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Abstract
Climate-smart practices that have added benefits of improving agricultural

productivity are an imperative for improving smallholder farming. However, there are

few insights into how smallholder climate-smart adaptation practices influence their

technical (in)efficiency. Thus, the objective of this study was to evaluate the impact of

smallholders’ climate-smart adaptation practices on their crop production technical

efficiency (TE) in the Lemo district of southern Ethiopia. We used focus group dis-

cussion, experts’ consultations and household survey to collect data from 600 small-

holder crop producers across six rural kebeles. We computed smallholder farmers’

climate change adaptation indices based on experts’ consultations and estimated the

TE of the smallholder farmers using Stochastic Frontier Analysis. The smallholder

farmers in the Lemo district have adopted climate-smart agricultural practices such as

terracing, crop diversification, improved soil amendment practices, varying planting

or harvesting schedules, and crop rotation. The smallholder farm households practic-

ing more adaptation strategies on a larger scale were more technically efficient than

their counterparts with their TE averaging 11.31, 8.62, and 6.71% for major crops,

wheat (Triticum aestivum L.), and teff [Eragrostis tef) (Zucc.) Trotter] production,

respectively. Our model also revealed that adaptation to climate change has a pos-

itive and significant contribution to the technical efficiency of major crops, wheat,

and teff production. Other key determinants of TE are farming experience, educa-

tion, access to extension services, livestock holdings, and farm household income.

Overall, our study suggests a policy shift to promote smallholder farmers adaptation

to climate change using climate-smart practices for an effective response to climate

change impact while enhancing TE.

Abbreviations: AAI, activity-based adaptation index; CD, Cobb–Douglas; LR, log-likelihood ratio; MLE, maximum likelihood estimate; SFA, stochastic

frontier analysis; TE, technical efficiency.
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1 INTRODUCTION

Climate change can have both direct and indirect impacts on

the general well-being of smallholders as smallholder farming

communities primarily depend on climate-controlled agricul-

ture and forest resources for their livelihoods. For instance,

a marginal increase in temperature can reduce yields in agri-

culture at lower latitudes, and potential yield decline has been

recorded in many parts of the world (IPCC, 2007). Also,

changes in temperature and precipitation generally cause

changes in land and water resources, such as drought, high

evapotranspiration, high post-production losses, and high

incidences of diseases and pests, which subsequently affect

agricultural productivity (World Bank, 2003). The agricul-

tural sector, in this case, crop production, represents an impor-

tant economic segment for assessing climate change impacts.

This is because agriculture encompasses ecosystem and soci-

ety, and it is extremely influenced by alteration in environ-

mental conditions (Oelesen & Bindi, 2002; IPCC, 2012).

Lobell and Field (2007) established that food prices, food

security, and land use are negatively hurt by climate change.

The level of climate-smart adaptation at the farm level com-

prises smallholder farmers’ investment decisions and policy

choices as the main determinants of the extremeness of cli-

mate change impact (Kahil et al., 2015). Yet not many small-

holder farmers in Ethiopia integrate climate-smart adaptation

practices in their farming activities. Only few smallholder

farmers in Ethiopia uses climate adaptation and mitigation

practices as independent options to respond to climate change.

Given the low level of investment in the industrial sec-

tor, mitigation may not be suitable for Ethiopia as it may

deter growth registered in the preceding years. Instead, adap-

tation using different improved varieties of crops, planting of

trees, soil conservation, and adjusting planting schedule may

be the ideal autonomous strategy for smallholders to cope

with climate change impacts (Temesgen et al., 2008). Thus,

adaptation strategies must be tailored to the uniqueness and

peculiarities of countries.

Asrat and Simane (2018) indicated that, to implement rel-

evant policy, it is required to understand location-specific

scenarios, context, and forces that provoke adaptation.

Autonomous adaptation is done at the farm-level; which is

generally insufficient and needs the involvement of various

stakeholders (Maddison, 2007; Semenza et al., 2008; Simane

et al., 2016). Additionally, national and international adap-

tation programs need an in-depth analysis of site-specific

scenarios and how climate-smart practices at the farm-level

influence smallholder technical efficiency (TE) (Bryan et al.,

2009).

Empirically, Below et al. (2012) modelled an activity-based

adaptation index (AAI) and established a connection between

and among socio-economic factors and smallholder farm-

ers’ adaptation practices. This study was limited by the cre-

Core Ideas
∙ An activity-based adaptation index for climate

change was measured.

∙ There was positive correlation between climate

change adaptation practices and crop production

efficiency.

∙ Smallholder climate-smart adaptation practices

have significant effect on technical efficiency.

∙ Farmers using climate-smart practices at a larger

scale are more technically efficient.

ation of an adaptation index that only accounted for the rate

of adaptation practices adopted, without assessing the scale

of actual performance of those practices. Although, there is

varied evidence that, good adaptation practices increase agri-

cultural productivity; smallholder farmers’ climate change

adaptation practices and their associations with farm-level

crop production efficiency, especially in Ethiopia is an evolv-

ing area of research (Yesuf et al., 2008; Di Falco et al., 2011).

