evaluating production gains disaggregated by slope type, simulations suggest that implementing MST investments in-

creases production in steep areas by 26 and 24 percent after 20 years for teff and maize, respectively, compared to the 

base (Table 1). Similarly, middle slope agricultural production increases by 24 and 23 percent after 20 years for teff and 

maize, respectively, compared to the base. In flat areas, maize production decreases slightly due to the decline in market 

prices for teff and maize resulting from the overall increase in supply. 

Comparing agricultural production gains across all simulations, results suggest that increased fertilizer application is im-

portant to achieving large gains in productivity. Increasing fertilizer application without investing in SLWM increases 

maize yields by approximately 60 percent in flat, middle and steep slope areas (Table 1). Applying fertilizer and investing 

in MST almost doubles production of maize in middle and steep terrain (increasing production by 95 and 99 percent, re-

spectively), and has similar effects for teff production. Similar production gains of teff and maize result from investments 

in MST, increased fertilizer use, and improved transportation infrastructure (Simulation 5).  

                                                           
9 This productivity shock due to fertilizer is based on the SWAT calculation of a harvest index which takes into account the potential nitrogen and phos-
phorus uptake available to agricultural crops 
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Table 1—Average production, prices, and income by slope in representative watershed  

 
 
 

Simulation (Values in 2030) 

Base 
 
 

1 

MST 
 
 

2 

Fertilizer 
base 

 
3 

MST and  
fertilizer 

 
4 

MST, fertilizer 
and -50% 

transport cost 
5 

Teff (million tons)     

Steep 0.04 26.3% 68.4% 107.9% 110.5% 

Mid 0.52 23.9% 55.7% 91.6% 93.3% 

Flat 0.08 0.0% 56.4% 55.1% 56.4% 

Maize (million tons)    

Steep 0.07 23.9% 61.2% 98.5% 100.0% 

Mid 1.08 22.8% 59.9% 94.8% 96.3% 

Flat 0.15 -0.7% 60.0% 57.9% 59.3% 

Teff price (1000 birr/ton)    

Fogera 2.23 -3.7% -9.8% -14.5% -7.3% 

Maize price (1000 birr/ton)    

Fogera 1.11 -8.8% -22.8% -30.7% -25.2% 

HH income (1000 birr/household)    

Steep  2.21  -4.4% 7.2% 9.5% 14.3% 

Mid  2.69  0.1% 10.1% 20.9% 28.7% 

Flat  2.21  -3.1% 5.8% -1.0% 2.0% 

Source: Author’s calculation 
*MST = Middle and Steep Terraces 

5.2. Price effects of SLWM investments 

The increase in production given investments in SLWM and fertilizer application has an indirect effect of lowering pro-

ducer prices of both teff (by 14.5 percent) and maize (by 30.7 percent) due to increases in supply (Table 1). Given that 

teff has a high income elasticity of demand, productivity increases do not result in as large a price fall as for maize. A 

large share of teff consumption occurs in the highland cereals region, where the representative watershed modeled in 

these simulations accounts for 20 percent of national teff consumption. As teff farmer incomes rise, their demand for teff 

increases, preventing a large price decline. Investments in roads that improve market access (through a 50 percent de-

crease in transportation cost) attenuate such a price drop, but only by 5 percent compared to no improvements in road 

infrastructure (maize prices drop 25 percent when investing in transport, MST, and fertilizer compared to the base). 

5.3. Income effects of SLWM investments 

Given that market prices decrease as production increases, percentage gains in producer income are less than the per-

centage gains in quantity produced. Moreover, households that invest in SLWM must devote labor time to construction 

and maintenance that could otherwise be allocated to off-farm income activities. Although off-farm income is less than 

agriculture income (accounting for 27 and 35 percent of overall income for households with land on middle and steep 

slopes, respectively), the opportunity cost of foregone off-farm labor due to SLWM maintenance has a large impact on 

income over time. 

