
resources

Article

Linear Programming-Based Cropland Allocation to
Enhance Performance of Smallholder Crop
Production: A Pilot Study in Abaro Kebele, Ethiopia

Meselu Tegenie Mellaku 1,* , Travis W. Reynolds 2 and Teshale Woldeamanuel 1

1 Wondo Genet College of Forestry and Natural Resources, Department of Natural Resource Economics and
Policy, Hawassa University, P.O. Box 128, Shashemene, Ethiopia; twoldeamanuel@yahoo.com

2 Department of Community Development and Applied Economics, University of Vermont,
Burlington, VT 05405, USA; twreynol@uvm.edu

* Correspondence: mtmtegenie@gmail.com

Received: 7 September 2018; Accepted: 6 November 2018; Published: 23 November 2018 ����������
�������

Abstract: Smallholder farmer crop production is a mainstay of the Ethiopian economy. A series
of agricultural extension programs have been implemented since the 1950s in an effort to improve
smallholder productivity. In this study, we argue that the limited attention that is given to cropland
allocation by smallholders is one key driver of low performance of crop production as well as a key
factor in environmental degradation. Drawing on data from a household survey of 75 randomly
selected households in Abaro Kebele, Ethiopia, combined with focus-group discussions, key informant
interviews, and secondary data sources, we use linear programming to highlight the impact of
cropland allocation decisions on the performance of rural smallholder crop production systems.
We find that under current land use practices households are not able to meet their consumption
needs. The average profitability of farms under the current cropland allocation is also significantly
below the estimated level of profit that could be realized by reallocating cropland while using linear
programming. Additionally, survey results suggest that low crop production performance (in terms
of meeting both household food crop production needs and profit goals) is the primary reason why
households do not participate in conservation efforts and sustainable resource management practices.
This study suggests that linear programming-based cropland allocation modeling might be applied
to enhance the profit performance of smallholder crop production, help meet household food crop
production requirements, and thereby promote the sustainable utilization of environmental resources.
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1. Introduction

In Ethiopia, smallholder agriculture has long history as a major economic activity. According
to the Central Statistical Agency of Ethiopia [1] and the World Bank Group [2], 85% of the Ethiopian
workforce is engaged in agriculture. Smallholder agriculture contributed more than 50% to the
country’s GDP in 1990, and though this share has declined somewhat in recent years, it has remained
a key sector of the economy, particularly in rural areas [3]. However, in many ways commercialization
and development of agriculture in Ethiopia has not yet realized its full potential, and the country
remains one of the least developed economies in the world [4].

Recognizing the low productivity of agriculture and the potential contribution of smallholder
agriculture to national economic growth and food security, since the 1950s the government of Ethiopia
has made substantial efforts to increase smallholder production through agricultural extension service
programs that are mainly focused on input supply via credit systems and training for improved crop
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management [5,6]. These efforts are currently pronounced in national macroeconomic plans, such as
the Ethiopian Growth and Transformation Plan (GTP) [3] and the Climate Resilient Green Economy
Strategy of Ethiopia launched in 2012, which sought to increase productivity in smallholder agriculture
with the ultimate objective of achieving middle income economy status by 2025 by following a “green
growth path” [7]. These strategies, however, mainly focus on increasing crop output—the potential for
enhancing resource use efficiency through improved farm management decisions is hardly considered.

Low input supply [3] and low resource use efficiency [4] both contribute to patterns of low
agricultural performance in smallholder farm systems in Ethiopia. In some cases, increased production
may be achieved at the expense of high input costs; hence, a high-input strategy may not always
ensure profitability and may not bring about the desired results of poverty alleviation and improved
household food security [8–11]. In other cases, declining land productivity coupled with population
growth has driven households to further cultivate marginal lands (such as steep slopes and forest lands)
and exploit natural forests as sources of fuel wood and cash income [12–15]. Such crop cultivation
practices are key contributors to soil erosion—which in turn leads to the pollution of surface and ground
water through siltation and nutrient leaching [16,17]. Thus, efforts to increase production through
extensive cultivation may come at the cost of reduced long-term productivity, reduced resilience to
climate change, and other threats stemming from poor environmental resource management. But,
as Wilson and others [18] argue, in such contexts improvements to smallholder agriculture resource
use efficiency may have the potential to meet the twin objectives of large-scale poverty reduction and
sustainable agricultural productivity growth.

