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Abstract Smallholder agriculture dominates Kenya’s agricultural landscape, account-

ing for 75 % of total agricultural output and 70 % of the marketed agricultural produce.

As a result, the Government of Kenya, with the support of development partners, has

invested in production and dissemination of productivity-enhancing technologies such as

high-yielding varieties and inorganic fertilizers targeting the smallholders. Adoption of

these technologies has remarkably improved, especially in the maize sub-sector. How-

ever, productivity has been declining or, at best, stagnating. Productivity is attributable

to not only technological improvements but also technical efficiency. Consequently, this

study sought to determine the technical efficiency of the country’s smallholder food crop

farmers and establish how it correlates with environmental factors. The study used a

two-stage nonparametric approach on household panel data to estimate the efficiency

levels of the smallholders and establish the sources of its variation across households.

Controlling for endogeneity and incorporating geographic information system-derived

measures of environmental factors in the analysis, the study finds that technical effi-

ciency differentials are influenced by environmental factors, production risks and farmer

characteristics. The policy implication is that the country has room to improve agri-

cultural productivity by addressing environmental and farm-level constraints. Viable
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options include switching from rain-fed to irrigated agriculture, entrenching land tenure

security, improving transport network among farm communities and setting up small-

holder credit schemes.

Keywords Farm efficiency � Nonparametric approach � Kenya

1 Introduction

Importance of agriculture to Kenya’s economy cannot be overemphasized. The small-

holders are particularly important, accounting for 75 % of the country’s agricultural

output and 70 % of the marketed agricultural produce (Republic of Kenya 2010). As a

result, the government has invested in agricultural research and development, technology

development and dissemination, and campaigns for scaling up farm technology uptake.

While adoption of most improved technologies remains low, significant improvements

have been registered in adoption of improved maize varieties and inorganic fertilizers

(Olwande et al. 2009; Republic of Kenya 2011). About 65 % of households are esti-

mated to have adopted inorganic fertilizers (Olwande et al. 2009) even though wide

inter-regional disparities in adoption rates persist, ranging from as low as 12 % in coastal

lowlands to as high as 80 % in the high-potential highland regions (Suri 2011). Para-

doxically, though, the yield of maize and other crops inter-cropped with it have either

remained stagnant or decreased (Karanja et al. 2003; Republic of Kenya 2007; Gitau

et al. 2008; Pelrine 2009). Perhaps the situation would have been worse without the

improved technologies. But as noted by Lovell (2003), there are three sources of pro-

ductivity: technical change, scale efficiency (SE) and technical efficiency (TE). Because

SE is not easily attainable in agriculture and evidence from experimental stations indi-

cates that improved technologies are yield-enhancing, this paper sought to measure the

TE of the smallholders and to establish the factors that explain its variation across

households.

Broadly, factors that influence farmer efficiency may be summarized into agent and

structural (Van Passel et al. 2006). Agent factors are those associated with the farm

manager such as education level, age and social capital. Structural factors are either on-

farm (e.g. farm location, farm type, farm size, fertility and drainage) or off-farm such as

policy, infrastructure, and upstream and downstream relations. Brazdik (2006) groups these

factors into three broad categories: farm-specific variables (intensity of inputs such as

labour, fertilizers and seeds; farm size; organizational structure such as tenure; crop

variety), economic factors (prices of inputs) and environmental factors (wet–dry period,

village). Most studies in Kenya have examined the influence of farm-specific and economic

factors on farm efficiency (see Kirimi and Swinton 2004; Kibaara 2005; Nyagaka et al.

2010). Environmental factors, however, remain less explored perhaps due to data paucity.

Controlling for these factors in analysis of sources of technical efficiency of smallholders

improves precision of the results (Sherlund et al. 2002). This study bridges this gap by

incorporating geographic information system (GIS)-derived measures of environmental

factors in the analysis.

The rest of the paper is organized as follows: Sect. 2 discusses the methodology, while

Sect. 3 explores the data and the variables used. Section 4 discusses the results before

policy implications are inferred in Sect. 5.
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2 Methodology

The analysis was accomplished in two stages. The first stage involved computation of

efficiency scores for the individual farm households, while the second stage examined the

socio-economic and the environmental factors that could be correlated with the scores.

