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Abstract

The dissemination of conservation agriculture (CA) tech-
nologies has become the objective of a growing number of
projects aimed at reducing food insecurity in vulnerable
areas of the world. While many studies have found that
CA increases farm productivity, little is known about the
components of the productivity gains related to CA adop-
tion. CA is a knowledge-intensive technology, and it is ex-
pected to affect both technical efficiency (TE) and input
productivity positively. Using cross-sectional farm-level
data of 220 maize farmers in Bangladesh, we measure the
impact of CA on farmers' TE. We first apply propensity
score matching (PSM) to create comparable counterfac-
tual groups of CA and non-CA farmers. Then, we use a
stochastic frontier with correction for self-selection bias
to analyse TE. Finally, we fit a stochastic meta-frontier
(SMF) model to the data and use it to compare TE across
the two farmer groups. The analysis showed that CA farm-
ers exhibit greater TE levels than non-CA farmers. This
can be attributed to enhancements in farm management,
leading to 8% and 9% increases in their productivity and
TE, respectively. Thus, there is a case for policymakers
to strengthen programs delivering CA technologies that
improve food security in Bangladesh.
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1 | INTRODUCTION

A growing number of international organisations have development programs and projects
centred around promoting and disseminating conservation agriculture (CA). CA is composed
of three agricultural practices: (i) zero tillage, (ii) crop rotation and (iii) permanent soil cover
(Hobbs, 2007). Several studies have found that CA increases agricultural productivity (Chan
et al., 2017; Dixon et al., 2020; Hassane et al., 2000; Huang et al., 2008; Kassam et al., 2009;
Ndlovu et al., 2014; Tessema et al., 2018; Tsegaye et al., 2008).

Agricultural productivity growth is primarily the result of technological change and efficiency
improvement (Bravo-Ureta et al., 2007). Technical change is defined as a source of productiv-
ity growth when a technological improvement shifts the production frontier upward (Coelli
et al., 2005). Likewise, a farm becomes more technically efficient when it can get more output
for its inputs due to improvements in farm management or the reallocation of resources within
the farming system (Bravo-Ureta et al., 2007). Therefore, farming knowledge and education are
expected to increase technical efficiency (TE) (Asadullah & Rahman, 2009; Haider et al., 2011).

CAisconsidered a farming knowledge-intensive technology (Kassametal., 2009; Wall, 2007),
and its success mainly depends on farmers' management rather than on the quantity of in-
puts applied (Ekboir et al., 2002). Thus, we can expect that adopting CA positively affects
farmers' managerial ability (TE). Still, the impact of CA on farmers' TE is contentious. Solis
et al. (2007) and Krishna and Veettil (2014) concluded that CA had a positive impact. Oduol
etal. (2011) and Ndlovu et al. (2014) did not support these findings and concluded that CA neg-
atively impacts farmers' TE and is not significant, respectively. However, most of these studies
failed to correct for selection bias from observed and unobserved variables and to consider the
technology differences across groups. For example, Chan et al. (2017) selected participants for
their study based on their poor socio-economic situation, the potential for improvements to
their agricultural production systems and existing nongovernmental organisation. Thus, the
data were subject to sample selection biases. Solis et al. (2007) addressed self-selection biases
using the inverse Mills ratio (IMR), an approach derived from Heckman (1979), which is not
suitable for nonlinear models such as stochastic production frontiers (SPFs; Greene, 2010).

This study examines the impact of CA on the TE and productivity of Northern Bangladeshi
farmers allowing for self-selection bias and technology differences. It makes three main con-
tributions. The first is to help expand the limited empirical research examining how CA affects
farmers' TE in Northern Bangladesh. The second is a better understanding of productivity
effects when CA is adopted only partially. The third is to improve our knowledge of the deter-
minants of CA technology adoption and help inform strategies for scaling up CA technology.

The paper is organised as follows. The next section reviews the literature on CA. The analyt-
ical framework is presented in Section 3. The description of the data sources and the empirical
model follow in Section 4. In Section 5, we present and discuss our results. Section 6 concludes
the paper.

2 | BACKGROUND
2.1 | Conservation agriculture

Interest in CA grew over the last two decades because of concerns about the environmen-
tal effects of conventional agricultural practices (Knowler & Bradshaw, 2007). CA is
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‘knowledge-intensive’ because its proper application requires understanding the complexity
of biological systems (Derpsch, 2008; Kassam et al., 2009). Its success depends mainly on the
smallholder farmer's decision-making capacity instead of the technology itself. This is because
CA-based systems require more biological activities and management than conventional sys-
tems to prevent the proliferation of new weeds and pests (Ekboir et al., 2002).

Scientific evidence shows that CA improves soil water conservation and soil quality (Li
et al.,, 2011). Permanent soil cover increases available soil water by reducing evaporation
and water overflow and promoting better rainwater retention (Franzluebbers, 2002; Huang
et al., 2008, 2014; Lampurlanés & Cantero-Martinez, 2006). Decreasing water run-off also
prevents water erosion and increases the chance for water to infiltrate the soil (Li et al., 2011;
Potter et al., 1995). Compared with conventional agriculture, CA reduces soil compaction and
enriches organic matter and soil carbon (Chan et al., 2002; Moreno et al., 2006). In other
words, CA improves the productive potential of soils through enhanced interaction among
physical, chemical, biological and hydrological factors (Kassam et al., 2009). Hence, it en-
hances the resilience of agricultural production systems against drought (Huang et al., 2008).