Overall, simulations that pair fertilizer and SLWM result in an overall increase in producer incomes compared to the base 

(Figure 5). Investing in SLWM without fertilizer investments results in lower producer incomes compared to the base sim-

ulation, although annual household income approaches the base simulation values after 25 years. This lackluster perfor-

mance of SLWM investments without fertilizer is due mainly to the relatively low yield increases resulting from SLWM 

investments. In addition, the foregone wage opportunity from off-farm labor in lieu of constructing (in the first year) and 

maintaining SLWM decreases off-farm income significantly.10 Households on middle and steep slopes dedicate time to 

constructing and maintaining their SLWM infrastructure, and in doing so, they earn almost 25 percent less off-farm wage 

income per year of maintenance compared to not adopting SLWM infrastructure. Finally, an increase in yields with limited 

market access causes prices to fall on specific commodities, thus farmers are receiving less revenue per kilogram of 

maize or teff.  

                                                           
10 63 percent of off-farm labor is lost during the first year of SLWM construction. 
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Figure 5—Average household income  

 
Source: Author’s calculation 
*Note: Exchange rate in 2005 (birr/dollar) was 8.67 

 
It is important to note that income levels and composition vary depending upon the location of the household in the wa-

tershed.11 Most agricultural land in the Ethiopia highlands is on middle slope terrain – plot level household survey data 

suggest that agricultural land area on mid-slope terrain is 6 times that of agricultural land on steep and flat slopes. 

Household survey data also suggest that households located on mid-slope areas (slopes ranging from 5-20 degrees) on 

average derive a greater share of income from agriculture than households living in steep or flat areas. Given that house-

holds in mid-slope areas derive a large share of their income from agriculture (Figure 6), returns from SLWM investments 

represent a high share of their total income. In addition, middle slope areas dedicate 580 thousand hectares to teff pro-

duction (a high value crop in rural Ethiopia) compared to flat and steep areas that dedicate 70 thousand and 60 thousand 

hectares respectively. Agricultural yields are also higher for middle slope areas growing maize compared to flat and 

steep areas; and yields are higher for teff in middle areas compared to steep slopes (Appendix 2). 

Figure 6—Rural household income composition 

 
Source: Author’s calculation 
*Other income is derived from a variety of sources including remittances and other transfers 

                                                           
11 The breakdown of income is derived as follows: Total income (assumed to be equal to total expenditure as obtained in the regional SAM data) equals 
the sum of agricultural income (derived from the watershed household survey), off-farm labor income (estimated using the product of off-farm employ-
ment and the wage rate), other income (difference between total income, labor income and agricultural income). 
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At the household level, pairing SLWM investment with fertilizer application nearly doubles teff and maize production and 

increases income in both the middle and steep terrain areas by 9.5 and 20.9 percent, respectively (Table 1). Although 

investing in SLWM with no extra fertilizer application increases maize yields by 23 percent in the steep terrain area, sim-

ulations suggest that income is 4 percent lower than the base scenario where land is degrading over time (Table 1). This 

result is due to price decreases, as well as foregone off-farm labor opportunities, which represent a larger share of in-

come in steep areas compared to mid-slope areas.  

In comparison, mid-slope households increase teff and maize production by 24 percent under the MST simulation, and 

income increases (albeit minimally) by 0.1 percent (Table 2). When comparing results between fertilizer simulations (ap-

plying fertilizer with no SLWM compared to applying fertilizer with SLWM investments), greater income benefits are 

achieved with SLWM and fertilizer application on mid-slope areas (21 percent increase in income). Mid-slope areas re-

ceive higher gains from SLWM compared to steep slopes because a larger share of income is based on agriculture, thus 

increases in productivity have a greater effect on overall income gains.  

Table 2—Middle slope simulation results 

Simulation Teff  
Production 

Maize  
Production 

Teff  
Price 

Maize  
Price 

Income 

Calibrated Base 0.52 1.08 2.23 1.11 2.69 
MST 23.9% 22.8% -3.7% -8.8% 0.1% 
Fertilizer base 55.7% 59.9% -9.8% -22.8% 10.1% 
MST and fertilizer 91.6% 94.8% -14.5% -30.7% 20.9% 
MST, fertilizer, and  
-50% transport cost 

