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Productivity and Efficiency Impacts of Zero 
Tillage Wheat in Northwest Indo-Gangetic Plains

ABSTRACT

Conservation agriculture (CA) technologies are being developed for the cereal production 
systems of South Asia to address the multifaceted problems of decelerating agricultural 
productivity, resource scarcity, climate change, and negative environmental externalities 
generated by the conventional production system. This study is a detailed investigation on 
one of the prominent CA technologies, namely zero tillage (ZT) wheat, where we quantify 
productivity and efficiency impacts using stochastic non-smooth envelopment of data 
approach. An economic analysis of ZT adoption revealed a significant gain with respect to 
input use, and consequently on the cost of cultivation and profitability. The results showed 
a yield gain of 7–8 per cent due to adoption of ZT wheat over conventional wheat. Early 
sown ZT plots are found associated with a substantial efficiency gain (16 per cent) compared 
to the late sown CT wheat ones. The scale of cultivation and remoteness of the village are 
found determining factors of efficiency gain apart from ZT technology adoption.

Keywords: Conservation agriculture, convex nonparametric least squares, Haryana, 
instrumental variables, smallholder farmers

JEL codes: Q12, D24, C14
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1. INTRODUCTION

This paper analyses the adoption pattern and productivity impacts of a resource-conserving 
technology (RCT) in wheat cultivation using semi-parametric frontier production approach. 
The rice–wheat production system of the Indo-Gangetic Plains (IGP) of India has registered 
only sluggish productivity growth during the past two decades (GoI 2009). Degradation of 
the natural resource-base resulting from inappropriate land and input use is widely 
documented as one of the root causes (along with other factors) of this situation (Ali & 
Byerlee 2000; Erenstein et al. 2008b), which has compelled many agricultural scientists and 
policy makers to look toward a more sustainable path of cereal production, viz. conservation 
agriculture (CA) and RCTs (Erenstein & Laxmi 2008; Gupta & Sayre 2007). While the CA 
technology ensemble is based on the principles of minimal soil disturbance, residue 
retention, rational crop rotation, and controlled traffic, RCTs cover all farming practices/
technologies that facilitate the conservation and enhancement of resource use efficiency in 
farming (Erenstein 2009; FAO 2010; Gupta & Sayre 2007; Harrington & Erenstein 2005). 
These sustainable agriculture practices, which herald a paradigm shift in tillage and land 
preparation options, aid farmers in cost-saving and yield enhancement by shifting from 
conventional tillage wheat to minimal/zero tillage wheat, moving from  puddled transplanted 
rice to ZT direct seeding in rice, and engaging in other resource-saving practices (Hobbs, 
2007). Most prominent among such CA-based RCTs in the cereal system of South Asia is 
the minimal/zero tillage of wheat (Erenstein & Laxmi 2008; Gupta & Sayre 2007; Laxmi et 
al. 2007).

Research in India on zero tillage (ZT) wheat started in the 1970s but was soon 
abandoned due to technical constraints (Ekboir 2002). However, with the involvement of 
the Consultative Group for International Agricultural Development (CGIAR) in the South 
Asia region under the Rice-Wheat Consortium (RWC) programme of the IGP, ZT technology 
gained momentum in the late 1990s in NW Indian states. Here, after the initial spread, the 
area under the technology stabilised at 20–25 per cent (Erenstein 2009). A tractor-drawn 
ZT seed drill forms the machinery component of the technology, which allows wheat seed 
to be sown directly into unploughed fields with a single pass of the tractor, often with 
simultaneous basal fertiliser application. Despite having a relatively short history of adoption, 
the technology is reported to have helped wheat farmers overcome the constraint of late 
sowing of the crop after harvesting late-maturing basmati rice and of the widespread 
incidence of the weed Phalaris minor (Mehla et al. 2000; Erenstein & Laxmi 2008).

The positive farm profitability effects of ZT technology adoption in India is estimated 
at USD 96 per hectare (Erenstein & Laxmi 2008), which can be decomposed into (1) 
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production cost savings and (2) yield increase. While the cost-saving effect of the technology 
(through reduced energy costs for tillage) is ‘robust enough to make adoption worthwhile’ 
(Erenstein et al. 2008a) and relatively straightforward, the productivity gain in fields is often 
insignificant. According to agronomists, the productivity advantages of ZT wheat originate 
from earlier planting (and thus evading terminal heat during the grain filling stage), control 
of obnoxious weeds, better nutrient management, and water savings. Mehla et al. (2000) 
estimated from on-farm trials a yield gain of 15.4 per cent and apportioned it into timeliness 
of planting (9.4 per cent) and enhanced input use efficiency (6 per cent). Nevertheless, 
many farmers are found dis-adopting the technology, even in the north-western plains, 
citing the absence of productivity enhancement (cf. supplementary material). The fact that 
CA practices are not continuous over cropping seasons in the IGP—as ZT wheat is followed 
by puddled, transplanted rice in most of the region (Erenstein et al. 2008a)—also reduces 
the possibility of deriving intuition from the years of experience in other cereal systems of 
the world where ZT has been practised successfully.