Linear programming is a widely used optimization method for decision-making in various
sectors, such as public transportation, private and state industrial activities, and other resource
allocation problems, including agricultural land use [19–23]. This study explores the potential of linear
programming-based land use modeling as a farm decision tool to increase the efficiency of smallholder
crop production, thereby improving resource use efficiency and potentially enhancing profitability.
Drawing on primary data from Abaro Kebele in southern Ethiopia, we apply a linear programming-based
cropland allocation technique to compare production self-sufficiency and profitability outcomes
under the status quo and under two alternative cropland allocation scenarios for six crops that are
commonly grown in the study area. More specifically, this study seeks to (1) describe the farm-level
and village-level profitability of current crop production systems; (2) estimate the annual production
and profit possible from optimal cropland use allocations (defined first at the household level, and then
at the village level) based on linear programming; and finally, (3) examine how the use of linear
programming-based cropland allocation might be applied to positively impact the sustainable use of
environmental and natural resources in smallholder agricultural systems.

2. Materials and Methods

2.1. Description of the Study Area

Abaro Kebele is located in Shashemene Zuria Woreda, Oromiya Regional State, Ethiopia at about
07◦06′ N latitude and 38◦37′ E longitude [14]. It is situated at an altitude ranging from 1900 to
2600 m.a.s.l [24]. It is characterized by two rainy seasons, the long rainy season (July to September)
and a short rainy season (March to April). The average land holding in the study area is less than
one hectare [25]. The area is bordered by the disturbed natural forests of Munessa Shashemene in the
southeast (Figure 1). The livelihood practices of households in this particular kebele (a kebele is the
smallest administrative unit in Ethiopia) are sedentary farming complemented by limited livestock
production—as is typical in the majority of rural households in the highlands. The study area is
one of the most densely populated kebeles in the local area, with an average population density of
370.4 persons per square kilometer [25].
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(about 5% of households in the study area) were randomly selected and surveyed using a structured 
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typical farmers, and one kebele administrator being selected to qualify and standardize survey 
estimates, such as the local wage rate of hired labor, and labor hour requirements for the production 
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2.2. Population and Sampling

First, key informant interviews with two local development agents, two experts from the District
Office of Agriculture, and four selected farm household heads (representing typical and elderly
farmers) were conducted using a pre-prepared checklist to better understand the farming practices of
the community and to measure households’ overall support for environmental and natural resource
conservation efforts. Following the key informant interviews, seventy five (75) households (about 5% of
households in the study area) were randomly selected and surveyed using a structured questionnaire.
Finally, a focus group discussion was held with two kebele extension agents, three typical farmers,
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and one kebele administrator being selected to qualify and standardize survey estimates, such as the
local wage rate of hired labor, and labor hour requirements for the production of different crops.
Participants in the focus group discussion and key informant interviews were selected based on their
expertise, experience, familiarity with current annual crop production practices, and involvement in
natural and environmental resource management. The socioeconomic characteristics of the 75 survey
respondents are given in Table 1.

Table 1. Socioeconomic characteristics of survey respondents.

No. Parameter N Mean (± SE) Minimum Maximum

1 Male-headed household 75 0.890 - -
2 Married household head 75 0.813 - -
3 Divorced household head 75 0.133
4 Age (years) 75 40.1 (± 11.204) 24 70

5 Education (Grades
completed) 75 2.97 (± 3.507) 0 12 + 1

6 Land holding (ha) 75 0.77 (± 0.40) 0.25 2.0

7 Rented land for crop
production (ha) 75 0.074 (± 0.18) 0 1

2.3. Nature and Type of Data

Both quantitative and qualitative data regarding crop production practices, such as land size,
costs of crop production, current farming practices, and productivity of crops per hectare were collected
through structured household survey questionnaires, a focus group discussion, and key informant
interviews. Secondary data, including reports from the Ministry of Agriculture and other offices,
were also used. Quantitative data collected from primary and secondary sources were used to estimate
costs and revenues of crop production per hectare for each crop. The annual national average price for
each crop per kilogram in 2012 were drawn from the Food and Agriculture Organization Statistical
Database (FAOSTAT) [26]. Qualitative data on factors influencing cropland allocation, as well as
self-assessed awareness of environmental and natural resource constraints and the involvement in
natural and environmental resource management practices were collected through the key informant
interviews, focus group discussions, and household surveys.