93.3% 96.3% -7.3% -25.2% 28.7% 

Source: Author’s calculation 

 
Simulations suggest that investing only in SLWM without increasing fertilizer use is not profitable for individual house-

holds. On average, incomes are lower in 2030 after investing only in SLWM compared to the base simulation. Although 

on average the watershed area gains from investing in SLWM and fertilizer, mid-slope households gain considerably 

more than steep-slope households, and flat slope households derive less income (compared to the base) due to de-

creases in producer prices. Although flat areas are not investing in SLWM and so do not forego off-farm labor opportuni-

ties, they are still affected by market prices and are selling the same amount of crop output for a lower price.12 These 

discrepancies in income gains suggest a need to rethink SLWM program implementation. Focusing only on SLWM in-

vestments without increased access to fertilizer (which is the current method of SLWM programming in the highland ce-

real area) does not provide the necessary household income increases that would attract sustained farmer maintenance 

of SLWM structures in the long term. The next section explores policy options and cost-benefit analysis for incentivizing 

greater farmer uptake and maintenance of SLWM.  

6. POLICY OPTIONS TO INCREASE SLWM UPTAKE AND MAINTENANCE 

It is often the case that larger projects that have an immediate cost (in this case, construction in terms of labor costs of 

SLWM) at the beginning of the project rarely reap clear, quick benefits in the short run. In order to evaluate different op-

tions for SLWM investments, we compare the net present value of changes in household consumption with the net pre-

sent value of costs, using a 3 percent discount rate (sensitivity analysis using a 5 percent discount rate is presented in 

Appendix Table A1). The benefit-cost analysis compares the following program packages: 

1) Terraces on middle and steep slopes (MST) 

2) Increased fertilizer application  

3) Increased fertilizer application and MST 

4) Government transfers to households maintaining MST (with increased fertilizer application) 

5) Decrease in transport costs of: 50, 30, and 20 percent 

The total net present value of production from 2010 to 2030 for highland cereal households that invest in middle and 

steep terraces is about 92 billion birr, 2.7 percent lower than the base calibrated simulation (Table 3). These results are 

consistent with other cost-benefit studies found in the literature, whereby benefits of soil and water conservation alone do 

not provide large income benefits to implementing households. Shiferaw and Holden (2001) analyzed experimental trials 

                                                           
12 It is important to note that the price fall due to increased supply does yield a benefit to consumers that are buying goods at the market. Further work 
should evaluate private profitability of farm households and the social benefits of decreased prices for consumers.  
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of bunds and terraces in west and east Amhara and found insufficient economic incentives for investment in such struc-

tures. Hengsdijk et al. (2005) underlined the tradeoffs of soil and conservation investments in Tigray region where soil 

bunds slightly increased crop productivity during drier periods when yields were low, but decreased productivity during 

moist seasons because overall cropped area was reduced for the construction of bunds.  

Table 3—Benefits and costs of policy options to incentivize SLWM sustainability (billion birr) 

Simulation  
Discount rate 3% 

Household  
Consumption 

(NPV) 

Change in 
Household  

Consumption 
(NPV) 

Marginal  
benefit of  

government 
investment 

(NPV) 

Government 
cost 

(NPV of cost) 

Marginal 
Benefit : Cost 

 

1) Base  94.2 0 - - - 

Land Investments      

2) Terraces on middle and steep 
slopes (MST) 91.66 -2.54 - - - 

3) MST with government transfer  101.70 7.50 10.04 6.95 1.44 

4) Fertilizer increase 117.11 22.91 - - - 

5) Fertilizer increase and MST 114.25 20.05 - - - 

Road Investment Scenarios  
(with Fertilizer and MST)      

6) Transport cost decrease 50% 117.06 22.86 2.81 2.08 1.35 

7) Transport cost decrease 30% 115.86 21.66 1.61 0.88 1.83 

8) Transport cost decrease 20% 115.31 21.11 1.06 0.88 1.20 

Source: Author’s calculation 

 

Simulation results of increased investment in fertilizer application (Table 3, simulation 4) compared to increased invest-

ment in fertilizer application with MST investments (simulation 5) suggest similar lackluster results for MST investments. 

Whereas fertilizer application without investing in MST has a net present value of about 117 billion birr, a comprehensive 

investment in fertilizer and MST yields a net present value of approximately 114 billion birr. Although the net present 

value of investing in both MST and fertilizer is greater than the base, it is more profitable (within the 20 year timeframe) to 

invest in only fertilizer and allow the land to continue to degrade.  