In general, farmers that adopt CA are expected to be more efficient at using agricultural
resources than traditional farmers. This is because the former aims to minimise external input
use through integrated agricultural systems management (Garcia-Torres et al., 2010; Knowler
& Bradshaw, 2007). Solis et al. (2007) did a cross-sectional analysis applying a switching regres-
sion approach (SRA) and concluded that farmers with higher levels of CA technology adoption
had higher TE. On the contrary, Oduol et al. (2011) studied the impact of soil and water conser-
vation technologies on TE in Uganda, Rwanda and DRC. They concluded that there is a sig-
nificant negative relationship between TE and these technologies. Krishna and Veettil (2014)
studied the impact of zero tillage on productivity and TE in the EGP and concluded that it
increases wheat farmers' productivity by 5% and TE only by 1%. Ndlovu et al. (2014) analysed a
3-year panel dataset of Zimbabwean maize farmers and concluded that CA does not affect TE
but increases farmer productivity by 39%. Finally, Chan et al. (2017) used data envelopment
analysis (DEA) to explain the variations in efficiency among Indian maize farmers practising
minimum tillage. They concluded that minimum tillage increases farmers' TE by at least 10%
and their productivity by 60-70%. Therefore, it can be concluded that the relationship between
CA and TE is still controversial.

As mentioned before, most of these studies failed to correct selection bias from observed
and unobserved variables and to account for technology differences across groups. Therefore,
an approach for addressing these issues that is adaptable to the nonlinear nature of the SPF
is required (Bravo-Ureta et al., 2012; Greene, 2010; Villano et al., 2014). The approach is de-
scribed in Section 3.

2.2 | CA in the Eastern Gangetic Plains

The Eastern Gangetic Plains (EGP) of South Asia comprises southern Nepal, north-eastern
India and Northern Bangladesh and is a region with one of the highest concentration of rural
population living under poverty in the world (Ericksen et al., 2011). Earlier research indicates
that the agricultural systems in the EGP have reached a plateau in terms of overall productiv-
ity (Prasad, 2005) and exhibit low farm productivity and high yield variability, undermining
a reliable food security foundation (Cornish et al., 2011). All these can be attributed to the
progressive deterioration of natural resources due to intensive tillage and mismanagement of
farming inputs (Jat et al., 2021).

CA emerged in South Asia as an alternative to intensive tillage (Chaudhary et al., 2022).
Zero-till practices first arrived in the Western Indo-Gangetic Plains (WGP) in the late 80s as
an alternative to the labour-intensive bed planting preparation practices (Hobbs et al., 2017).
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The introduction of CA aimed to address the issue of delayed wheat planting and decreasing
yield trends. Since its introduction, further developments to promote and foster its adoption
have been carried out (Hobbs et al., 2017). However, the area under CA in South Asia remains
relatively low compared with other regions with similar climatic conditions (Somasundaram
et al., 2020).

Over the last decade, CA has been promoted as a climate-smart agriculture practice as it
requires advanced water and nutrient management (Sidhu et al., 2019). While the majority
of studies examining CA in the Indo-Gangetic Plains focus on the WGP, recent research
conducted in the EGP suggests that CA plays a significant role in enhancing crop produc-
tivity growth, resource use efficiency and soil and water quality and reduces costs in com-
parison with non-CA farmers (Dixon et al., 2020; Gathala et al., 2011; Haque et al., 2016;
Hossen et al., 2018; Islam et al., 2019). For example, Islam et al. (2019) concluded that farmers
that partially adopted CA reported higher yields than conventional tillage farmers. Gathala
et al. (2020) also reported higher yields for farmers transitioning to adopt CA fully. Likewise,
Keil et al. (2020) suggested that zero tillage increases wheat yield compared with conven-
tional tillage in Bihar.

While many studies found that CA increases farmers' productivity, little is known about the
components of productivity gains from the adoption of the technology.

3 | ANALYTICAL FRAMEWORK
3.1 | Productivity and technical efficiency analysis

We follow the approach proposed by Villano et al. (2014) to address TE analysis correcting for
biases coming from observables and unobservable characteristics and accounting for technol-
ogy differences across groups. This approach combines the methods proposed by Bravo-Ureta
et al. (2012) with a meta-frontier analysis. This requires propensity score matching (PSM)
to account for self-selection bias from observable time-invariant characteristics and create
comparable counterfactual groups of CA adopters and nonadopters. We then use the method
developed by Greene (2010) to calculate the SPFs to measure TE and productivity with correc-
tion for sample selection bias coming from unobservable variables. We followed the method
developed by Huang et al. (2014) to calculate a meta-frontier to generate technology gap ratios
(TGRs) for CA and non-CA farmers. Statistical tests such as the generalised likelihood ratio
test (GLRT) were then used to find the most appropriate model and to investigate whether
adopters and nonadopters shared the same technology set.

3.1.1 | Propensity score matching

We use PSM to create a covariate-balanced dataset from our original sample to control
for biases arising from observed characteristics. PSM has been widely applied in agricul-
tural economics research to study technology adoption and impact evaluation account-
ing for self-selection bias from observable characteristics (e.g. Becerril & Abdulai, 2010;
Mendola, 2007).

We use PSM to address the bias from observable variables (e.g. income, level of education
and gender) and create a counterfactual group. This technique makes it possible to match CA
farmers with non-CA farmers based on observed and time-invariant characteristics, creating
two groups that are as identical as possible with only one exception: the adoption of CA.