2.4. Model Description

We first estimated the profit performance and production of food crop under the status quo
(current cropland allocation). A linear program (LP) with the objective of profit maximization from
crop production was then used to evaluate the potential for satisfying the goals of food crop production
requirements and profit maximization under two hypothetical land-allocation scenarios.

Current production and profit performance under the status quo was used as the reference
scenario. The first hypothetical scenario had the objective of maximizing profit through a linearly
programmed method of cropland allocation, with the assumption that the relative land productivity
of different crops was equal to the current mean productivity per hectare of each crop estimated
from household survey. The second hypothetical scenario also had the objective of maximizing profit
through a LP method of cropland allocation, but assumed that farmers would realize the theoretical
potential yield per hectare for each crop, as obtained from the 2009 annual report of Ethiopian Ministry
of Agriculture and Rural Development (MoARD) [27]. In both models, profit maximization was
subject to constraints, including ecological constraints (total land available cannot be exceeded),
budget constraints (estimated based on prior household expenditures and assuming no access to credit
or outside resources), and additional constraints relating to household- and village-level food crop
production requirements (or village level food crop production self-sufficiency).
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2.4.1. Profit Maximizing Objective

Since the main aim of this study was to investigate the potential production and profit performance
of smallholder crop production systems under alternative cropland-allocation scenarios as compared
to the present-day cropland allocation, profit maximization was taken as the objective. Given n crop
choices practiced in the study area with productivity per unit of land qi, i = 1,2,3, . . . n and total land
size L, the LP problem was to estimate the area of land Li, i = 1,2,3, . . . n which should be allocated for
each crop selected to plant in the specific cropping season to maximize profit subject to a given set of
ecological, financial, and food crop production self-sufficiency constraints.

Given the market price Pi, i = 1,2,3, . . . n per kilogram of each crop and the cost of production per
hectare of land for each crop Ci i = 1,2,3, . . . n we modeled the objective function profit (Π) as:

Π =
n

∑
i=1

(PiLiqi −CiLi) (1)

2.4.2. Constraints

The LP model was estimated for the combined sample subject to the ecological constraint [23,28]
that land allocated not exceed the total land suitable for selected crops in the community (estimated
from survey data) and with the financial constraint [29–31] that total expenditures not exceed the sum
of households’ total crop budgets (the total sum of money budgeted and paid to cover the cost of
production of selected crops by each individual surveyed households, except land rent and wage of
family labor in the 2012 July to September cropping season). Finally, we imposed an additional food
crop production self-sufficiency constraint for each of the selected crops, reflecting the aggregated
minimum food crop production requirement set by each household surveyed.

Ecological Constraints

The average landholding of households in the study area is less than one hectare [14].
The opportunity for households to expand cropland is almost nonexistent; in cases where expansion
does occur, it is often at the expense of neighboring forest as landowners expand their farm by illegally
clearing protected areas [32,33]. Based on the results of household surveys, the total aggregated land
size available for crop production (L), which is the sum of land allocated for crop production by
individual households surveyed, was assumed to be the total land that is available for the selected
crops (all of which were suitable to be cultivated in the particular cropping season). Though a number
of other crop-specific ecological constraints, such as land gradient, adjacency to critical resources,
such as forest and water bodies, and crop rotation could also be included in the model, for simplicity
we included only total land size in the model (Equation (2)). Namely, the sum of land allocated
among selected crops, Li, i = 1,2,3, . . . n, could not exceed the total land size L that is available for
crop production:

n

∑
i=1

Li ≤ L (2)

Aggregated Crop Budget Constraint

Studies indicate that financial access is one of the major constraining factors limiting the
performance of smallholder agriculture in low-income countries [34]. Based on results from the
household surveys, key informant interviews, and focus group discussions, the cost per hectare of
each crop was estimated. Except for a few households, crop production is practiced on farmers’ own
land and with only limited use of hired labor for activities, such as insecticide application, pesticide
management, and crop harvesting. Estimated crop production costs per hectare (ci) thus primarily
included costs of fertilizer, seed, and pesticides, as well as some wages for labor, and costs that are
associated with crop harvesting. The total crop budget Y was the sum of costs incurred for production
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of selected crops by each individual surveyed household (excluding land rent and value of family
labor) in the 2012 July to September cropping season. Total cost paid for crop production in the LP
models could not exceed this annual aggregated crop budget (Y).