In line with this, Khanal et al. (2018) reported that there is

little knowledge about whether smallholder farmers’ adapta-

tion practices in developing countries enhance the efficiency

of farm production. This necessitates location-specific stud-

ies on the linkage of adaptation practices with crop produc-

tion efficiency. Again, Adego et al. (2019) emphasized the

need for context-specific studies, as previous studies were lim-

ited to the impacts of adaptation interventions on smallholder

agriculture. We bridge the knowledge gap on the effects of

smallholder climate-smart adaptation practices on the effects

of farmers TE in the southern part of Ethiopia. Thus, the

objective of this study was to assess the impact of climate-

smart adaptation strategies on crop production TE and explore

key determinants of TE of smallholder crop production in the

study area. Our findings serve as a means for Ethiopian agri-

cultural policy makers to advocate for widespread adoption of

climate-smart agricultural practices.

2 MATERIALS AND METHODS

2.1 The study area

Lemo district is one of the districts in the Hadiya zone of

southern Ethiopia. The Lemo district has 33 rural kebeles
(i.e., is the lowest administrative unit in Ethiopia) and three

municipalities. There are 178,535 inhabitants in the district.

Geographically, the district is located between 7˚22′ and

7˚45′ N latitude and 37˚40′ and 38˚ E longitude and covers

an area of 34,986 ha, of which 78.23% is under annual and
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perennial crop production. The average yearly temperature

ranges from 15 to 22 ˚C and rainfall is between 700 to

1,260 mm (LDARDO, 2019). The rainfall distribution is

intensive during kiremit (June–September); relatively stable

in Belg (March–May) and light for the rest of the year. The

district has a frequently varying climatic condition. For

instance, the spring months are becoming drier to the extent

of no variation with the winter season. Lemo is generally

considered as a highland zone, even though there are minor

differences among the kebeles, and thus are classified as dry,

wet, and moderate depending on highland characteristics.

Following this, we selected two kebeles from the three cate-

gories for inclusiveness and representativeness of the study.

However, our analyses were not based on these classifications

since the difference between kebeles were not significant as

per the discussion held with the Lemo district agricultural

and natural resource experts prior to our study. Cereals are

the most cultivated crops in the area which accounts for about

60% of all crop production. Wheat (Triticum aestivum L.) is

the most dominant cash crop produced in the district followed

by teff (Eragrostis tef (Zucc.) Trotter; a small-sized cereal

grain, indigenous to Ethiopia), barley (Hordeum vulgare
L.), maize (Zea mays L.), and sorghum [Sorghum bicolor
(L.) Moench]. Wheat, teff, barley, maize, and sorghum were

considered as major crops in this study.

2.2 Sampling technique and sample size

We used a three-stage sampling method in this study. The

Lemo district was selected due to its potential in cereal crops

production both in Hadiya and southern Ethiopia. We ran-

domly selected six rural kebeles from the 33 rural kebeles in

the district. A total of 600 rural crop-producing households

were interviewed and from the interviewed respondents, nine

were excluded from the analysis as there were missing data

in major variables. Representative sample households were

proportionally selected from each kebele. The selected sam-

ple size accounts for approximately 16% of the total crop-

producing households who are residents in the kebeles as rec-

ommended by Kumar (2006).

2.3 Data collection

We collected primary data from structured household survey,

focus group discussions (FGDs), experts’/stakeholders’ con-

sultations, and field observations. The structured survey ques-

tionnaire focused on input–output data of crop production,

socio-economic factors, climate change perception and adap-

tation practices used by the smallholder farmers (Table 1),

institutional factors, and other relevant information based on

existing literature (Amarender, Reddy & Bantilan, 2012; Chen

et al., 2009; Duvivier, 2013; Khanal et al., 2018). To identify

smallholder adaptation practices and pretest the survey instru-

ment, we undertook a preliminary assessment. The question-

naires were modified based on feedbacks from the pre-testing.

Six experienced enumerators who have prior experience, good

knowledge of the study areas and language were selected

and trained on the survey questionnaires. This was done in

collaboration with the Lemo district agricultural and natu-

ral resource officers. Close supervision was provided at the

field level during data collection by the researchers and the

Lemo district agricultural and natural resource officers. We

collected data from December 2019 to February 2020. Data

were analyzed using both descriptive statistics and economet-

ric model in Stata statistical software (ver. 15) (StataCorp.,

2017).

2.4 Measuring farm-level adaptation to
climate change

We computed activity-based adaptation index (AAI) of small-

holder farmers adaptation practices to climate change (see

similar approaches in Below et al. (2012) and Khanal et al.