Thus, other policy instruments may need to be introduced to offset the initial construction and labor costs of MST invest-

ments. In simulation 3 in Table 3 we model the effects of providing SLWM adopting households with a government trans-

fer of 450 birr per household in the first year (2005 US$ 56) and 180 birr per household during the following 20 years to 

compensate for SLWM maintenance labor inputs. The government transfer compensates producers for approximately 80 

percent of their lost off-farm labor income (due to time allocated to construct and maintain SLWM) and increases the net 

present value of MST to 101.7, or 7.5 billion birr more than the base simulation. Although this policy increases govern-

ment costs of implementing SLWM investments, the marginal benefits are almost 1.5 times that of costs.13 

It is important to note that limited access to credit, risk averseness, and higher private discount rates raise the costs of 

farmer investments in such infrastructure, suggesting that even larger government transfer may be necessary to encour-

age farmers to maintain private SLWM investments during the medium and long term.  

Another option of increasing profitability and improving sustainability of SLWM programs is through a more comprehen-

sive rural development approach incorporating increased fertilizer application, investments in SLWM, and improvements 

in rural road infrastructure. The impacts of road infrastructure investments on agricultural output and productivity are par-

ticularly important given that a large share of Ethiopia’s population lives in rural areas and long average travel time to 

markets result in high transaction costs for sales of agricultural outputs (Dorosh et al. 2012; Stifel and Minten 2008). Im-

proving market access to rural households decreases the cost of transporting agricultural goods to markets and poten-

tially increases market demand for agricultural goods through agglomeration economies (see Henderson 2001). 

                                                           
13 These calculations of benefits and costs take into account only private benefits of investment to farmers (gains in their net incomes). The calculations 
do not include the social benefits to consumers arising from lower prices of teff and sorghum. Thus, the social benefits shown in the table are equal to 
the private benefits.  
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In order to evaluate the net profitability of improved market access (decreased transport cost), a range of estimated road 

infrastructure upgrading costs are evaluated. Following Chinowsky et al. (2011), an annual maintenance cost is imposed 

for earth, gravel, and paved roads, respectively. Annual maintenance takes into account rainfall in the area, which is es-

pecially important on earth roads given that these surfaces are more prone to erode and disintegrate over time. Approxi-

mate annual costs of maintaining an earth and gravel road are US$ 750 and US$ 3,000 per kilometer respectively 

(COWI 2009 and Skorseth and Selim 2000). In addition, more comprehensive rehabilitation work is needed on earth 

roads every 7 years (US$ 50,000 per kilometer) and gravel roads (grading, re-graveling, and/or stabilization of soils) 

every 12 years (US$ 90,000 per kilometer) in order to maintain drivability. These costs are taken into account and evalu-

ated in the benefit-cost analysis. 

The simulations that take into account improvements in market access simulate several benefit streams. In order to have 

a 50 percent reduction in transport costs, the simulation assumes that 25 percent of earth roads are upgraded to gravel 

road status (and receive annual maintenance and rehabilitation) in the representative watershed area, while the remain-

ing road stock receives planned annual maintenance and 7 or 12-year road rehabilitation. Assuming a 50 percent reduc-

tion in transport costs, the benefits to improving market access are over a third greater than the costs (Table 3). Although 

the benefits outweigh the costs in this scenario, neither the costs nor the time needed to improve this large share of the 

rural unpaved roads in Ethiopia are trivial. Thus, more modest simulations are also undertaken assuming that 10 percent 

of earth roads are upgraded to gravel status, resulting in a 30 percent decrease in transport costs. This analysis is re-

evaluated for sensitivity purposes assuming a 20 percent reduction in transport costs. In both simulations, the benefits of 

increased agricultural productivity, leading to higher income, outweigh the costs of investing in road upgrades (benefit-

cost ratios of 1.8 and 1.2, respectively).14  

7. CONCLUSION AND FURTHER RESEARCH 

The trade-off between short-term welfare gains and long-term agricultural investment planning in the highland region of 

Ethiopia represents a large challenge that requires understanding the linkages between socio-economic factors and bio-

physical determinants of agricultural production. This study employs a MM systems model that incorporates a detailed 

hydrological model to explicitly estimate benefits of SLWM adoption on different slope types and detailed household sur-

vey data that evaluates the economic determinants of program sustainability. A variety of investment simulations are run 

over a 20 year time horizon (2009 to 2030), including simulations to understand benefits of more comprehensive rural 

investment packages (SLWM, fertilizer, and improved transportation infrastructure investments). Results suggest that the 

benefits of implementing only SLWM do not outweigh the cost of foregone off-farm labor opportunities, nor increase out-

put enough to compensate for price falls in the agricultural commodity market due to increased supply.  

