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ABSTRACT 
The dry season in Keiyo highlands in Kenya is characterized by little or no production of cabbages due to low rainfall 
amount which cannot meet the crop requirements. Production can be increased by adopting drip irrigation with further 
improvement of production achieved by staggering transplanting dates in order to get continuous supply of cabbages 
from December to February known as the dry season. Linear programming was used for optimal land allocation in the 
dry season in order to maximize net returns from an irrigated field in Keiyo highlands. Economic and hydrologic factors 
used in optimization were yield, irrigation water, price and cost of production of cabbage. The results showed that the 
highest benefit could be achieved if 60% of the land is apportioned equally for cabbage transplanted in October (30%) 
and November (30%) and the remaining 40 % of land used for cabbages transplanted in December wet season. During 
normal and dry season, a farmer needs to cultivate more land for cabbages transplanted in November. Furthermore it 
was found out that a farmer who is not sure of the type of the season loses about 28.9 % of the benefits when cabbages 
are transplanted in the dry season instead of the wet season. Sensitivity analysis showed market price being more 
sensitive than the area. Farmers in Keiyo highlands are therefore, encouraged to apportion more land for cabbages 
transplanted in December in wet season and more land in dry/normal seasons in November. 
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INTRODUCTION 
Keiyo district in Kenya is known for the production of cabbages, however, the production in the dry 
season between December and February is none or low. Therefore for farmers to increase production 
they need to irrigate their cabbages with the limited water resources. This requires  the farmer to 
optimize the land and water to achieve maximum returns [1]. In irrigation a farmer has to make choices 
depending on the available water and land. If water is abundant and land is little full supply is done and 
no need for deficit irrigation but when the water is not enough and the land is not limiting deficit 
irrigation is appropriate [2] and hence the need for decisions to be focused on extending land to be 
irrigated with inevitable water stress so long as the yield reduction per unit area is compensated by the 
increased of cropped area [3]. In modelling full supply, irrigation setting is simpler, there the applied 
water per unit area are known and only the optimal crop areas are to be decided. For deficit irrigation, 
one has two choices. The first choice is to specify the intensity and duration leaving the areas to be 
cropped for optimization [4]. The second choice is determine both optimal distribution areas and water 
to be applied, permitting crop water deficits. Singh et al., [5] proposed a linear programming model for 
optimal cropping pattern in a canal command area. 
Optimization models have three main components. These are: 

i. The decisions to be made, called decision variables which are the amount of water to apply and 
when to apply together with the amount of area to be cultivated. 

ii. The measure to optimize, called objective. 
iii. Any logical restriction on potential solution, called constraints. 

Decision making for allocation of water for irrigation depends on many factors. These factors are: nature 
and timing of the crop being irrigated, its stage of growth, and the effect of water deficit on the crop yield. 
Therefore for efficient use of water at the field level, there is need for a single decision- making 
mechanism and for this study the decision was to indicate water allocation both in volume and the area to 
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be irrigated. These decisions have to be made by the farmer at the beginning of the season. Factors that 
affect the amount of irrigation water and area to be planted depend on dry and wet season and also the 
month of transplanting (October, November and December) in the dry season in the case of this study. 
Irrigation optimization-based models measure the effect of each decision on the designed objective which 
for farmers it is normally to maximize profit [2]. One of the popular optimization techniques used in 
irrigation is the linear programming. The specific objective of this study was to find the area of land to be 
apportioned in each month during transplanting that maximizes the benefits to a farmer in Keiyo 
Highlands, Kenya depending on the condition of rainfall in that particular season. 
 