(2018). First, we explored farmer adaptation practices which

are presently practised by farmers in the district. This was

done through a review of relevant literature, expert’s consulta-

tions, field observations and FGDs with smallholder farmers

in each sampled kebele. We excluded practices that have no

relation with climate change impacts. Then, we organized 24

local experts to assign weight to each selected adaptation prac-

tice identified in the field studies based on the proven ability

of the practice to minimize climate change effects. The partic-

ipants were senior agricultural officers from the Hadiya zone

and Lemo district agricultural and natural resource offices,

Wachemo University, Agri-farm service (NGO), and model

farmers from the six kebeles. In the study district, 18 climate-

smart adaptation practices were identified, and weights were

assigned to them. The rating scale ranged from 0 to 3, where

0, 1, 2, and 3 means the practice has no, low, moderate, and

high effect to mitigate climate change impacts, respectively.

For instance, among the 24 experts, none rated crop diver-

sification as having a zero effect to mitigate climate change

impact, one of the experts rated crop diversification as having

a low ability to mitigate climate change impact, while 13 and

10 experts rated crop diversification as moderately and highly

effective in mitigating climate change impacts (Table 1). We

summed the scores from each expert for each of the 18 prac-

tices to obtain the total weight (Equation 1) (Below et al.,

2012).

AAI𝑗 = 𝑊1 𝑉1𝑗 +⋯ …..𝑊𝑛𝑉𝑛𝑗 (1)
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4630 SEDEBO ET AL.

T A B L E 1 Smallholder farmers climate-smart adaptation practices and their estimated score by experts/stakeholders

No. of experts assigning weights to specific practices†

S/N Adaptation strategies/practices
No impact
(0)a

Low impact
(1)a

Moderate
impact (2)a

High
impact (3)a

Total
weight

Score
percentage
(AAIPj)
%

1 Crop diversification 0 1 13 10 57 79.17

2 Use of drought tolerant varieties 0 2 12 10 56 77.78

3 Use of short duration varieties 0 4 12 8 52 72.22

4 Use of disease/pest resistant varieties 4 6 8 6 40 55.56

5 Use of less water intensive varieties 5 5 11 3 36 50.00

6 Practicing crop rotation 0 4 7 13 57 79.17

7 Intercropping/mixed cropping 2 4 10 8 48 66.67

8 Change planting date and harvesting date 1 3 9 11 54 75.00

9 Preparation of check dam 1 5 9 9 50 69.44

10 Preparation of water ways 1 3 11 9 52 72.22

11 Reducing tillage 4 5 10 5 40 55.56

12 Agroforestry 0 5 9 10 53 73.61

13 Soil conservation technique 0 1 10 13 60 83.33

14 Use of compost and farm yard manure 0 3 9 12 57 79.17

15 Use of improved chemical fertilizer 3 5 6 10 47 65.27

16 Shift to livestock, instead of crops 7 9 5 3 28 38.89

17 Shift to off-farm/non-farm work 7 6 6 5 33 45.83

18 Closely follow weather forecasts 2 4 8 10 50 69.44

Note. Score % = [
∑

Maxk × 𝑛

MaxMark × 𝑛
] × 100, 𝑛 = 24,MaxMark = 3. S/N, serial number; AAIP, activity-based adaptation index percentage.

a Numbers in parentheses refer to numbers of experts assigned the respective weight to each practice.

where activity-based adaptation index (AAI)j is the adap-

tation index of respondents j; W1is the score of weights for

adaptation practice 1; V1j is the jth respondent value for prac-

tice 1 (1 if the jth respondent adopted practice 1 and 0 if not).

After summation of the indices, we converted the indices

into a percentage using the formula by Lisandro et al. (2017).

This was formulated as the sum of all the practices on a

given farm multiplied by the weight assigned by experts (Wji),

divided by the sum of all weights (Wi) for jth smallholder

farmers (i.e., 1–591) and jth 1–18 practices stated as:

AAIP𝑗 =

[∑18
𝑖=1𝑊ji∑18
𝑖=1𝑊𝑖

]
× 100 (2)

Hence, activity-based adaptation index percentage (AAIP)j
value falls between 0 and 100%, and 100% suggests that the

practice yields the uppermost result from experts.

2.5 Technical efficiency estimation

We used the Stochastic Frontier Analysis (SFA) to measure

smallholder crop production efficiency which is subject to

different environmental influences including meteorological

conditions that is usually not controlled by smallholder farm-

ers. The linear stochastic frontier model is conditioned on x
and z, y, and distributed as N (x’ β, σ2). This is in line with

the standard regression model, which has an explicit error

term 𝑣;

𝑦 = 𝑥′ β + 𝑣 (3)

where 𝑣 is N (0,σ2
𝑣
) and is independent of x and z (Wang &

Schmidt, 2002). Thus, the stochastic frontier model can be

written as:

ln 𝑦𝑖 = ln 𝑓
(
𝑥𝑖; β

)
+ (𝑣𝑖 − 𝑢𝑖) 𝑖… . 𝑁 (4)

where yi is the production volume of farm i in Log form;

xi is the amount of inputs used in production by ith farmer

in Log form; β is the unknown parameters to be estimated;

𝑣𝑖are random variables that are assumed to be identically

and independently distributed, N(0,σ2
𝑣
) are two-sided random

errors, independent of 𝑢𝑖, representing random shocks, such

as exogenous factors, measurement errors, omitted explana-

tory variables, and statistical noise; and𝑢𝑖are random variables
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(non-negative), related to inefficiency in production, assumed

to be independently distributed as truncations at 0 of the N
(zi,σ2𝑢) distribution;

𝑈 = δ0 +
𝑖∑

𝑖 = 1
𝑧𝑗𝑖 (5)

𝑢𝑖denotes technical inefficiency of ith households, zji is the

vector of variables of climate change adaptation practice and

socio-economic factors (hypothesized efficiency of changing

variables), and δ denotes the vector of parameters to be esti-

mated.