To do so, we estimate a binary choice model (probit model) and use it to create propensity
scores based on a set of observable characteristics (X); the propensity score for a farmer 7 is the

O PR SWiB L 83895 *[7202/70/9T] uo Arigi8uluo MM ‘A VHEIT NOSTIM OLT YLOSINNIW 4O ALISHIAINN AQ LESTT'68v8-L9FT/TTTT 0T/I0p/W00 A8 1M Al puIjuo//Sdny wouj pepeojumod ‘T ‘7202 ‘6878L9%T

35US0 17 SUOLLLLIOD BAIEa1D a|gealdde au Aq pauenob ae sspie O 88N J0 sajn. Joy Ariqi auluo A3|IMm uo



TECHNICAL EFFICIENCY AND CONSERVATION
AGRICULTURE | 129

probability p, that the farmer adopts CA (is ‘treated’ or 7,=1) and is defined in Equation (1)
(Becker & Ichino, 2002).

pi=p(X;) =prob|T, = 1|X}] (1)

The propensity scores are then used to match CA and non-CA farmers based on a ‘common
support’ condition; that is, CA farmers with propensity scores outside the range of the non-CA
farmers are considered as observably different or noncomparable and not considered in fur-
ther analysis (Caliendo & Kopeinig, 2008).

Once the match is done, it is important to check the ‘balancing hypothesis’, ensuring that
adopters' and nonadopters' average propensity scores are in the same range and have similar or
same averages (Becker & Ichino, 2002). Once we have our new balanced sample, and assuming
there is no unobserved bias, the actual impact of the adoption can be measured by calculating
the average treatment effect on the treated (ATT), which represents the average effect of adop-
tion (Winters et al., 2010):

ATT=E(Y,|D=1) - E(Y,|D=0) )

where Y, and Y| represent the average values of the indicator (e.g. production per hectare or TE)
for CA and non-CA farmers, respectively, and D is a dummy with a value of 1 for CA farmers.

3.1.2 | Stochastic production frontier with correction for sample selection

Stochastic production frontier (SPF) analysis has been used to analyse TE across different

farming systems (e.g. see Bravo-Ureta and Rieger (1991) for English dairy farm efficiency;

Rodriguez Sperat et al. (2017) for the Argentine dairy goat industry). It has also been used to

study and compare farmer efficiency under different technology uses. Recent examples include

Carrer et al. (2022) for comparing adopters and nonadopters of precision agriculture technolo-

gies and Ndlovu et al. (2014) for comparing between farms under CA and traditional tillage.
The standard stochastic frontier model is specified as:

Y=/ (Xy)en U, j=1, .. N; i=12 ..,N; t=12, ...,T 3)

where Y, and X, represent, respectively, the output and input vectors for period 7 of the i-th farm in
the j-th group. V', is the random noise term, and it is assumed to have a normal distribution N ~ (0, o?);
and U, represents the one-sided inefficiency term and is assumed to have a half-normal distribution
u~N(u, ai). Both V7, and U, are assumed to be independent and identically distributed. Then, a
farm's TE can be calculated as:
TE, = —2 I _ e @
/! (int)e_ G
The model in Equation (3) has two major shortcomings. First, it assumes there are no un-
observed heterogeneities (Greene, 2010); and second, it puts farmers that belong to different
groups (CA and non-CA) under the same technology umbrella (Orea & Kumbhakar, 2004).
Nonobserved variables may affect estimates. For example, in South Asia, there exists a gender
gap that prevents women from accessing new technologies. Moreover, as CA was introduced
only recently (3 years before the data collection), nonexposure bias is a potential issue (Diagne
& Demont, 2007). Additional sources of nonobserved biases include differences in farm bio-
physical characteristics, degree of risk aversion and farmer expectations.
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To deal with bias from unobservables, we follow the approach developed by Greene (2010).
This approach suggests that the unobservable part of the self-selection bias model is correlated
with the statistical noise part of the composed error in the stochastic frontier model. This
framework is an extension of the framework proposed by Heckman (1979) for linear regression
models. Greene (2010) approach can be mathematically described as follows:

Sample selection model: d; = 1[a’z; + w; > 0], w; ~ N(0, 1) Q)
Stochastic frontier model: y, = f'x; +¢€;,, & =v;,—y; 6)
u; = |o,U;| =0,|U;| where U; ~ N(0, 1)

v, =0,V; where V; ~ N(0,1)
(w;, v;) ~ N, [(0,0), (1, po,, 6%,)]

where d, is a binary variable that is equal to 1 for the group of farmers (CA or non-CA) for whom
the selection model is estimated for; z; is a vector of explanatory variables included in the sample
selection; w, is the unobservable error term correlated with v; y, is log of output; x; is the vector of
(logged) inputs; and a and f are parameters to be estimated using simulated maximum likelihood
estimation (SMLE). The coefficient p measures the correlation between the error term in the selec-
tion model and the noise term in the frontier model; a statistically significant p estimate signifies
the existence of self-selection bias due to unobservable variables that influence both participation
and production outcomes.