n

∑
i=1

ciLi ≤ Y (3)

Aggregated Food Crop Production Self Sufficiency Constraint

Key informant interviews, focus group discussions, and household survey results provided
detailed information on the goals of crop production and farming practices among households in
the sample. According to these assessments, meeting the minimum household food crop production
requirements (typically phrased in terms of consumption needs) is the primary goal of crop production
in the study area. Therefore, the minimum aggregated food crop production requirement of each crop
Qi, i = 1,2,3, . . . n, which is the sum of the minimum food crop production requirements, was included
explicitly in the model.

qiLi ≥ Qi (4)

Finally, a LP-based cropland allocation model (or a crop mix-selection model) with the objective
of profit maximization subject to ecological, financial, and food production constraints was used to
estimate the maximum profit that could be theoretically realized while using linear programming
(Equation (5)).

Maximize π =
n
∑

i=1
(PiLiqi −CiLi)

Subject to :
n
∑

i=1
ciLi ≤ Y, (Aggregated Crop Budget)

Liqi ≥ Qi, i = 1, 2, 3, . . . 6, (Aggregated Food Crop Production Requirement)
n
∑

i=1
Li ≤ L, (Aggregated Land)


(5)

2.5. Method of Data Analysis

Descriptive statistics were used to estimate model parameters from the household survey data;
the LP model was solved using the Solver add-in within Microsoft Excel.

3. Results and Discussion

3.1. Crops Selected for the Purpose of this Study

Six crops (wheat (Triticum aestivum), maize (Zea mays), potato (Solanum tuberosum), beetroot
(Beta vulgaris), carrot (Daucus carota), and barley (Hordeum vulgare), were selected for the purpose of
this study based on their cultivation prevalence amongst surveyed households and the availability
of secondary data. Other crops are also cultivated in the area but are omitted from the simulations
(Table 2).
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Table 2. Crops grown in the study area (July to September 2012).

No. Crop Scientific Name % of Households Harvesting (n = 75)

1 Wheat Triticum aestivum 93.7%
2 Maize Zea mays 70.7%
3 Potato Solanum tuberosum 49.3%
4 Beetroot Beta vulgaris 49.3%
5 Carrot Daucus carota 29.3%
6 Barley Hordeum vulgare 26.7%
7 Cabbage Brassica oleracea 14.7%
8 Sorghum Sorghum vulgare 5.3%
9 Haricot bean Phaseolus vulgaris 4.0%
10 Garlic Allium sativum 4.0%
11 Finger millet Eleusine coracana 1.3%
12 Teff Eragrostis tef 1.3%

In addition to annual crops, households in the study area also cultivate perennial crops,
such as enset (Ensete ventricosum), coffee (Coffea Arabica), eucalyptus (Eucalyptus sp.), and apple
(Malus domestica). More than 93% of the households cultivate ensete as a major staple food, while only
2.67% cultivate coffee, 2.6% cultivate eucalyptus, and 4% cultivate apple. Ensete was cultivated on an
average of 0.15(±0.09) hectares of land.

As shown in Table 3, about 68% of maize producers and 17% of wheat producers were not
able to meet the minimum production levels that are needed to meet their self-reported household
consumption needs through current cropland allocation practices.

Table 3. Percentage of households not realizing minimum food crop production requirements for
consumption based on current land allocation practice.

No. Crop Total Number of Producers % of Households Not Realizing Production
Requirement for Consumption (n = 75)

1 Wheat 73 17.8%
2 Maize 50 68.0%
3 Potato 36 25.0%
4 Beetrootot 23 4.3%
5 Carrot 19 36.8%
6 Barley 31 0.0%

3.2. Model Parameter Estimates

Based on the household survey and a review of secondary data on national average producer
prices from Food and Agriculture Organization of the United Nations(FAO) [26], reports from the
Ministry of Agriculture and Rural Development (MoARD) [27], and Minot & Sawyer [35], annual
crop production profits for the selected six crops were estimated for three scenarios during the
2012 July–September cropping season. Mean current yield per hectare, mean theoretical farm field
productivity per hectare, mean cost paid in cash per hectare, mean total cost of production per hectare,
mean profit per hectare, and minimum aggregated food crop requirements for consumption were the
main parameters included in the models (Table 4).
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Table 4. Parameter estimates for the six study crops.