As a first step toward accelerating ZT technology diffusion and reaping significant 
societal and environmental benefits (Gupta & Sayre 2007), the associated yield effects are 
to be analysed and documented properly. The few attempts to examine the productivity 
impacts of ZT wheat either do not systematically delineate the different determinants of 
production or are based mostly on on-farm trials. Nevertheless, certain cultural practices 
and input uses in wheat production are found endogenous and strongly associated with ZT 
practice, the adoption of which again is endogenous; for example, ZT wheat is found to 
increase yield through timely crop establishment, and both ZT technology adoption and 
the time of sowing are endogenous variables. Therefore, ordinary least squares estimation 
of production functions on wheat would not conclusively provide quantified results on 
productivity impacts. In addition, to the best of our knowledge, there are no studies 
examining the efficiency impact of ZT technology in the rice-wheat production systems of 
the IGP.

Against this backdrop, the present paper evaluates the on-farm productivity and 
efficiency impacts of the adoption of ZT wheat, employing econometric models barring the 
aforementioned endogeneity bias. As outlined in the subsequent methodology section 
(Section 2), the primary data source is an empirical farm survey in the rice–wheat belt of 
Haryana state of northwest India. The characteristics of the study area are also presented in 
Section 2, alongside the analytical methods employed for econometric estimation. The 
cost, productivity, and technical efficiency�impacts of the ZT technology are presented and 
discussed in Section 3. The final section (Section 4) concludes the paper.
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2. Materials and methods

2.1. Study Area and Sampling

Rice–wheat cropping systems occupy about 13.5 million hectares in South Asia (especially 
in the IGP of India, Pakistan, and Bangladesh), contribute 85 per cent to the region’s cereal 
production, and feed about 20 per cent of the world population (Saharawat et al. 2010; 
Timsina & Connor 2001). The study area, Haryana, located in the northwest of the Trans-
Gangetic Plains, is one of the major producers of both rice and wheat in the country. A 
semi-arid continental monsoonal climate prevails in this region; 80 per cent of the total 
precipitation occurs during the monsoon season from June to September (Erenstein & Farooq 
2009). Wheat is grown in the cool and dry rabi season (November to March), whereas rice 
is grown during the warm humid/semi-humid kharif season (June to October) on about 2.5 
million ha (Coventry et al., 2011; Krishna et al., 2013). The cereal systems in Haryana, as in 
the other parts of northwestern IGP, are capital-intensive and commercial and have relatively 
large farm holdings. Rice and wheat contribute over two-thirds of the overall household 
income in this region (Erenstein & Farooq 2009).

The soils in the study areas are mostly alluvial, weakly structured, and low in organic 
carbon with light to medium texture (Jehangir et al. 2007). Cereal production is largely 
mechanised. Traditionally, four-wheel tractors with attached tine cultivators and disc harrows 
are used to prepare the land for rice and wheat cultivation (Krishna et al. 2013). However, 
the adoption of ZT technology is also reported to be the highest in Haryana among all the 
states in the IGP—the area under ZT wheat was 0.3 million ha in 2002, up from zero 
adoption in 1997 (Hobbs & Gupta 2004). Erenstein et al. (2007a) reported that 35 per cent 
of sample households adopted ZT technology, and in 26 per cent of the wheat area during 
2003–04. Information on recent adoption rates is unavailable. 

The present study was conducted in 2010–11 in collaboration with the Global 
Conservation Agricultural Programme (GCAP) of the regional station of Centro Internacional 
de Mejoramiento de Maíz y Trigo (CIMMYT) at New Delhi (India).  The main primary data 
source for this study was a formal survey of rice and wheat growers of Haryana during 2011. 
Although ZT was relatively popular in the state, a random selection of villages and households 
would still not ensure an adequate share of adopters for with-and-without comparison of the 
technology effect. Hence, only the districts and villages with predominantly ZT wheat were 
chosen for the study. The ZT promotion activities were extensively undertaken under 
different GCAP projects. A list of 93 villages of Haryana where ZT was popular was obtained, 
which included 52 villages of Ambala (with average adoption of ZT at 72 per cent of wheat 
area), 15 villages of Kurukshetra (67 per cent), 18 villages of Kaithal (46 per cent), and 8 
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villages of Karnal district (26 per cent)1. For the present study, we have selected only the first 
three districts where the number of villages with ZT technology is the highest. From each of 
the selected districts, five villages were selected randomly. Prior to the household survey, 
short focus group discussions (FGDs) were conducted in each of these villages, and ZT 
adoption was recalculated and compared with the figures obtained from the CIMMYT 
(Figure 1). Possibly due to the differences in data collection approaches employed and to the 
lapse of time (2–3 years), there was a certain deviation in adoption figures between the 
secondary and primary datasets. In one-third of the sample villages, the technology adoption 
was as high as around 90 per cent or more, limiting the number of non-adopters in the 
household survey. However, the cropping pattern and soil characteristics of these villages 
are not radically different from the others, making inter-village comparison possible.