2.1 Estimation of efficiency

The study used data envelopment analysis (DEA) to generate the TE scores for the indi-

vidual farm households. This was motivated by the heterogeneity of smallholders, which

makes uniformity in their production function unlikely, rendering stochastic frontier

approach less suitable. Moreover, smallholders are largely mixed croppers. They use a

number of inputs to produce multiple outputs. One advantage of DEA in this respect is its

ability to compute TE scores with inputs and outputs in their natural physical units without

having to normalize them into some common metric (for example Kenya shillings) (see

Klimberg and Ratick 2008). Economic theory of production and efficiency measurement

behind DEA are well documented in the literature (see Hollingsworth et al. 1999; Cooper

et al. 2000 for details).

As an indicator of efficiency, DEA is defined as the ratio of weighted sum of outputs of

a productive unit (farm household in our case) to weighted sum of its inputs. The indicator

is constrained between one (completely efficient) and zero. Thus, for a household with k

outputs and m inputs, the indicator is defined as:

Efficiency ¼

Pk

r¼1

yrwr

Pm

i¼1

xivi

ð1Þ

where yr is the quantity of output r; wr is the weight attached to output r; xi is the quantity

of input i; and vi is the weight attached to input i such that efficiency lies between zero and

one as stated earlier.

Data envelopment analysis approach assumes that each farm household attaches its own

weights to both inputs and outputs. Efficiency of a given farm household is assessed by

comparing it with similar households. Implicit weights are computed by ensuring that the

efficiency indexes for each of the other farm households, computed using the weights of

the household under consideration, are also constrained between zero and one. From all the

possible sets of weights that would satisfy this condition, the set that yields the highest

efficiency score for the household is chosen.

Data envelopment analysis can be either output- or input-oriented. An output-ori-

ented efficiency score shows by how much the output can be increased for a given

level of inputs. The input-oriented efficiency score indicates by how much inputs can

be cut down for a given level of output. The decision on which orientation to use

depends on the factors (inputs or outputs) over which the farmer has more control

(Coelli et al. 2005). This analysis applied input-oriented models. Suitability of input-

oriented DEA lies in the fact that farm households seek, at least, self-sufficiency in

food crop production. It is also supported by the fact that farm households have more

control over their inputs than their outputs. The same approach has been used in

previous agricultural productivity studies (Wadud and White 2000; Davidova and

Latruffe 2003; Krasachat 2004).
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2.2 Explaining the inter-household variation in technical efficiency

A simplified farm efficiency model may be specified as:

hit ¼ f ðFit;Eit;Xit; eitÞ ð2Þ

where hit refers to farmer i’s efficiency index in period t as estimated by DEA method, Fit

is a vector of farm-specific variables, Eit is a vector of economic variables, Xit is a vector of

other exogenous variables that are likely to affect the efficiency of farm i, and eit is the

usual error term.

Following Wooldridge (2002), the model estimated was specified as follows:

h�it ¼ aT F þ bT E þ cT X þ eit ð3Þ

where hit
* is a latent variable referring to the technical efficiency of the smallholder food

crop farmers, while the other variables are as defined in Eq. 2. Given the nature of effi-

ciency scores, the following conditions were observed:

hit ¼ h�it if 0\hit\1

hit ¼ 0 if hit � 0

hit ¼ 1 if hit � 1

8
><

>:

Random-effect Tobit was used to estimate Eq. 3 to capture household-specific effects,

assuming no correlation with explanatory variables. Thus, the model ultimately estimated

took the following form:

h�it ¼ aT F þ bT E þ cT X þ gi þ eit ð4Þ

where gi (random-effects) *iid N (0, rg
2) and eit * iid N (0, re

2) independent of gi. Because

the sample in this study had only two time periods, the estimates would be biased (Greene

2004) due to correlation of the error term with unobserved heterogeneity. To overcome

this, Mundlak’s (1978) approach was used (Wooldridge 2002). The approach involved

including the averages of regressors across the time periods in Eq. 4. Robust standard

errors were obtained through bootstrapping.