No. Crop Name

Mean
Estimated
Cost Per

Hectare (ci)
(ETB)

Mean
Estimated
Current

Yield Per
Hectare (kg)

Mean
Theoretical
Farm Field
Yield Per

Hectare (kg)

Minimum
Production

Requirement for
Consumption (kg)

Mean Profit
Per Hectare

(ETB)

1 Wheat 10,461.37 4560.64 4500 51,250 15,635.24
2 Maize 8160.47 5764.71 7000 36,710 9571.32
3 Potato 12,392.22 9908.33 29,130 30,316 13,392.61
4 Beetroot 5702.01 16,614.81 28,000 4850 39,834.64
5 Carrot 8265.88 20,323.81 30,000 4450 49,074.12
6 Barley 8514.31 4400 3550 7100 11,365.69

Sources: 2012 Household survey; FAO, 2015.

3.3. LP Models and Findings

Having estimated the parameters for the model from survey data and secondary sources,
profit performance was evaluated for three scenarios: (i) current profit performance, the status quo
(reference scenario or Scenario #1); (ii) simulated LP-based profit performance under an optimal
cropland allocation assuming the land productivity of each crop is the mean yield per hectare estimated
from survey data (Scenario #2); and, (iii) simulated LP-based profit performance under an optimal
cropland allocation assuming the land productivity of each crop is the theoretical yield, as reported in a
national crop variety release report from the Ethiopian Ministry of Agriculture and Rural Development
(Scenario #3).

3.3.1. Profit Performance of Current Cropland Allocation (Scenario #1)

Summing up individual household realized profits that were estimated from the household
survey, the aggregated profit from all crop production among households in the sample was estimated
as ETB 591,324.6 from a total land area of 43.77 hectares Table 5.

Table 5. Scenario #1 (Reference Scenario) Model Output Summary.

No. Crop
Land

Allocation
(ha)

Profit (ETB)

Minimum
Production

Requirement for
Consumption (kg)

Total
Harvest (kg)

Surplus
Production

(kg)

1 Wheat 23.69 282,082.52 51,250 87,600 36,350
2 Maize 6.19 31,843.80 36,710 22,925 13,785
3 Potato 6.56 86,270.02 30,316 69,000 38,684
4 Beetroot 3.22 86,651.86 4850 42,200 37,350
5 Carrot 1.99 78,096.35 4450 32,700 28,250
6 Barley 2.13 26,380.05 7100 8200 1100

Total 43.77 591,324.60

The survey results uncover that under the conventional practice, the community was not able
to meet the minimum aggregated food crop production requirement for maize, the most preferred
food crop in the study area. As shown in the final column of Table 5, there is an aggregate production
shortfall of 13.785 metric tons of maize. cropland allocation.
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3.3.2. Profit Performance under Scenario #2

Using parameter estimates from Tables 4 and 5, Scenario #2 is formulated as the following LP
model (Equation (6)):

Maximize
Profit(π) = 15635.2 ∗ Lwheat + 9571.36 ∗ Lmaize + 13392.6 ∗ Lpotato + 39834.6 ∗ Lbeetroot+

49074.1 ∗ Lcarrot + 11365.6 ∗ Lbarley
Subject to :
Lwheat + Lmaize + Lpotato + Lbeetroot + Lcarrot + Lbarley ≤ 47.77(Aggregated Land)
10467.37 ∗ Lwheat + 8160.47 ∗ Lmaize + 12392.22 ∗ Lpotato + 5702.01 ∗ Lbeetroot+

8265.88 ∗ Lcarrot + 8514.31 ∗ Lbarley ≤ 850636(Aggregated Crop Budget)
4560.64 ∗ Lwheat ≥ 51250(Aggregated wheat production required for consumption)
5764.71 ∗ Lmaize ≥ 36710(Aggregated maize production required for consumption)
9908.33 ∗ Lpotato ≥ 30316(Aggregated potato production required for consumption)
16614.81 ∗ Lbeetroot ≥ 4850(Aggregated beetroot production required for consumption)
20323.81 ∗ Lcarrot ≥ 4450(Aggregated carrot production required for consumption)
4400 ∗ Lbarley ≥ 7100(Aggregated barley production required for consumption)
Lwheat, Lmaize, Lpotato, Lbeetroot, Lcarrot, Lbarley ≥ 0

(6)

Land productivity (yield) per hectare of land for crops in this scenario is taken as the mean current
yield estimated from survey data (Table 4). Solving this model, a total aggregated profit of 1,347,871.218
ETB or 17,971.62 ETB per household appears to be theoretically possible if linear programming were
used to reallocate cropland among the selected crops on the same size of land cultivated in the 2012
July to September cropping season. This mean profit per household is more than twice the current
mean profit of crop production under conventional cropland allocation practices. Moreover, in this
scenario the minimum aggregate food crop production requirements for consumption of each crop are
met—as shown in the surplus production column of Table 6.