Figure 1: Zero tillage adoption in sample villages

Sources: � CIMMYT (2010) � FGDs (2011)

1 Source: ML Jat, Senior Scientist, GCAP, CIMMYT, New Delhi.
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An interview-based survey of 180 wheat farms was carried out in 2011 in collaboration 
with the CIMMYT training/internship programme, where the student interns were engaged 
in primary data collection under the supervision of experienced researchers. Most sample 
households (62 per cent) belonged to the medium-farmer category, owning landholdings of 
size between 4 ha and 10 ha, followed by marginal (<1 ha; 16 per cent) and small farmers 
(1-2 ha; 14 per cent). Apart from eliciting general farm and household characteristics, the 
survey included detailed questions about the history and pattern of adoption of ZT 
technology and input–output relationships in wheat cultivation for winter (rabi) season 
2010–11. The total sample consists of 94 full adopters, 39 partial adopters, and 47 non-
adopters of the ZT technology.2 As the partial adopters were cultivating wheat under both 
ZT and conventional systems, we have elicited the input data from both plots with tillage 
(n = 86) and without tillage (n = 133), which allows us to make with-and-without technology 
comparisons on input use not only across farms but also within them. However, it was 
observed that the partial adopters often harvest ZT and conventional tillage plots together, 
mostly using combine harvesters, and precise plot-level data on wheat grain yield was not 
available. Hence, farm-level average yields were used for analysis instead of plot-level 
data. 

2.2. Analytical Framework

The interdependencies between production rate (productivity) and production level in 
comparison with resource use (efficiency) are misleading; often, people use these concepts  
interchangeably. Productivity in agriculture is achieved by maximising production per unit 
cropped area whereas technical efficiency refers to the economic unit’s capacity to produce 
maximum output for a given bundle of inputs and technology (Färe et al. 1994). Targeting 
productivity while overlooking efficiency would be very expensive and unaffordable for the 
production system as a whole. On the other hand, increasing efficiency may not always 
lead to productivity gain. In this paper, we focus on both efficiency and productivity of the 
wheat production system from the resource conservation perspective. 

2.2.1. Production Function Estimation with Endogeneity Correction

The net yield effect of ZT technology can be estimated econometrically by using a production 
function approach, in which wheat production is hypothesised as a function of technology 
adoption (ZT) and time of sowing (S), alongside other farm and household factors (H). We 
use a Generalised Cobb-Douglas function, which shows a good fit in empirical studies at 
the micro-level. The core equation of our model is:

Yi = α0 +  α1 ZTi + α2Si + α3HYi + εYi ,	 i = 1,.....n	       (1) 

2 This study interprets ZT as the planting of wheat with a tractor-drawn ZT seed drill directly into unplowed fields with a 
single pass of the tractor.
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The null hypothesis associated with technology adoption is that neither adoption nor 
timing of sowing affects productivity (i.e., α1=α2=0). As indicated in the introductory section, 
one of the ways ZT technology impacts wheat yield is by facilitating farmers to sow seeds 
earlier. However, there is a high probability that ZT adoption and timing of wheat sowing 
are endogenously determined, and hence we employ 2-stage least squares (2SLS) 
instrumental variable (IV) approach for the production function analysis. The extent of ZT 
adoption on ith farm, ZTi , could be affected by the scarcity of seed drills in the village, 
represented by the village-level adoption of ZT technology, and the ratio of ZT drills to 
other ploughing machines (e.g., tine cultivators). A Wu-Hausman-Durbin test was employed 
to compare the IV coefficients with OLS ones. The null hypothesis is that the OLS estimator 
is indeed an efficient and consistent estimator of the true parameters, and there should be 
no systematic difference between the two parameters. If there is a systematic difference in 
estimates, we suspect violation of the OLS assumptions, and hence resort to IV regression.

2.2.2. Frontier Efficiency Estimation

Recently, many researchers have started employing semi-parametric or similar approaches 
to combine the advantages of two concepts (Fan et al. 1996; Henderson & Simar 2005; 
Kneip & Simar 1996; Kumbhakar et al. 2007; Kuosmanen & Kortelainen 2012; Park et al. 
1998; Park et al. 2003, 2007). Three examples are given below. 

Combining the axiomatic, nonparametric treatment of frontiers that are free of 1.	
distributional assumption but impose the general regularity properties (e.g. in DEA) 
with a stochastic treatment of noise like that of SFA (Kortelainen 2008; Kuosmanen & 
Kortelainen 2012). 

Relaxing the a priori assumptions on the production frontier, but imposing distributional 2.	
assumptions on error components (Fan et al. 1996).

Non-parametric stochastic frontier by different techniques such as kernel regression, 3.	
local linear least squares, or local maximum likelihood (Henderson & Simar 2005; 
Kneip & Simar 1996; Kumbhakar et al. 2007). Very few empirical works have been 
reported so far. To our knowledge, this is one of the first attempts to apply the stochastic 
method in enveloping data using shape constraints in technology adoption (Kortelainen 
2008; Kuosmanen & Kortelainen 2012). 