3.1.3 | Stochastic meta-frontier

The solutions specified above do not allow for a direct comparison of the TE between CA farmers
and non-CA farmers because efficiency estimates are calculated with respect to separate group
frontiers (Gonzalez-Flores et al., 2014). To address this problem, we follow the approach to the es-
timation of stochastic meta-frontier (SMF) production functions proposed by Huang et al. (2014).
The meta-frontier production function f, M ( /,,) envelops both CA and non-CA group frontiers
f] ( ,,t) Huang et al.'s (2014) method is a two-step approach that requires first estimating the spe-
cific group stochastic frontiers and then pooling the output predictions from each group frontier
and the corresponding input data to estimate the SMF. Then, the meta-frontier can be defined as:

Inf (X)) =InfM + VY UM vinj=1,2,...,J (™

Jit Jit ?

where lnf] /,, is the estimate of each group-specific frontier from the first step in Equation (3) or
Equation (6) in the presence of selection bias. Since the estimates Inf", 7 ( ,,,) are group-specific, the
regression is estimated two times, one for each group (CA and non- CA farmers). These estimates
from each group are then pooled together to estimate Equation (7). Technology gap ratio (TGR)
and the meta-frontier technical efficiency (MTE) are defined as:

]
TGR/, = fM( ) @®)
TM (X
MTEJU = TGRJU k TEL (9)
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4 | DATA AND EMPIRICAL MODEL

The data for this paper come from a socio-economic farm household survey conducted in 2018
by researchers participating in the ‘Sustainable and Resilient Farming Systems Intensification
in the Eastern Gangetic Plains’ (SRFSI) project (Rola-Rubzen et al., 2019). The SRFSI project
aims to increase productivity and improve climate change resiliency of farmers in the EGP
by trailing CA across farmers from north-west Bangladesh, the Indian states of Bihar and
Western Bengal and the Nepal Terai. Since many farmers in the EGP have reported reluctance
to adopt the full technology set (Islam et al., 2019), the SRFSI project adopted a gradual ap-
proach, with farmers having various levels of adoption and many adopting the technology only
partially in the initial stages. We use data of 220 farm households located in different areas
of Rangpur (Bangladesh) that produced maize during the rabi season in 2017. Among the 220
farmers, 123 were either SRFSI core participants or SRFSI scale-out farmers, while the re-
maining 97 were non-SRFSI farmers. Both SRFSI core and SRFSI scale-out participants have
fully or partially adopted CA, while non-SRFSI farmers have adopted none. In other words,
for this paper, we consider CA farmers to be those farmers that have adopted at least one CA
practice. The main difference between SRFSI core participants and SRFSI scale-out farmers
is that the former have received technical assistance from scientists and technicians and some
free inputs. In contrast, the latter have fully or partially adopted CA because of the spillover
effects.

As mentioned before, we follow the approach developed by Bravo-Ureta et al. (2012), which
combines PSM with the methodology proposed by Greene (2010) to get unbiased estimates of
the coefficients of the production function and calculate farmers' TE. The variables used for
PSM and the model specifications are based on literature review and data availability. Table 1
shows the variables used for the empirical analysis.

We used the Epanechnikov kernel matching method with a calliper of 0.04, imposing the
common support condition and allowing for controls to be reused. We chose this method be-
cause it relies mainly on the sample size; because we allow for controls to be reused, we use a
predefined neighbourhood (calliper) to prevent an increase in the bias if inferior matches are
done (Cameron & Trivedi, 2005). While PSM does not control for all bias coming from ob-
served variables, it usually yields acceptable results (Imbens & Wooldridge, 2009).

The matched sample contains 196 observations, composed of 99 CA farmers and 97 non-CA
farmers. A t-test was performed to compare the weighted average values of the observed time-
invariant characteristics between CA farmers and non-CA farmers. It suggested that the ‘bal-
ancing hypothesis’ has been satisfied for all covariates except for AGE. The full PSM output is
included in supplementary files to this article (Appendix S1).

Table 2 shows the summary statistics for the matched and unmatched samples and test re-
sults from equality of mean values across CA and non-CA farmer subsamples. In general, both
farmer groups show similar average values for the age of the household head, years of farming
experience and ownership of land. However, CA farmers have significantly higher average
values for education, income from sources other than maize farming and the proportion of
female household heads. The mean value of total land under irrigation (IRRLAND) differs
significantly across the groups. The relationship between these variables and CA technology
adoption will be discussed in detail in a subsequent section. On the contrary, non-CA farm-
ers use considerably more land, labour and other inputs (EXPENSE) to obtain, on average,
similar values of total production. These results imply that CA farmers have greater input
productivity.

Finally, the fact that the test on the means values indicates significant differences for ED-
UCATION, IRRLAND, GENDER and INCOME between matched and unmatched data
suggests that the PSM matching quality can be improved. It is possible that by employing a
different matching method, we could come up with two samples that are more similar across
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TABLE 2 Descriptive statistics of the matched and unmatched samples.

Pooled CA' farmers Non-CA farmers

Variable Mean SD* Mean SD* Mean SD# T-test

Unmatched data
PROD 1591 307 1595 329 1586 277 —-0.220
LAND 0.161 0.037 0.153 0.034 0.170 0.034 3.349%**
LABOUR 222 58 210 47 237 67 3.323%k*
EXPENSE 4795 1357 4630 1455 5004 1197 2.092%*
AGE 41.932 9.727 41.902 9.207 41.969 10.397 0.049
EXPERIENCE 16.391 7.749 16.732 7.714 15.959 7.811 —-0.733
EDUCATION 7.404 4.069 8.504 3.260 6.010 4.556 —4.549%**
IRRLAND 0.563 0.333 0.601 0.357 0.515 0.295 -1.957*
OWNLAND 0.990 0.095 0.992 0.090 0.989 0.101 —-0.166
GENDER 0.864 0.343 0.772 0.421 0.979 0.143 5.094%**
INCOME 46,573 37,444 51,207 41,767 40,698 30,324 —2.160%*
Observations 220 123 97