MATERIAL AND METHODS 
STUDY AREA 
The study was done in Keiyo area in Elgeyo Marakwet county which is located in the latitude 0o 10’ to 0o 
52’ North and from Longitude 35o25’ to 35o45’ East (Figure 1). The highland plateau rises gradually from 
altitude of 2400 metres above sea level at Chebiemit hills at the border with Marakwet in the North to 
2700 metres above sea level at Metkei ridges in the South. The Keiyo escarpment illustrates the main 
features of the rift wall. Part of the rift valley formation has been upwarping of the areas on either side of 
the faults [6]. The highland also known as teng’unin by the Keiyo people is covered with forests and 
plenty of undergrowth. Crops grown in the highland include maize, potatoes, onions, vegetables, wheat 
and passion fruits among other crops. Majority of the farmers are small-scale farmers because of land 
subdivision which has reduced the land under farming. In the study area there are three weather stations 
located in Kipkabus, Kaptagat and Elgeyo forest. These weather stations record temperature and rainfall 
only. Kipkabus weather station was the only station having records for a long period from 1960-2000 
with a mean annual rainfall of 1112 mm (Figure 2). The location of Kipkabus weather station is 0.28o 
North and 35.43oEast and at a height of 2220 metres above sea level. The comparison of the driest and the 
wettest year reveals a minimum annual rainfall amount of 976.6 mm in 1986 and a maximum of 1925.1 
mm in 1982. The top soil texture is clay and the subsoil is silt loam with clay content of between 39 and 
56% [7]. 
 

 
Figure 1 Location of the study area 

 
The long term rainfall data obtained from Kipkabus station is presented in Figure 2. 
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Figure 2 Distribution of annual rainfall in Kipkabus statation. 

 
The mean monthly rainfall in the study area is shown in Figure 3. 
 

 
 

Figure 3 Mean monthly rainfall for Kipkabus 
 DATA 
In the Keiyo highlands there is a dry season between December and February. To ensure continuous 
supply of cabbages throughout this season, farmers need to transplant cabbages in the month of October, 
November and December to target production in the months of December, January and February 
respectively. The yields and irrigation water for Kipkabus weather station in the highlands is given in 
Table 2.1. The data in the Table 2.1 was generated with the aid of AquaCrop model where a net irrigation 
dose of 11mm was used to generate different irrigation intervals which resulted in different yields for 
three months depending on whether the season was dry, normal or wet. 

 
Table 2.1 Yield and net irrigation water for Kipkabus generated from AquaCrop 

Month October November December 
 Wet Normal Dry Wet Normal Dry Wet Normal Dry 
Yield 
(Tons/Ha) 

85.9 86.44 86.06 86.9 88.03 89.38 90.22 89.4 90.77 

Irrigation 
water (mm) 

242 220 242 176 143 198 143 209 242 
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OPTIMIZATION PROCEDURE 
Description of Optimization 
Optimization of benefits in function of irrigation area was done using Microsoft excel solver (Solver.com, 
2012). The Microsoft Excel solver is a general-purpose spreadsheet optimization modelling system in use.  
In order to optimize benefits as a function the area of land to be cultivated in the dry season it was 
assumed that a farmer has 1 hectare of land. If a farmer’s land is smaller or larger than one hectare the 
farmer is advised to scale up or down depending on the size of the land. The main months of dry season in 
the highlands are December, January and February and there is need for continuous production of 
cabbages by farmers. This calls for three seasons (October, November and December) for a farmer to 
optimize. In each season optimization was done according to whether the season was wet, normal or dry. 
The benefits of the three months were added to come up with the target cell to be maximized. The 
benefits of each month were calculated by: 
 
Benefits = Yield (tons/ha) x price (Ksh/ton) x area (ha)- Total costs (Ksh/ha) x area (ha)        1.0 
Benefit is presented in form of Ksh and the yields of cabbages transplanted in each month were used to 
get benefits. The price for each month was assumed to be constant at Ksh 10 per kilogram of cabbage as 
farm-gate price. This results into Ksh 10,000 per ton. 
COST OF PRODUCTION 
The cost of production of various activities and items were the cost incurred while carrying out an 
experiment in the Chepkorio during 2011/2012 dry season (7Kiptum et al., 2012). Total costs included: 
price of cabbage seedling (1 Ksh/ seedling) which is the local price which farmers normal pay to get a 
seedling. This seedling price can reduce if the farmer buys seeds and putting them in a seed bed. The cost 
of irrigation water is 1 Ksh for four litres which was obtained from the observed cost of hiring someone to 
deliver a 20 litre container of water to the farm. The weeding of one point in the study area is normally 
Ksh. 100 so for 25 points which make up one hectare gives the cost of weeding (Ksh10,000/Ha) for four 
weeding cycles. The recommended fertilizer for one hectare as per the fertility tests showed the need for 
6 bags of 50 Kg each resulting in the total cost of fertiliser (Ksh 24,000/Ha) assuming the cost of fertilizer 
being Ksh.4000 per bag. The cost of pesticides was taken as (Ksh 20,000/ Ha) considering the fact that 
there are many insects during the dry season. The irrigation water was obtained from the results of 
AquaCrop model for different planting seasons and for different weather characteristics. 
OBJECTIVE FUNCTION 
The objective function is shown in equation 2. 