The present agricultural production involving CT is in the form of a single output 
(wheat: y ∈ ℜ

+
) multiple input (m-dimensional input vector 

€ 

x ∈ ℜ+
m ) case. Let the frontier 

production technology be f : 

€ 

ℜ+
m → ℜ+

 where f  follows classical DEA frontier i.e. continuous, 
monotonic increasing and globally concave functions that are non-differentiable (denoted 
by F2 class of functions). Thus, this specification follows a nonparametric pattern, contrary 
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to SFA where specification of the functional form for f is required a priori. The production 
function can be formally represented by introducing a composite error term εi = υi − ui 
which consists of inefficiency (ui : ui > 0, assuming an asymmetric distribution for ui with a 
positive expected value μi and a finite variance 

€ 

συ
2) and noise (υi : here we assume a 

symmetric distribution with zero mean and constant, finite variance σ 2υ ) terms. Consequently, 
the observed output (yi ) may differ from f(xi ). Further, borrowing from the multiplicative 
formulation from SFA, our production function can be represented as 

yi = f (xi  ) exp(ξZi+εi )=f (xi ) exp(ξZi−ui+υi ),             i = 1,....., n	 (2)

where Z is the environmental or exogenous variable that influences production. 
Additionally, we assume that ui and υi are statistically independent of each other as well as 
of inputs xi . Here, the production function f(xi  )  is analogous to DEA, whereas the stochastic 
part (εi ) is decomposed into inefficiency (ui ) and noise (υi ) terms similar to SFA, thus 
making the model (2) encompassing both classic DEA and SFA models as constrained 
special cases. 

We employed stochastic non-smooth envelopment of data (StoNED) approach 
proposed by Kuosmanen & Kortelainen (2012) to estimate the model (4). Here, a two- stage 
estimation strategy is followed. 

Stage 1: CNLS estimation

By maintaining the same assumptions of production function f and composite error term 
as in the model (2) and applying log transformation, we get yi = In f (xi ) +ξZi+εi , i= 1,....., n. 
To preserve the Gauss-Markov properties for error terms without losing generality, the model 
can be rephrased as follows:

In yi = [In f  (xi )-μ] ξZi+[εi+ μ]=g (xi )+ξZi+υi ,             i = 1,....., n	 (3)

where g(x)[=In f (x)-μ] is an ‘average’ practice production function in contrast to the 
best/frontier production function f (x ) and υi ≡ εi+ μ where µ is the expected inefficiency. 
The CNLS estimator for function g can be obtained by a quadratic programming (QP) 
problem proposed by Kuosmanen (2008):

(4) 

min
ˆ y , ,

 yi ln ˆ y i( )
i=1

n

ˆ y i = i + i ' xi +  Zi

i + i ' xi h + h ' xi         h,i = 1,....,n

i 0      i = 1,....,n

 



9

The first constraint of the problem (4) represents a regression equation which is 
technically similar to the random parameter SFA model (Greene 2005). For more details 
about the properties of the CNLS estimator please refer Kuosmanen & Kortelainen 
(2012).

Stage 2: Efficiency Estimation

By solving the QP, we get CNLS residuals 

€ 

ˆ υ ≡ ˆ υ 1,...., ˆ υ n( ). In the next step, these composite 
residuals are disentangled into inefficiency and noise by imposing some distributional 
assumptions i.e. half-normal inefficiency 

€ 

 ui
iid
~ N (0,σ u

2( ) and normal noise 

€ 

 υ i
iid
~ N (0,συ

2( ). 
Using a method of moments approach, the variance parameters are estimated by computing 
the second 

€ 

ˆ M 2 = ˆ υ i − ˆ E υ i( )( )
 2

n
i=1

n

∑
⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥   and third central moments 

€ 

 ˆ M 3 = ˆ υ i − ˆ E υ i( )( )
 3

n
i=1

n

∑
⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥  of the 

composite error distribution. Given the estimated M̂  3, we can estimate σu as the third 
moment depends only on the standard deviation of inefficiency. Therefore,  

The frontier production function f can be consistently 
estimated as 

€ 

ln ˆ f x( ) = ˆ g min x( )+ ˆ σ u 2
π

 (shifting the average practice frontier obtained from CNLS 
upwards by the expected value of the inefficiency term). The point estimator for inefficiency 
(ui) can be estimated using the conditional mean,  

where, 

is the standard normal density function, and 
√Φ is the standard normal cumulative distribution function. 
The efficiency is calculated as effi = exp (-ui).

2.2.3. Determinants of Technical Efficiency

Factors external to production inputs (farmer’s education, farm location) influence the 
technical efficiency of ZT wheat. Here, we applied an instrumental variable Tobit model to 
analyse the effects of such determinants. Traditional ordinary least squares estimations are 
inconsistent, as the dependent variable is censored in nature. For example, the upper value 
of technical efficiency score is truncated to 1. The structural equation in the Tobit model3  
defined below provides us a consistent estimation for the regression coefficients:

3 Theoretically, the efficiency score lies between [0, 1]. The lower efficiency score is rarely required to be truncated to 
0, i.e., the truncation is limited to the upper level of the efficiency score. Hence, we adopted an upper truncated Tobit 
model in our analysis. 

and,                       .