Battese and Coelli (1995) included farm-specific attributes

in a “direct” or “single-stage” efficiency model. We estimated

the production frontier and inefficiency explanatory factors in

a single step using the “one-stage” method as shown in Equa-

tion 6.

ln 𝑦𝑖 = ln𝑓
(
𝑥𝑖 𝑧𝑖; β

)
+ 𝑣𝑖 − 𝑢𝑖 (6)

At the farm level, the widely applied production efficiency

functional forms are Cobb–Douglas (CD) and Transcenden-

tal Logarithmic (translog) (Thiam et al., 2001). The translog

form has the advantage of flexibility considering few assump-

tions, but this was criticized for the appropriateness of small

data size. Conversely, the CD form has advantages of sim-

plicity in measuring returns to scale of inputs (Neumann et al.,

2010). First, CD production function model was specified and

its suitability was tested over the translog model. As a result,

we found that CD functional form is a better fit for our data.

Thus, according to Coelli (1996), the CD functional form and

the translog functional forms were expressed in Equations (7)

and (8).

ln 𝑌𝑖 = β0 +
∑

𝐵𝑖ln𝑥𝑖𝑗 +
(
𝑣𝑖 − 𝑢𝑖

)
(7)

ln 𝑌𝑖 = β0 +
𝑛∑
𝑖=1

β𝑖 ln 𝑥𝑖𝑗 +
∑ 𝑛∑

𝑖=1
β𝑗𝑘 ln 𝑥𝑖𝑗 ln 𝑥𝑖𝑘

+ 𝑣𝑖 − 𝑢𝑖 (8)

where ln Yi represents farm output in kg ha–1 of ith farmer,

ln xi denotes the number of input quantities applied in an ith
farm in log form, β is the vector of unknown parameters to be

estimated, 𝑣𝑖 and𝑢𝑖 represents random shocks and inefficiency

factors as defined in Equation 4.

The ratio of the observed output for the ith farm, relative

to the potential output, defined by the frontier function; given

the input vector 𝑥𝑖 defines the TE of the ith farm. Thus, the

T A B L E 2 Generalized likelihood ratio test of hypotheses and

model specifications

Null hypothesis LR χ2 value Decision
Ho: δ0 = = δ2= . . . = δ21 20.32 32.67** accepted

Ho: γ = 0 236.41 3.84 ** rejected

Ho: β0=β1=β2 = . . . = β11 = 0 100.04 18.31** rejected

Note. LR, log-likelihood ratio.

**Significant at .05.

measures of TE relative to the production frontier was defined

as:

TE𝑖 =
𝑦𝑖

exp (𝑥′𝑖 β + 𝑣𝑖)
=

exp (𝑥′𝑖 β + 𝑣𝑖 − 𝑢𝑖)
exp (𝑥′𝑖 β + 𝑣𝑖 )

= 𝑒𝑥𝑝
(
−𝑢𝑖

)
(9)

where yi =exp (𝑥′𝑖 β + 𝑣𝑖 − 𝑢𝑖) is the stochastic frontier

model for ith household, TEi is the range of values between 0

and 1. The exp (–𝑢𝑖) is a log form dependent variable defined

from the efficiency of production of farm i to the correspond-

ing inputs level.

2.6 Test for model specifications

The primary test was based on the hypothesis of the functional

form of adequacy (CD against Translog function). To select

the best repressing production function, we used the general-

ized log-likelihood ratio test (LR) as follows:

λ = −2 log
[
𝐿 (𝐻𝑜 )
𝐻1

]
= −2 log [𝐿 (𝐻𝑜)] − log

[
𝐿
(
𝐻1

)]

where log[L(Ho)] is the null hypothesis, Ho (CD function)

LR value, and log[L(H1)] is the alternative hypothesis, H1

(translog function) LR value. The computed LR ratio was

20.32 while the critical LR of 21 degrees of freedom at .05

level of significance wasχ𝑐2 .05, 21, which equals to 32.67

(Table 2). Based on these values, the null hypothesis was

accepted. Thus, for the data at hand, the CD function was

more reliable.

Also, the appropriateness of the SFA over the traditional

production function was validated by testing whether there

exists technical inefficiency in the production process or not.