Table 6. Scenario #2 Model Linear Programming Output Summary.

No. Crop
Scenario #2

Land
Allocation (ha)

Scenario #2
Profit (ETB)

Minimum
Requirement for

Consumption (kg)

Total
Harvested

(kg)

Surplus
Production

(kg)

1 Wheat 11.24 175,700.33 51,250 51,250 0
2 Maize 6.37 60,950.69 36,710 36,710 0
3 Potato 3.06 40,976.66 30,316 30,316 0
4 Beetroot 0.30 11,628.06 4850 4850 0
5 Carrot 21.20 1,040,275.40 4450 430,825 426,375
6 Barley 1.61 18,340.09 7100 7100 0

Total Land 43.77 1,347,871.22
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3.3.3. Profit Performance of Scenario #3

Again, using parameter estimates from Tables 4 and 5, Scenario #3 is formulated as an LP problem,
as follows (Equation (7)):

Maximize
Profit(π) = 15635.2 ∗ Lwheat + 9571.36 ∗ Lmaize + 13392.6 ∗ Lpotato + 39834.6 ∗ Lbeetroot+

49074.1 ∗ Lcarrot + 11365.6 ∗ Lbarley
Subject to :
Lwheat + Lmaize + Lpotato + Lbeetroot + Lcarrot + Lbarley ≤ 47.77(Aggregated Land)
10467.37 ∗ Lwheat + 8160.47 ∗ Lmaize + 12392.22 ∗ Lpotato + 5702.01 ∗ Lbeetroot+

8265.88 ∗ Lcarrot + 8514.31 ∗ Lbarley ≤ 850636(Aggregated Crop Budget)
4500 ∗ Lwheat ≥ 51250(Aggregated wheat production required for consumption)
7000 ∗ Lmaize ≥ 36710(Aggregated maize production required for consumption)
29130 ∗ Lphotato ≥ 30316(Aggregated potato production required for consumption)
28000 ∗ Lbeetroot ≥ 4850(Aggregated beetroot production required for consumption)
30000 ∗ Lcarrot ≥ 4450(Aggregated carrot production required for consumption)
3550 ∗ Lbarley ≥ 7100(Aggregated barley production required for consumption)
Lwheat, Lmaize, Lpotato, Lbeetroot, Lcarrot, Lbarley ≥ 0

(7)

Yield per hectare of land for each crop in this model is the theoretically attainable yield drawn
from the national crop variety release report from the Ethiopian Ministry of Agriculture and Rural
Development; the other parameters are the same as in Scenario #2.

Solving the Scenario #3 LP model results in a total profit of ETB 1,576,009.027 that could in theory
be achieved from the same amount of land currently under cultivation (Table 7). The profit from
Scenario #3 is again more than twofold that of the current cropland allocation (Scenario #1). Moreover,
in Scenario #3, the minimum food crop production requirement for consumption is also met (like
in Scenario #2). The difference in possible profit from Scenario #3 to Scenario #2 (ETB 228,137.82) is
much smaller when compared to the difference between the reference scenario (Scenario #1) and either
Scenario #2 (ETB 756,546.62) or Scenario #3 (ETB 984,684.4).

This result suggests that the profit performance of crop production in the study area may be
relatively more compromised by inefficiencies in cropland allocation than by barriers to the realization
of expected theoretical farm field yields per hectare.

Table 7. Scenario #3 Linear Programming Model Output Summary.