,

σ *
2 = σ u

2συ
2 σ u

2 +συ
2( ),

φ
√Φ
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 effi = 

€ 

effi
* = ϕ ZTi +ξ DOS i +δ Si +ε i 	 (5)

Following Holden (2004), residuals are assumed to be normally distributed 
i.e. εi ~ N(0, σ2). eff * is the latent variable that is observed for efficiency values lower than 
τ(=1) and censored otherwise. The observed eff is defined by the following equation 

	 (6)

where eff is the dependent variable (CNLS technical efficiency scores), S is a k×1 vector 
of independent variables relating to ZT.4 The estimation is carried out by minimising a log 
likelihood function with a part corresponding to non-censored observations and the other for 
the values equal to one. Village-level adoption of ZT technology, the ratio of ZT drills to other 
ploughing machines, and village-level per-household wheat area in the village are used as 
instruments for ZT and S. As in the case of productivity analysis, a Wu-Hausman-Durbin test 
was employed to compare the IV coefficients with OLS ones. 

3. Results and discussion 

3.1. Adoption and Economics of ZT Wheat

Table 1 presents the adoption pattern of ZT technology in the sample villages. As the sample 
includes only those villages where ZT technology is relatively popular in Haryana, very high 
awareness as well as adoption rate (83 per cent) were observed. This technology take-off 
stage occurred during the 2004–05 wheat season, coinciding with the time of high extension 
inputs by Rice-Wheat Consortium of CGIAR that promoted CA in the IGP. Adoption is found 
slightly higher among the large farmers compared to the small ones, but this difference is 
statistically insignificant. Dis-adoption rate is much lower than in many other villages in the 
state: 14 per cent of farmers ever adopted ZT on their farm (cf. supplementary material).

There is significant difference with respect to input use between adopters and non-
adopters of ZT technology (Table 2). Unsurprisingly, drill use reduces seed quantity, while 
there is a marginal increase in chemical fertilisers in the ZT plots. However, the most significant 
cost changes are observed in labour use. Adopting technology spares about 81 per cent of 
hired human labour and 21 per cent of machine labour and, as a result, lowers the total paid-
out cost of cultivation by 31 per cent over conventional wheat plots and by 25 per cent when 
the family labour component is imputed. The cost impact is almost the same, even when the 
partial adopters of the wheat are excluded from the analysis. 

4 Though ZT adoption and date of sowing (DoS) are independent variables related to ZT, we treat them separately to em-
phasise the importance of those variables in our frontier model.

effi =  effi
* if effi

* > τ
1 if effi

* > τ
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Farmers often harvest wheat with combine harvesters, and ZT and CT plots together. 
Pilot surveys have shown that the farmers have difficulty in computing plot-level productivity. 
There would be measurement errors in plot-level yield data; hence, whole-farm productivity 
data is used for functional analysis. Before that, the economics of wheat farming was 
calculated for ZT plots (52 per cent of the sample) and conventional plots (26 per cent), 
excluding the plots of partial adopters. Although the results so obtained are slightly biased, 
they indicate that the technology can be highly profitable to farmers. Adopting ZT is 
associated with a 6 per cent increase in productivity and 31 per cent increase in profitability 
when only paid-out costs are included for the analysis (Table 3), and with a change in input 
use (e.g. chemical fertilisers), which could also contribute to the yield difference (Table 2). 
The next sub-section presents the results of the production function analysis, conducted to 
delineate the impact of technology adoption from associated input use.

3.2. Productivity Impact of ZT: Functional Approach

To estimate the individual impacts of ZT adoption and time of sowing, a Generalised 
Cobb-Douglas model was used, in which all the production inputs and farm size along 
with the dependent variable (wheat yield) were transformed into natural logarithmic form. 
Since whole farm productivity was used as the dependent variable, ZT adoption was 
captured as a share of ZT wheat in the total wheat area in the scale of 0–1. The variable 
‘date of sowing’ (DoS) shows the difference between the date of sowing wheat and 1 
November. A value of 1 is given if wheat is sown on or before 31 October. Wheat sown 
after the second week of November is critically affected by terminal heat, and 1 November 
is chosen as a cut-off date after keeping a margin of two weeks for weather fluctuations. 
The variables used in the productivity analysis are shown in Table 4. 

Attempts were made to instrument both ZT adoption and DoS using a number of 
variables, viz., village-level adoption or ZT technology, wheat area per number of drills 
available in the village, village-level per-household wheat area, etc. The reduced form 
(yield as a function of IVs) was not statistically significant when DoS was instrumented 
although these variables fulfil the exclusion restriction (that IVs affect the dependent 
variable only through the treatment variable) and there were strong indications of a first 
stage. On the other hand, ZT adoption was more satisfactorily instrumented by different 
variables. The results of OLS and IV regression are shown in Table 5. Nevertheless, in all 
the cases, the Wu-Hausman-Durbin test showed that the OLS estimator is an efficient and 
consistent estimator of the true parameters, and hence the model can be explained better 
based on OLS parameters.
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Table 4: Descriptive statistics
Variable Description (unit) Mean (Std. devn) Minimum Maximum

Output variable 

Wheat yield Quantity of wheat grain yield 
(quintals/ha)

43.5
(4.7)

29.6 54.3

Technology adoption

Zero tillage Share of wheat area under ZT 
technology in a farm (0-1)

0.6
(0.4)