In this test, the null hypothesis is given as : γ = δ1 = δ2 =
δ3 = ⋯ δ6 = 0. The calculated LR test statistics was 236.41,

exceeding the criticalχ𝑐2 (5%, 1) value of 3.84 at .05 level of

significance (Table 2), implying rejection of the null hypoth-

esis. This confirms that there was significant inefficiency in

the production process and SFA is appropriate for the data.
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T A B L E 3 Socio-demographic characteristics of smallholder farmers in the study area

Major agricultural crops
(N = 591) Wheat (N = 537) Teff (N = 305)

Variablesa Mean SD Mean SD Mean SD
Output, kg ha–1 937.81 880.81 848.92 766.16 311.15 286.58

Land, ha 0.58 0.70 0.46 0.69 0.29 0.21

Labor, n 5.99 4.261 4.07 2.23 4.2 1.96

Oxen, n 1.80 0.601 1.80 0.62 1.82 0.61

Seed, kg ha–1 106.45 85.40 89.87 80.68 24.83 18.79

Fertilizer, L ha–1 118.41 102.17 92.53 72.32 62.22 66.49

Chemical, L ha–1 7.74 7.87 6.08 6.15 4.04 3.69

Adaptation index, % 44.14 27.51 48.34 24.85 44.48 20.81

Gender (m/f) 0.85 0.35 0.84 0.37 0.90 0.30

Age, yr 49.13 11.80 49.81 11.82 50.61 11.88

Farm experience, yr 23.40 10.27 23.68 10.42 25.10 10.13

Educational level (sch) 4.38 3.24 4.34 3.20 4.52 3.32

Plot number, n 1.68 0.80 1.30 0.59 1.06 0.35

Extension service, d/mo 2.60 2.51 2.72 2.55 2.97 2.77

Distance to farm, m 16.36 17.31 14.35 15.63 12.40 8.373

TLU 3.93 2.21 4.03 2.16 4.64 2.16

Access to credits (yes/no) 0.56 0.49 0.57 0.49 0.58 0.49

Farm income (US$) 190.95 308.09 198.03 315.98 238.17 340.86

Note. TLU, tropical livestock unit.
aN = sample number. Output was measured as kg ha–1; land was measured in hectares (ha); labor and oxen were measured as number of persons and oxen power employed

(n); seeds and fertilizers were measured as kg ha–1; chemical was measured as L ha–1; adaptation index was measured as a percentage (%); gender was rated as male = 1;

female = 0 (m/f); Age and farming experience were in years (yr); educational level was year of schooling; plot number was parcel of land as number (n), extension services

was number of visit days per month (d/mo); distance to farm was measured as minutes’ walk (mins); livestock stock was measured as tropical livestock unit; access to

credit was dummy as yes = 1; no = 0 and farm income was estimated in U.S. dollars.

The third hypothesis test was about whether farm-level

technical inefficiencies was affected by the socio-economic

variables included in the inefficiency model. The estimated

LR value of 100.04 was greater than the critical value of

19.68 at 11 degrees of freedom. The result shows that the

null hypothesis (Ho) explanatory variables are simultane-

ously equal to zero and ought to be rejected at a .05 sig-

nificance level. Therefore, there is at least one variable that

explains the difference in the inefficiency among the small-

holder farm households.

3 RESULTS AND DISCUSSION

3.1 Outputs, inputs, and inefficiency
determinants

The mean output in kilograms for the 2019 production sea-

son were 937.81, 848.92, and 311.15 for major agricultural

crops, wheat, and teff, respectively (Table 3). The average

farm sizes of the smallholder major crop, wheat and teff pro-

ducers were 0.58, 0.46, and 0.29 ha, respectively. The mean

number of household members providing farm labor were

5.99, 4.07, and 4.2 for major crops, wheat, and teff, respec-

tively. Also, the mean number of oxen used for all crop pro-

duction was approximately 1.80. On average, seed and chemi-

cal fertilizer use declined from major crops to teff production

(Table 3). On average, chemicals applied for weed, insects,

and pests’ control were 7.74, 6.08, and 4.04 L ha–1 for major

crops, wheat, and teff farms, respectively. Moreover, average

adaptation indices for smallholder major crops, wheat, and

teff-producing farm households are 44.14, 48.34, and 44.48%,

respectively. The majority (85%) of households were male-

headed and the remaining 15% were female-headed for the

major crops. Similarly, wheat and teff productions are dom-

inated by males. The household head has an average age of

49.13 yr, a farming experience of 23.40 and 4.38 yr of educa-

tion for major crop producers. Nearly similar values of these

variables were observed for wheat and teff farming house-

holds. On average, respondents had a plot number of 1.68

farm fields, contact frequency with extension agents of 2.60 d

per month and 16.36 min “walking distance” to farms. Also,

the smallholder farming households have an average livestock

stock number of 3.90 in tropical livestock unit (TLU) and
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SEDEBO ET AL. 4633

T A B L E 4 Climate-smart practices frequently adopted by smallholder farmers in the study area in percentage