3 Data and descriptive statistics

The data used for this study were drawn from the Tegemeo household survey panel data for

2004 and 2007. The data were collected during a collaborative study by Tegemeo Institute

of Egerton University, Kenya, and Michigan State University of the United States. The

survey was funded by the United States Agency for International Development, Kenya, and

covered all the regions of the country except Nairobi and northern Kenya where crop

farming is less important. For uniformity, only the harvest for the main cropping season

was considered because some areas have two cropping seasons per year. Main cropping

season varies from region to region (January–March for eastern Kenya; July/October for

western, central and coast; and November/December for Rift Valley). Output variables

were maize, vegetables, fruits, and beans and pulses grown on the same piece of land. All

the outputs were measured in kilograms per acre. Inputs were the seed quantities (kilo-

grams) per acre, labour measured in man-days per acre and fertilizer quantities measured in

kilograms per acre. Table 1 provides summary statistics of the inputs and outputs by year.
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Maize yield was higher in 2007 than in 2004. There was no difference in the yield of

beans and other crops grown with maize on the same plot although wide variations existed

among households in production of the other crops. The quantity of seed of beans and other

crops planted in 2007 was lower than in 2004. There was no change in quantity of maize

seed planted per unit of land in the two time intervals, irrespective of the seed varieties

planted. This showed that smallholders were reducing the concentration of beans and other

crops in the maize fields. For the rest of the inputs, only labour declined significantly. Input

of the various categories of fertilizer remained unchanged. Wide variations were noted in

manure application among households in the two periods.

For the analysis of the factors that were correlated with efficiency of the farm house-

holds, the study considered farm and farmer characteristics as well as the production

environment. The summary statistics of the variables used are presented in Table 2.

Technical efficiency declined in 2007. The study also found that average age of the

farmers was 53 years; only about 27 % of the farmers had post-primary school education;

average family size was 5; 78 % of the farm families were male-headed; only 27 per cent

of the households had access to credit; average landholding size was 6 acres; and farmers,

on average, travelled 6.5 and 2.5 km to reach market and motorable roads, respectively.

About 80 per cent of the plots had low water-retaining soils; 54 % of the farm households

had secure land tenure; mean crop income was Kshs 65255 and Kshs 71646 in 2004 and

2007, respectively, while mean non-crop income was Kshs 104735 and Kshs 121103 in

2004 and 2007, respectively. Mean annual temperature and mean annual rainfall were

estimated at 19 �C and 1,200 mm, respectively. Daily wage rate for farm labour was Kshs

85, which was less than half of the government recommended minimum rate.

4 Results and discussion

Two sets of results are presented and discussed. The first relates to efficiency analysis,

while the second relates to analysis of the correlates of household farm efficiency.

Table 1 Summary statistics for
input and output variables

With the exception of labour,
which is measured in man-days/
acre, all outputs and inputs are
measured in kg/acre

Variable 2004 2007

Mean SD Mean SD

Outputs

Maize 765 724 911 738

Beans 101 145 93 173

Others 663 4,185 659 3,768

Inputs

Maize seed 14 16 14 40

Bean seed 12 18 10 14

Other seeds 65 351 9 61

Planting fertilizer 34 59 32 43

Dressing fertilizer 13 41 14 27

Manure 996 3,752 791 4,428

Labour 101 257 34 48

Number of observations 1,167 1,167
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4.1 DEA results

Results showed that SE was 58 and 56 % for 2004 and 2007, respectively. Scale ineffi-

ciency was, therefore, an important source of farm inefficiency among the smallholders.

The results also showed that, between 2004 and 2007, TE dropped from 62 to 59 %. Notice

that TE change arises from two components: pure technical efficiency change and scale

efficiency change. Because SE improved by 6.3 %, the drop in TE was largely attributable

to pure technical efficiency change, which dropped by 8.8 % in the same period. Total

factor productivity (TFP) and technological progress (innovation) improved by 38.2 and

42.5 %, respectively. This implied that TFP growth between 2004 and 2007 was largely

due to adoption of improved technologies and environmental factors rather than

improvement in TE of the smallholders. This was consistent with mean constant returns to

scale (CRS) TE of the 2007 technology relative to the 2004 technology. These results are

shown in Table 3.