0.0 1.0

Date of sowing Number of days between the date of 
wheat sowing and 1 November. Date 
of sowing is one, if wheat is sown on 
or before 31 October

7.1
(4.9)

1.0 27.0

Production inputs

Seed Cost incurred to purchase wheat seeds 
(Rs/ha)

1117.7
(353.6)

184.4 2532.6

Chemical 
fertilisers

Quantity of nitrogen and phosphorous 
applied for wheat (quintals/ha)

2.5
(0.3)

1.9 5.0

Human labour Number of days of labour used for 
wheat cultivation (days/ha)

9.8
(6.5)

3.7 44.9

Herbicides Cost incurred to purchase herbicides 
(Rs/ha)

1981.2
(264.3)

1089.0 2963.1

Farm-household characteristics

Land cultivated Area under cultivation by the 
household (ha)

5.4
(5.1)

0.4 30.0

Age of HoH Age of household head (years) 57.2
(13.1)

28.0 90.0

Education of 
HoH

Years of schooling obtained by the 
household head

4.5
(5.3)

0.0 17.0

Remoteness Distance of the village from the 
nearest city (km)

11.6
(10.5)

0.0 40.0

Kaithal district Dummy for the farmer from Kaithal 
district (=1, 0 otherwise)

0.3 0.0 1.0

Kurukshetra 
district

Dummy for the farmer from 
Kurukshetra district (=1, 0 otherwise)

0.3 0.0 1.0

Instruments

Village-level 
adoption

Share of ZT adopters in the village 
(0-1)

0.6
(0.3)

0.2 1.0

Drill/other ratio Number of ZT drills to number of 
conventional tillage machineries (ratio)

0.4
(0.2)

0.1 1.0
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Table 5: Estimation of impacts of ZT adoption on wheat yield*

OLS IV

coef. std. error p-value coef. std. error p-value

Technology adoption

Zero tillage# 0.070 0.019 0.00 0.240 0.064 0.00

Date of sowing* -0.019 0.011 0.10 0.007 0.016 0.68

Production inputs

Seed* -0.013 0.058 0.82 0.097 0.080 0.23

Chemical fertilisers* -0.036 0.079 0.65 -0.102 0.099 0.30

Herbicides* -0.001 0.029 0.97 0.004 0.035 0.90

Human labour* -0.005 0.004 0.24 -0.009 0.005 0.07

Farm-household characteristics

Land cultivated* 0.027 0.009 0.00 0.028 0.011 0.01

Age of HoH 4.E-04 0.001 0.48 0.001 0.001 0.43

Education of HoH 0.001 0.002 0.51 0.001 0.002 0.53

Remoteness 0.003 0.001 0.00 0.004 0.001 0.00

Kaithal district 0.042 0.025 0.09 0.099 0.036 0.01

Kurukshetra district 0.082 0.020 0.00 0.130 0.029 0.00

Model intercept 3.760 0.492 0.00 2.742 0.696 0.00

Adjusted R2 0.241

F (12 167) 5.74 0.00 4.30 0.00

Hausman test statistic χ2(12) 7.81 0.80

* Variables taken in their natural logarithmic terms. # Instrumented in IV regression.
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Figure 2 : Cumulative distribution of sample farmers according to date of wheat sowing

Source: Own household survey (2011).

Similar to the mean variance analysis carried out beforehand (excluding the partial 
adopters; Table 3), the yield effect of ZT was found to be 7 per cent over conventional 
wheat (Table 5), which is slightly higher than the previously reported estimate (5 per cent; 
Erenstein 2009, in mean variance analysis). This yield effect is only due to better nutrient 
management and weed control and not through facilitating early sowing. A delay in 
sowing wheat reduces yield significantly, and since ZT adoption facilitates early sowing 
of wheat (Figure 2), the indirect yield benefits could also be substantial. Unlike in the case 
of the aforementioned variables, usage of the inputs has yielded only insignificant elasticity 
coefficients, indicating that they are currently used at their agronomic optimum levels. 
There was a clear economy of scale: the percentage increase in wheat area increased 
yield by 2 per cent. Farmer age and education yield insignificant coefficients in the 
production function, whereas remoteness of the village was found associated with higher 
yield. 
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Table 6: Estimation of impacts of ZT adoption on efficiency

non parametric frontier
dependent variable: wheat 
yield*

IV Tobit model#
dependent variable: 
technical efficiency

coef. std. error p-value coef. std. error p-value

Technology adoption

Zero tillage# 0.081 0.018 0.00 0.101 0.039 0.01

Date of sowing* 0.651 0.131 0.00 -0.004 0.011 0.72

Production inputs

Seed* 0.386 0.041 0.00 0.386 0.041 0.00

Chemical fertilisers* 2.646 0.167 0.00 2.646 0.167 0.00

Herbicides* 2.618 0.050 0.00 2.618 0.050 0.00

Human labour* 1.132 0.144 0.00 1.132 0.144 0.00

Farm-household characteristics

Land cultivated* 0.025 0.007 0.00

Age of HoH 0.001 0.001 0.28

Education of HoH 0.001 0.001 0.38

Remoteness 0.003 0.001 0.00

Kaithal district 0.049 0.018 0.01

Kurukshetra district 0.090 0.019 0.00

Model intercept 0.683 0.064 0.00

Log likelihood 0.241 114.62

Wald χ2 (8) 5.74 0.00 61.69

Wald test of exogeneity χ2(1) 8.00 0.00

Notes: * Variables taken in their natural logarithmic terms.# Instrumented variable in IV Tobit.
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3.3. Productivity Impact of ZT: Frontier Analysis 