Matched data
PROD 1588 321 1590 360 1586 271 —-0.0870
LAND 0.161 0.038 0.152 0.037 0.170 0.034 3.199%%**
LABOUR 222 58 208 43 237 67 3.613%**
EXPENSE 4837 1423 4673 1604 5004 1197 1.636%*
AGE 42.326 0.209 42.677 9.619 41.969 10.397 —0.495
EXPERIENCE 16.75 7.981 17.525 8.108 15.959 7.811 -1.377
EDUCATION 7.270 4.151 8.505 3.293 6.010 4.556 —4.399%**
IRRLAND 0.568 0.328 0.619 0.352 0.515 0.295 —2.255%**
OWNLAND 0.989 0.101 0.989 0.100 0.989 0.101 —-0.014
GENDER 0.954 0.209 0.929 0.258 0.979 0.143 1.678**
INCOME 46,707 34,323 52,595 37,049 40,698 —2.457%**
Observations 196 99 97

Note: *** ** and * means between CA adopters and nonadopters are significantly different at the 1%, 5% and 10% levels,
respectively. T and § mean ‘conservation agriculture’ and ‘standard deviation’, respectively.

these four covariates. However, that would be achieved at the cost of a reduced sample size and
less precise estimates from the analysis.

Once the CA and non-CA farmers have been matched, we estimated the SPF with correc-
tion for sample selection. To do so, we defined the sample selection model that predicts the
probability of the ith farmer's decision to adopt CA as the following probit model:

n
CA;=ag+ ) a;Z;+w, (10)
1

where CA is a dichotomous variable equal to 1 if the ith farmer adopts CA, Z is a vector of exog-
enous variables that explain adoption, « is the unknown parameter vector to be estimated, and w
is a disturbance term distributed as N~(0,1).

The two functional forms we consider for our production functions are Cobb—Douglas (CD)
and translog (TL), as these are the two most commonly used functional forms in efficiency
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studies (Bravo-Ureta et al., 2007). However, a maximum likelihood ratio test suggested the CD
functional form is not adequate to represent the production technology. Thus, the discussion in
this paper will focus on the TL functional form and related results. A TL SPF can be defined as:

n n n
1
yi=ay+ E a;x; + 5 E E XX + V; — U; 11)
j=1 j=1 k=1

where y, represents the log of the output of the ith farmer; x ; represents the log of the quantity of
the jth-input for the ith farmer; o's represents the unknown parameter to be estimated; and v and u
are the elements of the composed error term, . The output in our model is total kilogram of maize
produced during the rabi season in 2017. The Rabi season is one of the main agricultural seasons
in several South Asian countries. It typically goes from November to mid-March. It is a dry sea-
son, and most crops depend on the rainfall received and stored in the soil during the preceding
monsoon season. The inputs are total land allocated to maize production during the rabi season
2017 (LAND) expressed in hectares; total labour used in maize farming (LABOUR) expressed in
male adult equivalent units; and production expenditures on fertiliser, irrigation, herbicide, insec-
ticide, fungicide, micronutrients and seed (EXPENSE) expressed in Bangladeshi taka (85.08 BDT
=~ 1 USD). All models have been estimated using NLOGIT 6S and StataSE17.

5 | RESULTS AND DISCUSSION
5.1 | Conservation agriculture technology adoption

In this section, we present the probit sample selection model results and then relate our findings
to previous studies mentioned in Section 2. The probit model results are presented in Table 3, and
a confusion matrix for the probit model is included in supplementary files to this article (Appen-
dix S2). The chi-squared statistic is 50.638 (significant at 1%), implying the joint significance of the
parameters for the CA adoption determinants. The variables EXPERIENCE, EDUCATION, IR-
RLAND and GENDER are found to influence the decision to adopt CA technology significantly.
Another potential explanator—access to credit—could not be included because none of the farmers
in the sample has access to it. Membership in farmer groups was also not included in the analysis
because it was almost synonymous with the variable being explained (CA adoption).

TABLE 3 Parameter estimates of probit selection model using matched data.

Variable Coefficient (SE) Marginal effect (SE)
CONSTANT —0.596 (1.107)

AGE —0.003 (0.015) —0.001 (0.005)
EXPERIENCE 0.040 (0.019)** 0.013 (0.006)**
EDUCATION 0.148 (0.029)*** 0.048 (0.008)***
IRRLAND 0.903 (0.327)*** 0.290 (0.099)**x*
OWNLAND —0.661 (0.958) —0.212(0.307)
GENDER —2.403 (0.557)*** —0.772 (0.154)***
INCOME (millions) 5.274 (3.229) 1.695 (1.020)*

Log-likelihood function
Chi-squared test statistic

Number of observations

—-110.528
50.6379%**
196

Note: **¥* ** and * means significant at the 1%, 5%, and 10% levels,

respectively.
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EXPERIENCE significantly and positively affects CA technology adoption, supporting
the findings by Rahm and Huffman (1984) and Clay et al. (1998). This is because more experi-
enced farmers tend to think positively about investment and the sustainable use of resources
(Clay et al., 1998). However, Rahm and Huffman (1984) suggested experience can have an
ambiguous effect on CA technology adoption depending on the planning horizon. As ex-
pected, EDUCATION is significant in explaining the adoption of CA, supporting findings
by other researchers on different agricultural technologies (Mignouna et al., 2011; Rahm &
Huffman, 1984; Tsegaye et al., 2008, 2017). Because CA is a knowledge-intensive technol-
ogy (Ekboir et al., 2002), there is a link between knowledge and its adoption (Knowler &
Bradshaw, 2007).