The overall implication of these results is that Kenya’s smallholder crop farmers were

technically less efficient. For instance, the 2004 output could still have been produced even

if inputs were reduced by 38 %, while the 2007 output could still have been produced even

if inputs were reduced by 41 %.

4.2 Sources of inter-household variations in technical efficiency

Farmer characteristics (age, credit, amount of crop income, social capital, use of hired and

child labour, intensity of manure use, level of adoption of improved inputs and credit

Table 2 Descriptive statistics of efficiency factors

Variable 2004 2007

Technical efficiency (TE) 0.62 (0.36) 0.59 (0.36)

Age of household head (years) 53 (20) 53 (23)

Proportion with post-primary education 0.27 0.26

Size of household (no. of members) 4 (2) 5 (3)

Proportion of male-headed households 0.79 0.76

Proportion of household that received credit 0.29 0.25

Size of landholding (acres) 6.4 (12.9) 6 (13)

Distance to the nearest market (km) 6.5 (7.3) 6.5 (7.3)

Accessibility (distance to nearest road in km) 2.5 (2) 2.5 (2)

Expected yields (kg) 740 (406) 851 (387)

Yield variability (kg) 376,541 (593,391) 360,319 (467,677)

Proportion of fast-drained soils 0.80 0.80

Proportion with secure land tenure 0.54 0.53

Non-crop income 104,735 (174,375) 121,103 (226,717)

Crop income 65,255 (109,879) 71,646 (170,160)

Mean annual temperature (�C) 19 (3) 20 (3)

Rainfall amount (mm)/year 1,095 (321) 1,306 (371)

Wage rate for farm labour (Kshs/day) 83 (35) 89 (31)

Number of observations 1,167 1,167

Standard deviation in parentheses
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access), production risk (expected yield) and production environment (crop farm size,

annual rainfall amount, mean annual temperature, water-retaining capacity of the soil, land

tenure security and proximity to market and access road) were found to be correlated with

TE of the smallholder food crop farmers in Kenya (Table 4).

Both annual rainfall amount and mean annual temperature were positively correlated

with TE. Smallholders rely on rain-fed agriculture and most parts of the country receive

sub-optimal rainfall, particularly for maize production. Thus, the positive correlation of

farmer TE and annual rainfall amount is not surprising. A closely related factor is the

water-retaining capacity of the soil. TE of smallholders whose plots were characterized by

soils with low water-retaining capacity was 5.9 % lower than that of those whose plots had

higher water-retaining capacity. Low water-retention subjects crops to moisture stress and

leads to low yields unless high rainfall is experienced. Such soils are also heavily leached

and may require more intensive application of yield-enhancing inputs.

On average, age of the farmer was weakly and negatively correlated with farmer effi-

ciency. This could be attributed to the unwillingness of older and more experienced

farmers to accept new and more efficient production techniques (Parikh et al. 1995).

Households that accessed credit were associated with lower TE than those that did not

seek credit at all. Most probably, the credit allowed the households to diversify away from

agriculture, making supervision of farm activities less intensive. Alternatively, credit

directed to agriculture may have eased resource constraints among the farmers, leading to

over-application of farm inputs. This may also explain the negative correlation between

social capital and TE. Social groups are known to be sources of rotational farm labour and

credit among smallholder farm households (Ogada et al. 2010), which may lead to over-

employment of farm labour. Participation in many social groups may also commit more of

the farm household’s time to the extent that supervision of farm activities is reduced,

making use of farm inputs less efficient. Alternatively, participation in many social groups

may overload the farmer with agricultural information that making decision with regard to

input use is adversely affected.