No. Crop Scenario #3 Land
Allocation (ha)

Scenario #3
Profit (ETB)

Minimum
Requirement for

Consumption (kg)

Total
Harvested

(kg)

Surplus
Production

(kg)

1 Wheat 11.39 184,600.22 51,250 51,250 0
2 Maize 5.24 39,456.20 36,710 36,710 0
3 Potato 1.04 47,772.54 30,316 30,316 0
4 Beetroot 0.17 8465.91 4850 4850 0
5 Carrot 23.92 1,279,351.93 4450 717,649.41 713,199.4
6 Barley 2.00 16,362.22 7100 7100 0

Total 43.77 1,576,009.03

In both models, Scenario #2 and Scenario #3, land was allocated to crops other than carrot only
for the purpose of satisfying minimum food crop production requirement for consumption. In both
models, carrot was the most economically attractive crop from among the six crops considered.

3.4. Sensitivity Analysis

Sensitivity analysis is an important aspect of decision making particularly in questions of resource
allocation, including land use decisions. In addition to allowing the researcher to investigate the
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stability of the models in response to variation in parameter estimates used, sensitivity analyses also
provide the opportunity to further highlight changes that might be observed in the value of the target
objective if a constraint is relaxed or tithed.

Sensitivity analysis reports for both Scenario #2 and Scenario #3 suggest that crop budget is not
currently the limiting factor in maximizing profit among farm households in the sample (Table 8).
Rather, land size is the most evident common limiting factor in regards to maximizing profit from crop
production; an additional hectare of land has the potential to increase aggregate profit by ETB 49,074.1
and ETB 53,480.9 in Scenario #2 and Scenario #3, respectively. The aggregated minimum food crop
production requirement for consumption constraints except for carrot are binding in both scenarios,
with beetroot the most profitable and barley the least profitable of the remaining crops (all are less
profitable than carrot). In the absence of an expansion in the availability of cropland, the results of this
study suggest that the use of decision support systems, such as linear programming-based cropland
allocation, might significantly improve crop production performance in terms of both profitability
and meeting local production demand for food crops for consumption. These findings coincide with
other effective applications of linear programming in decision-making processes from forestry [36],
waste management [19], and other instances related to land use optimization [37].

Table 8. Summary of Sensitivity Analyses.

No. Constraints
Shadow Price

Scenario #2 Scenario #3

1 Aggregated Crop Production Budget 0 0
2 Aggregated Total Land Size 49,074.1 53,480.93
3 Minimum Production Requirement for consumption of Wheat −7.33 −8.28
4 Minimum Production Requirement for consumption of Maize −6.85 −6.57
5 Minimum Production Requirement for consumption of Potato −3.60 −0.26
6 Minimum Production Requirement for consumption of Beetroot −0.56 −0.16
7 Minimum Production Requirement for consumption of Carrot 0 0
6 Minimum Production Requirement for consumption of Barley −8.57 −12.76

3.5. Aggregated Land Allocation Comparison in the Three Scenarios

Optimal land allocation for each of the selected crops, as determined through linear programming,
is quite different from conventional methods of cropland allocation. The amount of land allocated for
wheat under the status quo is at least halved under an optimal linear programming-based allocation,
whereas land allocated for carrot is increased more than tenfold. This indicates that, provided all
factors, such as market demand and climate variables are favorable for both crops, production of
wheat is much less profitable when compared to carrot. Similar studies in Zimbabwe [38], Nigeria [39],
and Egypt [40] are consistent with this finding.

3.6. Current Cropland Allocation & Crop Selection Factors

Based on key informant interviews that were conducted prior to the household surveys, four major
factors hypothesized to drive cropland allocation decisions (with at least two sub-factors each) were
included in the survey questionnaire so as to better understand what considerations shape cropland
allocation. Household survey participants ranked household food crop consumption requirements as
the most important factor in determining cropland allocation, followed by productivity per hectare
and ecological factors (crop rotation, soil fertility management) as the second and third most important
influences on their land use choices (Table 9). These results suggest that ecological factors, such as soil
fertility management, impacts of land use choices on the land uses of adjacent areas, and the avoidance
of cultivation on steep slopes may be less salient factors for cropland allocation when compared to
socio-economic and production-related factors.
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Table 9. Summary of Key Factors Driving Cropland Allocation and Crop Choice.