푹 = 풎풂풙 (푷풊풀풊− 푪풊)푨풊

푵

풊 ퟏ

… … … … … … … … … … … … … … … … …ퟐ 

Where, R is the net return from the system in Kenya shillings (Ksh); N is the total number of transplanting 
seasons; i is the season; P is the selling price of crop (Ksh/Ton); Y is the yield under the given applied 
water level or water stress level (Ton/ha); A is the cropped area (ha) and C is the production cost per unit 
area (Ksh/ha). While calculating the cost of production, cost of land was not considered, as it is farmer’s 
own land. 
SYSTEM CONSTRAINTS 
The constraints are based on availability of resources of water (Equation 3) and area (Equation 4) and 
market considerations. The cumulative water demand for the three seasons should be less than or equal 
to the available water supply for the system. Also the area cumulative area for all the seasons should be 
less than or equal to the total area available. 
 
The cumulative water demand for the three months should be less than or equal to the water needed for 
full supply of irrigation water. Mathematically, this restriction can be expressed as: 

(푨풊풅풊) ≤ 푽풎풂풙 … … … … … … … … … … … … … … … … … … . … . .ퟑ
ퟑ

풊 ퟏ

 

Where Ai is the area of the field in m2, di is the irrigation dose in m, while V is volume in m3. 
 
Some social economic, management and market considerations restrict the model variables. For example 
social economic reasons, market limitations and agronomic management limit the minimum areas 
cultivated with cabbages in the dry season. Mathematically, this restriction can be expressed as:  
 

푨풎풊풏 ≤ 푨풊 ≤ 푨풎풂풙 … … … … … … … … … … … … … … … … … … … … … … … … … … . .ퟒ 
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Where Amax is the total available area in hectares, Amin is the lowest minimum area that can be placed 
under cabbages to provide continuous supply while Ai is the area of cabbage in hectares for a given 
month. The constraints were that the total area of the three seasons was one hectare. The minimum area 
was assumed as 0.3 Hectares (8Josephat and Moi, 2007) normally under horticulture so as to ensure that 
there are cabbages at least in a farmer’s land in any given month. Some researchers used 0.85 ha as the 
minimum area for rice and the maximum area for cotton as 1.10 ha (1Singh and Panda, 2013). 
The template created in Microsoft Excel and used for optimization is presented in Table 2.2. 
 

Table 2.2 Inputs to the solver as per the transplanting month 
Resources Units Seasons 

  
Resources Maximum 

  
Oct Nov Dec Allocate Available 

Land Ha 
Optimize
d Optimized Optimized 

Sum of 
season 1 

Water 
Volume m3 726 792 726 2244 6820 

water cost 
Kshs/
Ha 

IW*10,00
0*250 

IW*10,000*2
50 

IW*10,000*2
50 

  
Fertilizer 

Kshs/
Ha 24,000 24,000 24,000 

  
Seedlings 

Kshs/
Ha 37,037 37,037 37,037 

  
Pesticides 

Kshs/
Ha 20,000 20,000 20,000 

  
Weeding 

Kshs/
Ha 10,000 10,000 10,000 

  Inputs 
Total 

Ksh/
Ha 696,037 586,037 696,037 

  
Yield 

tons/
ha 86.06 89.38 90.77 

  Irrigation M 0.242 0.198 0.242 
  

Price 
Ksh/t
on 10000 10000 10000 

  
Benefits Ksh 

=Y*P*A-
C*A =Y*P*A-C*A =Y*P*A-C*A Target cell  

  
 
In the Table 2.2, IW means irrigation water, Y is yield, P is price, A is area and C is the total cost of inputs. 
Sensitivity analysis of the model was performed to test its effectiveness in maximizing benefits from the 
study area. The selected input parameters chosen for sensitivity analysis were: market price of cabbage 
and crop area. The selling price of cabbage was increased by 5, 10 and 15% from the existing values while 
the crop areas were reduced by 5, 10, and 15% of the existing values. The reference was taken as the 
benefits from cabbages transplanted in the dry season. 
 