Use of hired and child labour in crop production was found to be associated with lower

TE scores. Households that engaged hired labour had 4.4 % lower TE scores than those

that engaged adult family labour in their production. Households that engaged child labour

had 3.3 % lower TE scores than their counterparts that relied on adult family labour. The

negative correlation between hired labour and TE may be explained in terms of seasonal

labour scarcity among farm households such that households that depend on hired labour

may not get it at the most appropriate time. Moreover, family labour may undertake quality

work even without supervision. This indeed negates the notion that farmers in developing

Table 3 DEA results for the smallholder food crop farmers in Kenya

Year CRS TE relative to 2004 technology CRS TE relative to 2007 technology SE VRS TE

2004 0.29 0.24 0.58 0.62

2007 0.44 0.27 0.56 0.59

Mean effch Mean techch Mean pech Mean sech Mean tfpch

Productivity changes

0.970 1.425 0.912 1.063 1.382

Effch technical efficiency change (catch-up), techch technological change (innovation), pech pure technical
efficiency change, sech scale efficiency change, tfpch Malmquist total factor productivity change
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countries are inefficient because of their over-reliance on family labour (Dhungana et al.

2004). It may also explain the positive relation of farm labour wage rate to TE because

higher wage rate is a disincentive to hiring of farm labour. Negative correlation between

use of child labour and TE is most probably attributable to lack of experience in caring for

crops and combining input.

Manure is important in improving soil condition, especially where farmers may not

access inorganic fertilizers in sufficient quantities. This is normally the case with small-

holder households. This explains the positive relationship between intensity of manure use

and TE of the smallholders. A plot with more manure would be more fertile, and therefore,

the results are not surprising. Similar results were found by Binam et al. (2004).

Table 4 Random-effect Tobit regression results

Variable Marginal effect Z-score

Farmer characteristics

Age (in years) -.000947* 1.68

Gender of head (dummy: 0 = female; 1 = male) -.002855 -0.15

Upper primary education (4–8 years of school) -.015980 -0.97

Post-primary education (more than 8 years) -.019175 -0.88

Size of household (no. of members) -.002057 -0.69

Needed but did not receive credita -0.0019 -0.12

Received credita -0.0341*** -3.56

Income from non-crop sources (in Kshs) 4.00D-08 0.96

Crop income (in Kshs) 3.40D-07*** 3.07

Social capital (No. of social groups) -0.0389*** -6.24

Hires farm labourb -0.0439*** -4.08

Uses child labourb -0.0330*** -3.62

Intensity of manure use (kgs of manure) 0.00003*** 4.42

Partial adoption of inorganic fertilizers and improved maize varieties -0.2388*** -14.78

Full adoption of inorganic fertilizers and improved maize varieties 0.0848*** 7.04

Production risks

Expected yield -0.0003*** -8.99

Yield variability 2.52D-09 0.17

Production environment

Plot size under crops (acres) 0.0166*** 3.37

Land under other activities (acres) 0.0012 1.38

Annual rainfall amount (mm) 0.00058*** 4.53

Average annual temperature (�C) 0.1046*** 4.49

Soil water-retention (dummy: 0 = good; 1 = poor) -0.0585*** -5.15

Tenure security (dummy: 0 = insecure; 1 = secure) 0.0223** 2.19

Distance to the nearest road (km) -0.0059** -2.06

Distance to the nearest market -0.0195*** -6.55

Wage rate to farm worker (Kshs/day) 0.0004* 1.65

Number of observations 2334

***, ** and * indicate significance at 1 %, 5 % and 10 %, respectively
a Means reference category is those who never sought credit
b Means reference category is use of home adult labour
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Households that were more dependent on crop agriculture, as reflected by the amount of

income received from crops, were associated with higher TE scores. Most probably, this

may be attributed to the ability of such households to reinvest part of their crop income in

improved agricultural inputs. A related finding was that households that adopted improved

maize varieties and inorganic fertilizers as a complete package were associated with higher

TE, while partial adopters were associated with lower TE relative to the non-adopters.

Similar roles of improved agricultural inputs have also been noted by Kibaara (2005),

Brazdik (2006) and Chirwa (2007).

Expected higher yields were found to be associated with lower TE. This possibly

suggests that smallholders are wasteful of inputs as long as they are realizing higher gross

returns. Perhaps they are unable to realize that the same level of returns could be realized at

lower input levels. Yield variability, however, had no correlation with TE of the

smallholders.