We consider the variable IRRLAND (total irrigated land) to be a proxy for total land under
agriculture during the rabi (dry) season. This is because most rabi crops in Bangladesh are
cultivated under irrigation. The variable IRRLAND (total irrigated land) has a positive and
significant effect, consistent with other findings (Ahmed & Bagchi, 2004; Kasenge, 1998; Vil-
lano et al., 2014). Farmers that own more extensive land can give up a portion of their land to
try new technologies (Uaiene, 2011), and by doing so, they reduce the risk of technology failure
(Villano et al., 2014). Additionally, agriculture under CA requires less water than agriculture
under conventional tillage. Therefore, farmers with less land under irrigation tend to allocate it
to conventionally produced crops (Akter et al., 2021). The variable OWNLAND is statistically
insignificant because most farmers in the sample are landowners, as shown in Table 2.

In general, the variable INCOME plays an important role in agricultural technology adop-
tion (Fuglie, 1999; Gould et al., 1989; Somda et al., 2002) as off-farm income is a source of
financial assets that can be used to purchase inputs and new technology (Diiro, 2013). Our
results show that INCOME appears to have a positive but not significant effect. AGE is also
found to be insignificant in explaining CA adoption.

The coefficient of GENDER is negative and significant at the 1% level, implying that fe-
male farmers had a greater probability of adopting CA technology in Rangpur. Farnworth
et al. (2016) suggested that the current literature is insufficient regarding the relationship
between gender and CA adoption. However, our results show that CA is a female-friendly
technology in Rangpur, which is consistent with what our research team observed in the
field. This can perhaps be attributed primarily to male-labour outmigration from the EGP
and the nature of the CA technology. Migration means less male labour available for agri-
culture, and as a consequence, females are likely to take more responsibility for agriculture
in addition to their household chores (Darbas et al., 2020; Tamang et al., 2014). On the con-
trary, CA makes up for the labour shortage because it requires less labour for land prepa-
ration and crop establishment, as these are replaced by mechanisation (Gathala et al., 2015,
2020; Sinha et al., 2019).

Since women have less access to off-farm income opportunities, they are commonly paid
less, and their off-farm income opportunities are less secure than men's (FAO, 2011; Lai
et al., 2012). Our results imply that CA can be included in a broader strategy to address gender
inequality in rural areas in developing countries.

5.2 | Stochastic frontier models and production functions

As mentioned earlier, the main aim of this study is to analyse potential differences in TE
between CA farmers and non-CA farmers, controlling for bias from both observed and unob-
served factors. In Table 4, we report estimates for both the matched sample models with and
without correcting for selection bias. We present these results to compare the estimates be-
tween our biased and unbiased models and examine the technology differences between adop-
ters and nonadopters. All variables have been normalised by their sample mean values. Thus,
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the partial production elasticities at mean values are defined by the first-order coefficients for
the average producer (Coelli et al., 2003).

The pooled model suggests a significant difference between the two groups (CA is significant
at 1%). These results are supported by a likelihood ratio test result (—89.852,' p-value=0.000), re-
jecting the null hypothesis that there is no difference between the pooled frontier model and the
two group frontier models. That is, the production frontier parameters are not the same for adopt-
ers and nonadopters. Therefore, it is necessary first to estimate separate group frontiers and then
estimate the meta-frontier to compare TE across groups (Huang et al., 2014).

For the sample selection models (last four columns in Table 4), the significance test results on
p show that the standard stochastic frontier model is rejected because there are selection biases
arising from unobservable characteristics in the case of nonadopters, but this does not apply to
the case of adopters. This is similar to the interpretation provided by Greene (2010) in his analysis
of data from the World Health Organization (WHO). These results justify the use of the frame-
work proposed by Greene (2010) to estimate separate frontiers for the CA and non-CA groups.
This suggests that the standard frontier model for non-CA farmers leads to biased TE estimates
(Bravo-Ureta et al., 2012; Villano et al., 2014). Thus, for the estimation of the meta-frontier and
further analysis, we use the sample selection models for both CA and non-CA farmers. The sample
selection stochastic frontier is also used for adopters to improve the observable bias control as the
unobservables are conditional on the observables included in the selection model (Equation (5)).

Examining the estimated production frontier parameters, LAND has a relatively large
first-order (linear) coefficient and is statistically significant in both the CA and non-CA fron-
tiers. LABOUR shows a positive and significant linear coefficient for CA farmers but not for
non-CA farmers. On the contrary, squared and interaction terms for LABOUR are significant
for non-CA farmers. The variable EXPENDITURE has a positive and significant linear co-
efficient for CA and non-CA farmers. The interaction between this variable and LAND or
LABOUR is significant but negative.