Previous research, however, notes that the prevailing agricultural land use, in combination with seasonally heavy rainfall 

and advanced deforestation, threatens to decrease agricultural productivity to unsustainable levels in future years. Thus, 

a more comprehensive investment approach may be necessary to ensure that SLWM provides tangible benefits to rural 

households in a timelier manner. A benefit-cost analysis of a variety of investment packages suggests that government 

transfers during the first phase of SLWM investment would provide farmers the needed incentive to maintain SLWM 

structures on their land during the slack labor season. Similarly, upgraded transportation infrastructure paired with in-

creases in fertilizer application and SLWM significantly improve household welfare results. 

This analysis could be strengthened through collection of additional biophysical data on rainfall, soil characteristics, and 

water flow to supplement the data from the watershed used in the hydrological model. Increasing the number of water-

sheds modeled would also provide a more nuanced view of the agricultural economy in the highland cereal area. In addi-

tion, given current projections of climate change, simulations that take into account variations in weather patterns pre-

dicted by global climate models may produce significantly different results. Future research could look into these climate 

uncertainties and build upon historical data to model simulations to understand different sequences and scenarios of 

complementary investment packages to measure potential synergies in policy and programming. Given ongoing land 

degradation and its continuing effect on agricultural productivity (loss of 2-6 percent of agricultural GDP per year), it is 

vital that land management is not only socially beneficial in future years, but also provides the necessary private income 

gains to incentivize rural farmers to maintain SLWM structures tomorrow. 

                                                           
14 Estimates of marketing margins for Ethiopia using CSA data for 2007/8 suggest a 50 percent difference between rural and urban markets (Dorosh et 
al., 2012), and assume that 80 percent of marketing costs are due to factors related to transportation. Gabre-Madhin (2001) reported an average 
transport share of 31 percent in 1996 due to transportation costs for the cereal trade.  
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APPENDICES 

Table A1—Benefits and costs of policy options to incentivize SLWM sustainability (5% discount rate) 

Simulation 

Household 
Consump-
tion (NPV) 

Change in 
Household 
Consump-
tion (NPV) 

Marginal 
Benefit of 

Govt. Invest-
ment (NPV) 

Government 
Cost 

(NPV of 
cost) 

Marginal 
Benefit : 

Cost 

Base 78.70 0.00 

Land Investments 

Terraces on middle and steep slopes (MST) 76.28 -2.42 - 0.00 - 

MST with government transfer 84.46 5.76 8.18 6.95 1.18 

Fertilizer increase 97.81 19.11 - 0.00 - 

Fertilizer increase and MST 95.07 16.37 - 0.00 - 

Road Investment Scenarios 
 (with Fertilizer and MST) 

Transport cost decrease 50% 97.41 18.71 2.34 1.74 1.34 

Transport cost decrease 30% 96.41 17.71 1.34 0.74 1.81 

Transport cost decrease 20% 95.94 17.24 0.87 0.74 1.18 

Table A2—Area and yield of five major crops in highlands Ethiopia by slope 

Agricultural area by crop (millions of hectares) 

Steep Mid-slope Flat 

Teff 0.06 0.58 0.07 

Barley 0.04 0.12 0.01 

Wheat 0.00 0.00 0.00 

Maize 0.05 0.49 0.09 

Sorghum 0.00 0.00 0.00 

*Steep is defined as agricultural plots on slopes >20 degrees, Mid-slope is 5-20 degrees, and Flat is less than 5 degrees.

Yield by crop (tons / hectare) 

Steep Mid-slope Flat 

Teff 0.78 1.21 1.52 

Barley 0.28 0.49 0.41 

Wheat 0.00 0.92 0.54 

Maize 1.78 2.91 2.15 

Sorghum 0.00 1.44 0.00 
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