Adaptation practices
Major crop farmers
(N = 591)a,b

Wheat farmers
(N = 537)b

Teff farmers
(N = 305)b

No adaptation practice 27.36 32.43 37.92

Crop diversification 56.14 40.92 35.08

Using drought tolerant varieties 38.05 37.21 19.50

Using short duration varieties 35.85 20.70 13.60

Using disease/pest resistant varieties 29.91 30.55 11.14

Using less water intensive varieties 5.38 8.56 2.88

Crop rotation 47.69 40.33 45.24

Intercropping/mixed cropping 14.53 2.45 2.35

Change planting date/harvesting date 51.76 42.52 41.56

Preparation of check dams 10.64 18.95 22.95

Preparation of water ways 11.99 26.20 10.81

Agroforestry 19.59 8.34 2.11

Reducing tillage 12.33 19.89 17.34

Soil conservation practices 58.57 46.35 45.57

Use of compost and farm yard manure 41.43 21.30 21.47

Using improved chemical fertilizer 52.48 45.42 45.90

Shift to livestock, instead of crops 6.92 3.68 4.56

Shift to off-farm/non-farm activity 21.31 13.56 12.00

Closely follow weather forecasts 28.91 24.56 14.56

aN is the sample number.
bMultiple crop producers.

US$190.95 annual income from the main crops. About 56% of

main crops, 57% of wheat, and 58% of teff farmers had access

to credit (Table 3).

3.2 Climate-smart adaptation practices by
smallholder farmers in the study area

Smallholder farm households in the study area use vari-

ous climate-smart practices to combat the effects of cli-

mate change on their farms and livelihoods. The summary

statistics show that smallholder farm households (major

crops = 72.64%, wheat = 67.57%, and teff = 62.08%) used

at least one practice in response to climate change on their

farms (Table 4). The major practices that were adopted by the

major crop growing smallholder farmers were terracing (soil

conservation technique) (58.57%), followed by crop diversifi-

cation (56.14%), improved chemical fertilizer use (52.48%),

and varying planting or harvesting dates (51.76%). Wheat-

growing smallholder farmers adopted practices like soil and

water conservation techniques (46.35%), increased chemi-

cal fertilizer use (45.42%), adjusting planting or harvesting

dates based on changing rainfall patterns (42.52%), crops

diversification (40.92%), and rotation (40.33%), respectively.

Similarly, teff growers practised increased chemical fertilizer

use (45.90%), soil conservation (45.57%), and adjusting crop

planting and harvesting dates (41.56%) as adaptation strate-

gies to mitigate the long-term effect of climate change.

3.3 Climate change adaptation practices
and crop production inefficiency

The maximum likelihood estimates of CD production func-

tion results (Table 5) indicated that all input variables had a

positive and significant effect on major crop production, thus,

an increase in one of the inputs will enhance production. Like-

wise, in wheat production, except labor, all other inputs were

found to have a significant and positive effect on production

in the Lemo district. Conversely, only the number of oxen

was not a significant variable in explaining the variation in

output among smallholder farmers in teff production. More-

over, the production return to scale for major crops, wheat,

and teff were 0.97, 0.92 and 0.82, respectively. This implies

that the production is in decreasing returns to scale. Thus, for

the smallholder farming households, an increase in all inputs

by a certain percentage would trigger an increase in output by

less than that percentage.

The inefficiency model was simultaneously estimated with

the CD frontier model using a truncated normal distribution

(see inefficiency model variables in Table 5). Climate change

adaptation practices are the most primary variables for this
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4634 SEDEBO ET AL.

T A B L E 5 The maximum likelihood estimates of the stochastic frontier analysis of the Cobb–Douglas production function

Major crops Wheat Teff
Frontier variables Parameters Coefficients SE Coefficients SE Coefficients SE
Constant (δ0) 5.8406*** 0.2814 5.4740*** 0.2678 5.3930*** 0.2466