Although the pooled model is biased, it gives the first insight that farmers who have adopted
CA increase their output by 3.9%. These results are consistent with those reported by Ndlovu
et al. (2014) and Chan et al. (2017), who found that the adoption of CA increases maize pro-
duction by 39% and 60-70%, respectively. The gap between estimates might be because most
CA farmers participating in the SRFSI project in Rangpur are still in the transition phase.
Moreover, the interaction terms in the pooled model suggest that CA has a differential effect
on labour and land productivity. Finally, the returns to scale (the sum of all partial production
elasticities from the sample selection models) for CA farmers is equal to 1.165 and for non-CA
farmers is equal to 0.578, which implies that input use is more productive with CA farmers
than with non-CA farmers who have a technology characterised by decreasing returns to scale
(DRTS). The conventional models also suggest that input use is more productive with CA
farmers than with non-CA farmers. This interpretation is supported by previous studies in
the EGP that concluded that CA-based sustainable intensification leads to better productivity
(Dixon et al., 2020; Gathala et al., 2020). Several potential reasons may explain why CA farm-
ers operate under IRTS and non-CA farmers under DRTS. CA farmers are still familiarising
themselves with the new technology and still have room for improvement and are still learning
about CA practices. As a result, their operations could still be in the discovery phase and may
be suboptimal. There could also be other reasons why their operations appear suboptimal,
such as lower input use (Table 2), higher dependency on herbicides and zero tillage machin-
ery of CA farmers (Islam et al., 2016; Wall, 2007) and restricted access to CA machinery and
herbicides in Rangpur (Islam et al., 2016). These are constraints that would prevent farmers
from optimising the scale of their operations. The results for non-CA farmers reflect that la-
bour and land productivity decreases at higher scales, a typical characteristic of subsistence

ILR =2 ((LnLCA + LnLnon—CA) —Ln Lpooled)
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farming. One possible explanation for this occurrence is that non-CA farmers lack the nec-
essary labour capacity to manage larger farms, effectively. Another potential explanation is
that expanded land holdings may be associated with lower average land quality due to factors
such as soil type, salinity, slope and other factors that reduce land productivity. However, it
should be noted that we have not measured the quality of labour or land to fully validate our
interpretation.

5.2.1 | Maize farmers' technical efficiency and productivity in
Northern Bangladesh

The lambda for the stochastic frontier (i.e. the ratio of the standard deviation values for the
inefficiency variable and the symmetric error term) is significant at the 1% level for both CA
and non-CA farmers. This result implies that farmers' inefficiency is relatively important in
explaining the deviation of actual observed output from their relevant estimated potential
output.

As mentioned in the previous section, the likelihood ratio test suggested the existence of a
potential production technology gap, which justifies the estimation of the meta-frontier pro-
duction function among farmers in Rangpur. Our parameter estimates for the SMF based on
Huanget al. (2014) are presented in Table 5. The frontier is used to calculate the MTE and TGR
and to make a comparison between CA farmers and non-CA farmers.

Table 6 presents the sample statistics of various efficiency scores for the two groups of farm-
ers. The group-specific TE scores show a TE level of 0.94 for CA farmers and a TE level of 0.87
for non-CA farmers. CA farmers are more technically efficient with respect to their specific
group than non-CA farmers. The TGR scores show that CA farmers also seem to be more effi-
cient in adopting the best available agricultural technology. The TGR score for CA farmers is
0.94, while for non-CA farmers is 0.91. Overall, CA farmers are more technically efficient than
non-CA farmers, as shown by the MTE estimates, and our results are consistent with those
reported by Abdulai and Abdulai (2018) and Aravindakshan et al. (2018). As in the study on
Taiwanese hotel chains by Huang et al. (2014), TE slightly outweighs TGR in explaining MTE.

TABLE 5 Parameter estimates of the meta-frontier.

Variables Coefficient SE
Constant 7.503 0.006
LAND 0.358%+* 0.029
LABOUR 0.091%** 0.025
EXPENSE 0.386%++ 0.035
LAND? —1.008*** 0.196
LABOUR? 1.789%%* 0.172
EXPENSE’ 3.281%%% 0.315
LAND*LABOUR 0.435] %+ 0.139
LAND*EXPENSE —1.107#** 0.204
LABOUR*EXPENSE 2171 0.239
Lambda (1) 6.237%%* 0.011
Sigma (o) 0.116%** 0.008
Log-Likelihood 256.424

N 196

Note: *** means significant at the 1% level.
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TABLE 6 Summary statistics of Rangpur maize farmers' efficiency measures.

All farmers CA farmers Non-CA farmers
Variable Mean SD Mean SD Mean SD T-test
TGR 0.92 0.06 0.94 0.04 0.91 0.08 =3.67%**
TE (SS) 0.89 0.06 0.94 0.04 0.87 0.08 —8.08***
MTE 0.82 0.09 0.88 0.05 0.79 0.09 —8.84%**

Note: *** means that CA adopters and nonadopters are significantly different at the 1% level.

These results suggest that the primary source of inefficiency is related to farmers not generat-
ing the most output possible for their practices rather than adopting CA technology.

The results presented in Table 6 suggest that CA adoption increased average efficiency by
9%. This is because efficiency is associated with the managerial capacity of the farmer (Bravo-
Ureta et al., 2007), and as CA is a knowledge-intensive technology (Ekboir et al., 2002), the
success of this technology depends mainly on farmers' management rather than the amount
of inputs applied. It could also be because farmers that adopted CA are more efficient at
using water, energy and labour (Gathala et al., 2020; Sinha et al., 2019; Tessema et al., 2018),
which is consistent with what we showed in Table 2. Moreover, CA aims to minimise external
input use through an integrated management perspective of the agricultural systems, making
the use of agricultural resources more efficient than in traditional agriculture (Garcia-Torres
et al., 2010; Knowler & Bradshaw, 2007). Our findings are consistent with Chan et al. (2017),
who concluded that maize farmers that adopt CA have higher TE than those who used con-
ventional tillage, but not with Ndlovu et al. (2014), who reported that CA has no effect on
maize farmers' TE.