The parameter estimates in SFA usually have an interpretation of marginal product/cost or 
elasticities, but in DEA and StoNED the shadow price can be interpreted as marginal 
product/cost. The marginal product of inputs in StoNED—contrary to SFA—varies across 
firms. The variables in the CNLS production function described in equation (4) comprised 
inputs (labour, seed, fertiliser and herbicides, DoS), ZT (as external variable influencing the 
frontier), and output (wheat yield). The effects of these inputs on production frontier are 
estimated and reported in the first columns of Table 6. 

The DoS and the production inputs (seed, chemical fertilisers, herbicides, and human 
labour) influence the frontier significantly; the DoS also determines its shape. Further, the 
marginal product is calculated by multiplying the shadow prices obtained as the optimal 
solution for the CNLS problem by the expected value of inefficiency (Kuosmanen 2012). For 
every unit increase in input use, wheat production is increased by 0.35 units (seed), 0.02 
units (chemical fertilisers), 0.23 units (herbicides), and 1.02 (human labour) units. Thus, the 
input use of the present production system showed a positive but decreasing marginal 
productivity except for the human labour input. The study region is one of the highly 
mechanised states in India and we do expect a labour shortage in these region. The optimal 
use of inputs could be achieved by adopting ZT technology. For example, the number of 
tillage operations, as reported by Sharma et al. (2002) and Erenstein et al. (2007b), decreases 
from 7–8 in conventional tillage to zero in ZT wheat. Zero tillage saves irrigation water use 
(Gupta et al. 2002; Hobbs and Gupta 2003; Mehla et al. 2000); improves soil quality and 
structure (Chauhan et al. 2002; Mohanty et al. 2007) and reduces the incidence of weeds 
and pests (Chauhan et al. 2002; Dabur et al. 2002; Franke et al. 2007; Malik et al. 2004; S. 
Singh 2002).

The ZT variable determines the production frontier level but does not influence its 
shape. The model specification in equation (4), the ZT variable, explains the differences in 
efficiency across farms with different levels of ZT adoption. Alternatively, this technology 
variable represents farm heterogeneity and their production environment. In contrast to 
conventional DEA, the StoNED approach provides a clear advantage as the z variable is 
incorporated in the model directly and estimates the parametric part involving the z variable 
jointly with the non-parametric frontier (Johnson & Kuosmanen 2011; Johnson & Kuosmanen 
2012; Kuosmanen 2012). The coefficient of the ZT variable, thus, follows the conventional 
properties of an estimate for statistical inferences. The coefficient of z variable (ZT) reported 
in Table 6 influences wheat yield significantly and positively. Adopting ZT increases wheat 
production by 8 per cent on average over conventional wheat production. Erenstein and 
Laxmi (2008) also reported similar yield effects (6 per cent on average) in rice–wheat systems 
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in the IGP. Mehla et al. (2000) reported a higher ZT yield gain of 15.4 per cent in on-farm 
trials in Haryana. Many of these studies are based on on-station or on-farm trials and very 
few field studies have been conducted (Erenstein & Laxmi 2008). Moreover, ZT technology 
will also influence crop production activities such as date of sowing, input use, etc. Thus, in 
addition to tillage technology, ZT captures the part of the production environment that 
influences the wheat production process.

3.4. Technical Efficiency of ZT: Moments Approach

Following the method of moments approach, CNLS Technical Efficiency (TE) scores are 
estimated and represented using Kernal density estimates in Figure 3. The average input-
oriented efficiency score is 0.89, which denotes that 11 per cent of the current resource 
use could be saved by increasing farm performance to the highest level. In other words, 
the same level of output can be produced with 11 per cent less resources if all farms 
produce at the frontier level. Out of the total 180 farms, 17 (9 per cent) are efficient (with 
TE score of 1.00). This is in contrast with the standard DEA where the percentage of 
dominant farms is high (18 per cent in our sample) due to the absence of noise terms in 
model formulation. Density distribution of farmers with respect to TE shows a clearly 
distinctive pattern: a steady increase in share of farms at the lower efficiency level (TE 
scores from 0.61 to 0.75) followed by a sharp increase at the average efficiency score (TE 
from 0.75 to 0.95) and finally a steady increase at the high efficiency region (TE: 0.95 to 
1.00). Previous studies have reported a similar TE distribution: Huang and Bagi (1984) 
estimated an average TE of 0.90 for high yielding wheat in this region using translog 
production model whereas Malana & Malano (2006) estimated an average TE of 0.85 in 
the DEA framework.