 RESULTS AND DISCUSSION 
Table 3.1 presents the optimal area and benefits as a result of adopting different strategies of 
transplanting cabbages in wet, normal and dry seasons. 

 
Table 3.1 Benefits resulting from different transplanting strategies 

Wet season 
 Transplant month Total (KSh) 
 October November December  
Land (ha) 0.3 0.3 0.4  
Benefits (Ksh) 48,889 101,389 181,465 331,743 
Normal season 
Land (ha) 0.3 0.4 0.3  
Benefits (KSh) 67,009 172,705 84,139 323,853 
Dry season 
Land (ha) 0.3 0.4 0.3  
Benefits (KSh) 49,369 123,105 63,499 235,973 
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From Table 3.1, a farmer who cultivates one hectare will gain more Ksh 331,743 if he transplants 
cabbages in a wet season followed by Normal (Ksh 323,853) and dry season (Ksh 235,973). This highest 
benefit was observed if 30% of the land is apportioned for cabbage transplanting in October and 
November and the remaining 40 % of land used for cabbages transplanted in December. The difference 
between the high and low benefits from the seasons differs by 28.9% which is the reduction in benefits a 
farmer who is not sure of the season can lose. During normal and dry seasons, a farmer needs to cultivate 
more land for cabbages transplanted in November. In wet season a farmer is advised to apportion more 
land for cabbages transplanted in December. Dry season are less profitable because of the cost of water. 
This can be remedied by increasing the price of cabbage during that season because during the 
optimization change in price as the dry spell increases was not done. From Table 3.1 it is not advisable for 
a farmer to apportion more land for cabbages transplanted in October because their benefits are as low as 
close to Ksh. 50,000. 
SENSITIVITY ANALYSIS 
The sensitivity analysis of the model parameters was done by increasing market price of cabbage and 
decreasing the crop area using the data of dry season. Increased market price of cabbage was taken 
because as the dry spell progress to February the prices normally goes up in the study area. In addition 
the cost of water which is normally scarce during the dry season is expected to rise with the tendency of 
forcing farmers to increase selling price of cabbages to take care of irrigation water. The crop area is 
expected to be gradually reducing due to subdivision of land and growing population. The impact of 
increasing market price and reducing area on benefits to a farmer is shown Figure 4. 
 
 

 
 
 

Figure 4 Impact of variation in model parameters on benefits 
 
Figure 4 shows that as the selling price of cabbage is increased the benefits increase also. The reduction of 
area reduces the benefits up to a point where reducing the area will not result in significant reduction of 
benefits. The change in market price affects the benefits by 18.8% while change in land area affects 
benefits by 6.5% showing that the market price was the most sensitive item. 
 
CONCLUSION 
Dry season between December and February in Keiyo Highlands requires cabbages to be irrigated and 
hence the need for knowledge on the optimal land areas to be apportioned to cabbages in each month. 
The optimization of benefits as a function of the area of land to be apportioned to each transplanting 
month showed that transplanting cabbages in wet season resulted in higher benefits. The difference 
between the high and low benefits from the seasons differs by 28.9% which is the reduction in benefits a 
farmer who is not sure of the season can lose.  In addition, more land should be cultivated in November 
during the dry and normal seasons. The sensitivity analysis showed that the change in market price by 
5% resulted in increase in benefits by 18.8% while reduction in area by 5% reduced the benefits by 6.5% 
showing market price to be more sensitive than the land area. Additional field experiments in different 
parts of the study area under drip irrigation are needed for different varieties of cabbage. 
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