Rank Main Factor Percent of
Respondents (n = 75) Sub Factor Sub Factor Rank

1 Socio-Economic Factors 37.9%

Household Food Crop
Consumption
Requirement

1

Custom Food Production
Requirement 2

2 Productivity Factors 22.4%
Productivity per Unit of
Land 1

Expected Price 2

3 Ecological Factors 20.7%

Crop Rotation 1
Soil Fertility Management 2
Rain Fall 3
Adjacency to different
land uses 4

Land Slope 5

4 Input Price Factors 19%

Price of Fertilizer 1
Price of Improved Seed 2
Price of Pesticide 3
Wage of Labor 4

3.7. Implications of the Use of Linear Programming-Based Cropland Allocation for Sustainable Use of Resources
and Conservation

To assess respondents’ current involvement and awareness of natural and environmental resource
management, sampled household heads were asked about their involvement in forest conservation,
soil fertility management, and their perception of barriers and opportunities for participation in natural
and environmental resource management. Results of the household survey revealed that the role of
natural resources, such as forests, land, and water are well noted among most community members.
All participant households in this study indicated that leaving crop residues on crop fields significantly
improves soil fertility and reduces land degradation, both of which relate to the productivity of
agriculture [41]. The views of these farm households are in line with results from existing studies
that find significant impacts of crop residues on soil fertility [32,33,42]. Additionally, forests in and
around the locality are perceived as a fundamentally important resource in terms of various ecosystem
services—particularly for promoting rainfall at the right time and in the desired quantity. However,
due to the pressing problems presented by household food crop production demands and cooking
energy requirements, the majority of respondents reported encroaching into natural forests to collect
fuel wood (88%), and collecting crop residues from fields to burn (94.7%). A study by Simon and
others in similar smallholder agriculture areas shows awareness to be a major factor in determining
participation in conservation practices and environmental resource management [43]. However, in our
study, the performance of livelihood practices in general and crop productivity in particular are the
strongest factors limiting the active conservation of natural and environmental resources.

Results of the household survey, key informant interviews and focus group discussions indicate
that households in Abaro kebele are willing to stop environmentally harmful practices, such as
crop residue collection and natural forest encroachment, while instead engaging in natural and
environmental resource management if crop production performance can be enhanced to meet
household food crop production requirements and generate a profit. In other words, in a context where
cropland allocation decisions are largely driven by short-term subsistence production goals, short-term
land use choices may exacerbate long-term resource degradation—and ultimately threaten efforts to
meet household food production goals. Inversely, a combination of improved technology and improved
cropland allocation (potentially informed by LP-based methods) might foster improved natural
resource management, and thereby help to sustain both short-term and long-term food production.
Our results showing large potential land productivity gains under alternative cropland allocation
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scenarios based on linear programming are consistent with past findings, such as Joneydi [44] and
Nwaiu et al. [45], particularly with regard to the potential for increasing returns from crop production
among those households willing and able to cultivate more profitable horticulture crops alongside
subsistence crops.

4. Conclusions and Recommendations

This study evaluated the performance of cropland allocation under the status quo when compared
to linear programming-based cropland allocations in terms of meeting profit goals and meeting food
crop production requirements, and also considered the relationship between land use efficiency and
the willingness to participate in environmental resource management. The results from a single rural
community in Southern Ethiopia suggest that the overall performance of linear programming-based
cropland allocation offer significantly higher returns than current cropland allocation methods.
Under the status quo cropland allocation, households were not even able to meet the minimum
required food crop production levels for all crops—while through a linearly programmed land use
allocation, the profit potential was more than doubled.

There is also some evidence that the poor performance of current cropland allocation practices may
exacerbate environmentally harmful practices, such as crop residue collection and forest encroachment.
Although smallholder farmers in this study generally reported recognizing forest ecosystem services
and the role of natural and environmental resources as important, the decline in economic returns
from crop and livestock production have led to the adaptation of environmentally damaging practices,
such as collection of crop residue, illegal timber, and fuel wood from nearby forests [41]. While our LP
models only imposed a constraint on total land area for cropping, other environmental factors, such as
diminished cultivation in steep slopes, improved soil fertility management, and crop rotation are other
important considerations for cropland allocation, which might be considered as constraints in a more
complex linear programming land allocation effort.

Finally—provided that all necessary information with regard to input and output prices, land
suitability, potential yield, and climate factors are in place—the result of this study support the
expanded use of improved decision support tools, such as linear programming for cropland allocation
specifically and in agricultural practices more generally. Doing so will help to address the twin
objectives of reducing poverty and realizing the sustainable utilization of natural and environmental
resources in smallholder agricultural landscapes [46]. The use of linear programming in cropland
allocation might help to enhance crop production performance in terms of both maximizing profit and
enhancing food security, while taking ecological, financial, and social factors into consideration.
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