ln Land (δ1) 0.4941 *** 0.0522 0.2331*** 0.0558 0.3115*** 0.0557

ln Labor (δ2) 0.1495** 0.0494 0.0772 0.0583 0.1144** 0.0648

ln Oxen (δ3) 0.0738 *** 0.0799 0.2246 *** 0.0839 0.0735 0.0886

ln Seed (δ4) 0.2441** 0.0771 0.1032** 0.0679 0.1629 *** 0.0445

ln Fertilizer (δ5) 0.0398*** 0.0821 0.1474** 0.0810 0.0678** 0.0381

ln Chemical (δ6) 0.0519*** 0.0314 0.1297*** 0.0421 0.0832** 0.0496

Inefficiency model variables

Constant β0 4.629 *** 0.8007 3.4936*** 1.045 0.5921 0.3786

Adaptation index β1 –0.0022*** 0.0005 –0.0078*** 0.0066 –0.0083*** 0.0038

Age β2 –0.0212 0.0091 –0.0387*** 0.0142 –0.0066 0.0047

Farm experience β3 –0. 0524*** 0.0042 –0.0253** 0.0124 –0.0242** 0.0321

Education β4 –0.2112*** 0.0456 –0.1090*** 0.0419 –0.0179*** 0.0023

Land size β5 –0.5941 0.2588 –0.7396 0.5638 –0.1501 0.1150

Extension service β6 –0.9699*** 0.3338 –0.1612** 0.0788 –0.4203*** 0.1015

Distance to farm β7 0.0072 0.0045 0.0131*** 0.0046 0.0065 0.0058

TLU β8 –0.4110*** 0.0858 –0.1110 0.0779 –0.1357*** 0.0393

Access to credit β9 –0.0493 0.1962 –0.1932 0.2071 –0.0812 0.1076

Gender β10 –0.2122 0.2603 –0.3245 0.2504 –0.2952 0.1362

Farm income β11 –0.0034** 0.0002 –0.0003*** 0.0008 –0.0039** 0.0005

Sigma_ u δu 0.8305*** 0.0831 0.6453*** 0.0891 0.4579*** 0.0297

Sigma _ v δv 0.4022*** 0.0215 0.5732*** 0.0259 0.3450*** 0.0765

Lambda λ 1.3566 *** 0.0925 1.1257*** 0.0980 0.7535*** 0.0954

Return to scale 0.9675 0.9152 0.8133

TE 0.6995 0. 6573 0.7510

Log-likelihood function –571.7924 –430.4371 –235.4017

Note. TE, technical efficiency; TLU, tropical livestock unit.
**Significance at .05. ***Significance at .01.

study. The results clearly showed that the adaptation index for

climate change has a negative and significant effect on the

inefficiency of major crops, wheat, and teff productions. This

indicates that adaptation of climate-smart practices can con-

tribute to smallholder farm efficiency. It is cogent that, adjust-

ing farm activities with weather change can help farmers to

enhance TE as smallholder agriculture is partly a weather-

dependent business. Similarly, Khanal et al. (2018) and

Lisandro et al. (2017) reported a positive impact of adapta-

tion practices on agricultural production efficiency in Nepal

and Central Chile which are consistent with the findings of

our study.

As far as other determinants of production efficiency were

concerned, age had a negative and significant impact on wheat

production inefficiency, but not significant in the case of

major crops and teff production. Previous studies indicate that

the association of farmers’ age and TE differs based on geo-

graphic location. For example, Lisandro et al. (2017) and Tan

et al. (2010) found a positive association between age and TE.

Contrary, a negative and significant association was reported

by Jaime and Salazar (2011) and Mariano et al. (2011) among

Chilean farmers and Philippines rice (Oryza sativa L.) pro-

ducers, respectively. Thus, the negative relationship between

age and TE shows that as farmers age increases, their crop

production inefficiency declines. The possible justification for

this is that older farmers accumulate more knowledge and

experiences in their farming activities and act accordingly to

enhance productivity as they age on.

Undoubtedly, for all production systems, the relationship

between farming experience and technical inefficiency was

negative and significant. This emphasizes that, as farm-

ing experiences of smallholder farm households increase,

their crop production efficiency also increases. This may be

ascribed to the fact that smallholder farmers with better expe-

rience in farming can manage agronomic activities and easily

adopt new practices. This, ultimately increase their TE level in
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SEDEBO ET AL. 4635

crop production, thus corroborating Khanal et al. (2018) and

Chen, Huffman, and Rozelle (2009) who reported a positive

relationship between farming experience and TE.

Again, we found education level has a significant and neg-

ative correlation with major crops, wheat, and teff production

inefficiency. This implies that educated farmers were more

efficient in their farm activities than their uneducated coun-

terparts. Jaime and Salazar (2011) demonstrated that educa-

tion improves access to information, facilitates learning and

eases adoption of new innovations, practices, and promotes

forward-looking attitudes among smallholder farmers. Liu

and Zhuang (2000), and Solís et al. (2009) reported similar

findings which corroborate the results of this study. Our obser-

vation from the field indicated educated farmers were well-

informed about practical innovations and good agronomic

practices especially for their line of business and climate.

The results revealed that access to extension services and

frequency of contact by smallholder farmers with extension

workers influence the technical inefficiency of smallholder

farms significantly and negatively for all crop producers.

Specifically, the more frequent crop producers interact with

extension service workers (referred to as development agents

in Ethiopia), the better their TE. Recent findings by Abebaw

et al. (2020), and Abate et al. (2019) in the northern parts of

Ethiopia and Abdulai et al. (2018) in the Sagnarigu district

of Ghana are consistent with our findings. Again, distance to

farm had a positive relationship with the technical inefficiency

of major crops and teff production, but significant only for

wheat crop production. This suggests that smallholder house-

holds living closer to their farms are more efficient than those

located far from their farms. This could be justified as the

location of farms away from the farmers’ place of residence

incurs an additional cost in travel for smallholders, limiting

adequate farm management and supervision. Thus, this may

partly account for the low TE; which is in consonance with

reports by Dessie et al. (2020) and Fantu et al. (2015) who

reported that distance to farm in smallholder agriculture is a

key limiting factor to TE.