Table 7 reports the average treatment effect on the treated (ATT) of the average observed
and frontier yields with respect to farmers' own group frontiers. In other words, the latter is
defined as the average expected yield if each farmer group increased their efficiency up to
100%. These results suggest that CA farmers increase their observed yield by 8% compared
with non-CA farmers. Moreover, the results reported in Tables 6 and 7 indicate that CA farm-
ers have a 6% average inefficiency; that is, farmers that have adopted CA have the potential to
increase their actual yield of 10,462kg/ha up to 11,129kg/ha. The difference between the fron-
tier and observed yields for the non-CA farmers' group is bigger (13%); that is, non-CA farmers
have the potential to increase their actual average yield of 9630kg/ha up to 10,963 kg/ha. These
findings suggest that although Bangladesh has recently witnessed rapid yield and production
growth (Rahman & Rahman, 2014), adopting CA can further increase maize productivity in
the country.

The average frontier yield is not significantly different for CA and non-CA farmers. These
results suggest that farmers that have adopted CA increased their productivity mainly due
to managerial abilities. This is perhaps because many farmers are still in the trialling phase
and learning about the technology. However, as some researchers have pointed out, the
long-term effect of CA can be negative if farmers do not become full adopters (Corbeels
et al., 2014; Govaerts et al., 2008; Rusinamhodzi et al., 2011). Zero tillage practices without
mulching and crop rotation are reported to have a negative impact on crop production in
the long run (Corbeels et al., 2014; Govaerts et al., 2008; Rusinamhodzi et al., 2011). Adopt-
ing no-tillage without adopting the other principles of CA results in soil erosion and com-
paction (Baudron et al., 2012), and mulching is a very important factor in CA (Corbeels
et al., 2014). In other words, intensifying CA practices in Rangpur is a must in the coming
years to further improve and strengthen food security by exploiting the synergies among the
different elements of CA.
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TABLE 7 Average observed and frontier yield for adopters and nonadopters.

CA farmers Non-CA farmers Test of means
Observed yield (kg/ha) 10,462 9630 —3.51F**
Frontier yield (kg/ha) 11,129 11,069 —-0.16

Note: *** means significant at the 1% level.

6 | CONCLUSION

This study investigates the impact of CA technology on the TE of maize farmers in Rang-
pur, Bangladesh. We use an impact evaluation approach controlling for selection bias using
a framework that is adaptable to the nonlinear nature of the stochastic frontier in analysing
CA adoption and TE. Comparing the TE of CA and non-CA maize farmers in Bangladesh, we
conclude that, first, CA increases farming TE and actual observed yield per hectare (produc-
tivity) after 3years of adoption. Second, farmers that have adopted CA have lower input use
and greater input productivity. Third, evaluated after 3 years of adoption, CA did not appear
to have significantly increased farmers' frontier yields. Finally, women from Rangpur were
more willing to participate in CA adoption than men, going against the conventional belief
that women are less interested in new agricultural technology.

This research provides lessons for evidence-based policymaking that can also be relevant
to other areas in the EGP. This is because Rangpur is the main maize-producing district in
Bangladesh (Karim et al., 2010), and CA shows consistent effects across countries and crops in
the EGP (Gathala et al., 2020; Islam et al., 2019; Rola-Rubzen et al., 2019), and there are similar
demographic and environmental challenges across the region (Brown et al., 2020). First, our
research suggests that CA could be included in a broader strategic plan to promote gender
equality in the Indo-Gangetic Plains. This is because CA requires less labour than conven-
tional agriculture and, hence, has the potential to help women reduce their overloaded daily
activities, which have been compounded by male outmigration. Second, our results suggest
that CA could improve food security rapidly by contributing to a greater food supply in the
local market as it is a technology that can increase per-hectare production rapidly. Third,
CA is likely to reduce production costs while increasing revenue; in other words, it is likely to
increase farmers' profitability as CA farmers reported less input use to obtain more output
than non-CA farmers. Fourth, since many farmers in this region are reluctant to change their
traditional practices, empirical evidence of the benefits of CA, such as those included in this
paper, can be used to provide more information to promote CA technology in food-insecure
areas of Bangladesh.

Farmers from Rangpur who adopt CA technologies face two major challenges. First, the
availability of tractor-mounted mechanical planters during production season still represents
a major limitation to CA adoption (Islam et al., 2016). Second, the availability of herbicides is
limited and farmers have little experience applying them to different crops (Islam et al., 2016);
this challenge is more important to CA than non-CA farmers because the formers rely more on
herbicides for weed control (Wall, 2007). Improvements to current subsidies and other support
measures are needed to speed up the region's mechanisation (Brown et al., 2020). Similarly,
subsidies and extension support programs will be necessary to promote the effective and en-
hanced use of agrochemicals among farmers and create more competitive markets for inputs
in the long run.

Finally, it is useful to point out the limitations of this study. Our research has focussed
on maize cropping systems in the rabi season and assessed the effects of CA 3years after
adoption. Furthermore, the farmers under observation are not full CA farmers. We recom-
mend that future studies evaluate the impact of CA technology adoption on farmers' TE in
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more detail using data from different cropping systems and covering full-adoption cases,
that is farmers that practise crop rotation and permanent soil cover in addition to zero
tillage. Furthermore, given its potential for increasing yield in the long run and that 3 years
of adoption can still be considered short run, future studies should assess the effects over
extended time frames.
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