On average, the effect of land size on farmer efficiency was positive. This is at variance

with Mochebelele and Winter-Nelson (2000) who found no relationship between farm size

and technical efficiency of the smallholders in Lesotho but coincides with Sherlund et al.

(2002). As noted by Townsend et al. (1998), the effect of farm size on farm efficiency is

not consistent. For instance, in Brazil (Igliori 2005) and the UK (Thirtle and Holding

2003), large farms have been associated with higher TE, while in Ireland (O’Neill et al.

2001) and Philippine (Herdt and Mandac 1981), such farms have been associated with

lower TE.

Secure land tenure had a positive relationship with TE of the smallholder food crop

farmers. TE of farmers with secure land tenure was 2.3 % higher than that of their

counterparts with insecure land tenure. As documented by Ogada et al. (2010), secure land

tenure promotes investment in soil- and water-conserving structures at farm level. This is

likely to increase output even with lower units of input.

Distance to market and motorable road was negatively correlated with smallholder TE.

A household that was 1 kilometre (km) closer to a motorable road had 0.59 % higher TE

score than its equivalent that was 1 km further. At the same time, a household that was

1 km closer to a market had 1.95 % higher TE score than its equivalent that was 1 km

further. This relationship is straight forward. Farm households that lie closer to roads and

markets are able to source inputs more easily and at lower transaction cost. Such house-

holds also have ready markets for their farm products. Thus, profit motivation and easy

access to inputs would drive up TE. Similar results have been noted by Binam et al. (2004),

Owuor and Ouma (2009) and Nyagaka et al. (2010). Closeness to market may also offer

alternative employment opportunities to absorb excess labour from the farms.

5 Policy implications

A number of policy options can be inferred from the above findings. Foremost, reliance on

rain-fed agriculture hurts the efficiency of the smallholders. Thus, the county governments

in the country and particularly those in arid and semi-arid areas such as lower eastern, parts

of the Rift Valley and Nyanza, and coast region should invest in development, expansion

and maintenance of irrigation infrastructure. Furthermore, as adoption of modern inputs is

being promoted by respective county governments, traditional environment-friendly inputs

such as organic manure should not be ignored. They should indeed be used as important

complements to the modern inputs. Used in sufficient quantities, these organic inputs are

capable of effectively replacing the modern inputs. Hence, positive attitude towards them
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by the farm households should be cultivated through effective agricultural extension ser-

vices set up at county levels. Farm households should also be encouraged to accumulate

farmyard manure, rather than relying mainly on the usually more expensive chemical

fertilizers.

Another important area of intervention is improvement of transport network in the

farming villages for availing farm inputs within easy reach of the farm households. The

county governments, with the support of the national government and development part-

ners, should take lead in provision of improved transport infrastructure. Input producers

and farmer organizations can work in partnership to ensure that inputs are conveniently

availed to the farming households. Although farmer organizations in Kenya have previ-

ously faced numerous management challenges, if well supervised, they are the best

approach to deliver affordable inputs to smallholders as they are able to enjoy economies

of scale. Good transport infrastructure will also play important role in output marketing by

the smallholders.

Other issues that may need to be addressed include landholding size, land tenure

security, farm labour supply or mechanization and agricultural credit. For instance, too

small plot sizes increase inefficiency in crop production. While this may not be solved in

the short run with the rapidly increasing population, diversification of the economy, in the

long run, is able to reduce the population engaged in agriculture. This is likely to increase

access to agricultural land. Different counties, especially those in the already overpopu-

lated high agricultural potential areas, thus, ought to target broad-based economic devel-

opment. Increased access to agricultural land will, in turn, encourage mechanization and

reduce dependence on either child labour or hired labour.

What constitutes secure land tenure varies from community to community. Although the

National Land Commission is at the centre of all land administration in the country, it will

have to work with county governments to identify, respect and implement secure land tenure

systems for different regional and/or community contexts. Besides promoting on-farm

investments that enhance technical efficiency of the farm households, secure land tenure is

likely to increase access to agricultural credit. Because credit access can be counterproductive

to farmer efficiency, it is important for county governments and credit providers to put in

place mechanisms for monitoring the ultimate use to which the agricultural credit is put.
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