The number of livestock is considered as a proxy indica-

tor of household wealth status in rural Ethiopia. From our

analysis, livestock holding has a negative and significant

effect on production inefficiency. Abebaw, Mesay, and She-

waye (2020) stated that livestock ownership may positively

affect the TE of smallholder farm households in two ways in

Ethiopia. First, proceeds from the sale of livestock are used to

finance necessary farm inputs (including chemical fertilizers

and pesticides). Secondly, households with a greater number

of livestock holding may easily supply oxen draught power for

plowing and threshing as a source of labor, and organic fer-

tilizer mainly from their excreta. This agrees with a report

by Tadele et al. (2018) in Ethiopia. The study revealed

that income from farm activities significantly and negatively

influences major crops, wheat, and teff production ineffi-

T A B L E 6 Summary of mean efficiency score for the three crop

groups under the study

Types of
crops

No. of
observation Mean TE SD Min. Max.

Major crops 591 0.6995 0.2085 0.0886 0.9792

Wheat 537 0.7510 0.1887 0.0926 0.9818

Teff 305 0. 6573 0. 1827 0.1646 0.9653

Note. TE, technical efficiency.

ciency. This suggests that farmers who generate more income

from crop production are technically efficient. Hailemaraim

(2015) stressed the potential ripple effect of plowing back

earnings into farming operations by smallholder farmers to

increase TE.

3.4 Technical efficiency score and
adaptation level

The mean TEs for major crops, wheat, and teff productions

were 69.95, 75.10, and 65.73%, respectively (Table 6). The

relatively lower value (65.73%) of TE score was observed for

teff production, but with a better minimum value. Addition-

ally, the results showed that, there is a wide disparity among

households in all production systems in their level of TE. This

also indicates that there is more room for improving the exist-

ing level of crop production amid climate variability. Further-

more, the mean level of TE interpreted as the level output

of the smallholder farms could be increased, on average by

30.35% for major crops, 24.9% for wheat, and 34.73% for teff

if appropriate climate-smart practices are executed to improve

the efficiency in their productions. Thus, there is an opportu-

nity to increase these values by using the resources at their

disposal without introducing new inputs. Moreover, the var-

ied levels of TE are common in agricultural production. This

might be justified as different crops might respond differently

to climate change impacts. Besides, differences in soil fertil-

ity status of farmers’ lands and extreme climate variability in

the agro-ecology may contribute differently to climate change

impact on different crops; and thus, culminating in the diverse

efficiency levels of crop production in the study area. Wassie

(2014) reported different efficiency levels for six major crops

in Ethiopia.

We divided households into two categories following their

adaptation indices and by using the median as cut off point

(Table 7). Major crop farmers with a high climate-smart

adaptation index were 11.3% more technically efficient than

their counterparts with low adaptation index. Likewise, wheat

and teff producers who had a higher adaptation index were

more efficient than those with a lower level of adaptation by

8.62 and 6.71%, respectively. Overall, the findings implied

wider adaptation level of the climate-smart practices by the
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4636 SEDEBO ET AL.

T A B L E 7 Mean technical efficiency (TE) and standard deviations

(SD) for farmers with low and high adaptation

Adaptation
level in crop
type

No. of
observations Mean TE SD P value

Major crops

Low 280 0.6430 0.2049

High 311 0.7561 0.2113 .0000

Wheat crop

Low 150 0.7079 0.1897

High 387 0.7941 0.1883 .0000

Teff crop

Low 206 0.6383 0.1625

High 99 0.6969 0.1890 .0003

smallholder farmers has a significant and positive contribu-

tion to farm households’ TE.

4 CONCLUSION

This study ascertained whether smallholder farmers’ adap-

tations to climate change contribute to crop production effi-

ciency. Stochastic frontier analysis using farmers adaptation

indices was performed. The results of the production fron-

tier analyses revealed that, all inputs, except labor and oxen

power in wheat and teff productions were key determinants

in the production of all crops; thus, an increase in one unit

of inputs will augment production. The study established that

adaptation to climate change impacts has an incremental con-

tribution to the efficiency of smallholder crop production.

Moreover, smallholder farmers’ adaptation using more

climate-smart practices on a larger scale could significantly

increase TE of smallholder agriculture. Further, adaptation

was found to be a significant variable in explaining TE dis-

crepancies among smallholder farming households; demon-

strating the contributions of climate-smart agricultural prac-

tices to smallholder farm productivity.

The mean TE indicates smallholder farming households

in major crops, wheat, and teff productions were not tech-

nically efficient in the Lemo district; suggesting an oppor-

tunity to increase TE by using resources at their disposal

without necessarily introducing new technologies. Addition-

ally, efficiency improvements can be achieved by exposing

smallholder farmers to more farming experience through farm

visits and field demonstrations, and increasing educational

opportunities. Likewise, farmers’ TE can be further improved

by extension workers frequently visiting smallholder farm-

ers. Our study will be an addition to current AAIs for assess-

ing climate change effects on smallholder agriculture. The

study also provides empirical recommendations on the con-

tribution of different adaptation strategies for smallholder

crop production efficiency. We recommend that policy mak-

ers incorporate smallholder farmers’ climate-smart practices

into national adaptation programs for effective response to cli-

mate change impacts and to enhance TE of crop production.

Equally, smallholder farmers’ knowledge and skills of local

climatic conditions and their traditional practices should be

taken into account by involving them in planning adaptation

strategies and actions.
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