The full adopters of ZT technology are found performing better than other farmers 
(including the partial adopters and non-adopters), providing an efficiency gain of approximately 
1 per cent (Figure 3). However, it should be remembered that in the CNLS frontier model, 
ZT is treated as an environmental (external) variable influencing the frontier. The Kernal 
density graph (Figure 3) did not show any substantial differences in average efficiency 
between ZT adopters and non-adopters. Nevertheless, the pace of achieving high efficiency 
levels (TE score above 0.90) is comparatively faster for ZT partial/full adopters than non-
adopters. As stated before, the major influence of this RCT is captured by DoS in the frontier 
model: as DoS is delayed, the TE reduces. There is very substantial efficiency gain (16 per 
cent) for early growers compared to late growers. Kamruzzaman & Islam (2008) also reported 
a similar trend in technical efficiency gain for early sowing of wheat compared to late 
sowing. 
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Figure 3: Kernal density estimates of technical efficiency scores with respect to ZT 
adoption

3.5. Determinants of ZT efficiency

The results of the Tobit model (Table 6) suggests that the technical efficiency of wheat 
production is positively associated with ZT, land cultivated, farm remoteness, and the 
district they belong to. No significant associations between technical efficiency and 
household characteristics (such as age and education of head of household) are observed. 
Further, the date of sowing does not show any significant influence over technical efficiency. 
Note that the effect of DoS is shown as decreasing marginal productivity and the variable 
ZT captures a significant part of the efficiency gain attributed to timely sowing. In this 
model, DoS explains only the remaining effect of the delay in the date of sowing on technical 
efficiency given the adoption of ZT technology.  

Subsequently, further analysis is conducted to examine the marginal effect of these 
determinants to understand to what degree these farm-household characteristics and 
technology adoption influence the efficiency of wheat production. The efficiency gain from 
adopting ZT technology is estimated as 14 per cent. As stated above, the timely sowing of 
wheat plays a vital role in ZT technology and hence this efficiency gain is attributed partly to 
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DoS as well. If we examine the effect of DoS, it shows a negative but insignificant effect on 
technical efficiency. Thus, by proper adoption of ZT, the expected efficiency gain would be 
more than 14 per cent. The insignificance of this variable can also be attributed to the fact that 
most farms sow seeds by the second week of November and none of them delay cultivation 
until after November (Table 4).

The remoteness of the farm from the city influences the efficiency positively, i.e., farms 
situated 1 km away from the city showed a marginal efficiency gain of 0.25 per cent. Here, 
our focus is on ZT farming where inputs are used at low intensity. Hence, the remoteness 
influences such a farming system positively as the input access is no more a limiting factor in 
the production process (usually, the input access of remote farms is lower compared to those 
farms close to the city; in conventional farming, this can reduce crop productivity). For every 
unit increase in land, technical efficiency increases by 2 per cent. Some studies showed that 
ZT benefits are scale-neutral in terms of yield gain (Malik et al. 2005; Thakur et al. 2005) but 
none analysed the efficiency gain associated. Our study departs from the above and shows 
that the scale of operation influences the technical efficiency of ZT wheat. Further, compared 
to the reference district (Ambala), the districts Kaithal and Kurukshetra are found 4 per cent 
and 9 per cent more efficient, respectively,  in wheat production. 

4. Conclusion

Prosperity and food and nutritional security are heavily dependent on increasing food crop 
productivity, given the fixity of land. Reportedly, productivity must grow at 2 per cent every 
year to meet the future wheat demand imposed by the increasing population and economic 
growth in India and other South Asian countries (Reynolds et al. 2008).  Unfortunately, the 
challenges are compounded by the sluggish productivity growth after the green revolution 
(Rejesus et al. 1999); impediments due to second-generation problems such as climate 
change (Fischer et al. 2002); water scarcity (Shiklomanov & Rodda 2003); inappropriate 
and under-developed agricultural production (both inputs and output oriented) institutions, 
etc. In this context, feeding the continually growing population without further sacrificing 
environmental integrity is a great challenge for the coming decades. Understanding the 
productivity and efficiency of different types of farming is essential to producing sufficient 
food and fibre at minimal environmental cost. This paper is the first attempt to compare the 
productivity and efficiency of a promising wheat production technology with that of 
traditional wheat cultivation using farm-level data. The productivity gain is verified by 
different approaches (parametric and semi-parametric). Our study showed a promising 
result of 7–8 per cent yield gain for ZT wheat over conventional wheat. The early ZT growers 
showed a substantial efficiency gain (16 per cent) compared to the conventional late 
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growers. Indian agriculture is facing serious productivity gaps at various levels with low 
average yields. The silver lining to the cloud is that the productivity gaps are bridgeable, for 
example by using appropriate technology such as ZT. 

The agrarian crisis and consequent decelerating agricultural productivity growth 
induced an agrarian transformation in India. An environmentally friendly, productive, and 
efficient production technology is essential to tackle the growing challenges in Indian 
agriculture. Zero tillage is one such promising CA technology that can be integrated with 
low chemical input use. In our study, this technology’s productivity and efficiency is 
significantly higher than that of the conventional cultivation method. Input use is also 
minimal. But the factors of no/low adoption of this promising technology need to be 
investigated in detail considering the existing low rate of ZT diffusion. Further, agricultural 
policies promoting such types of technology are central to achieving the objective of 
environmentally sustainable, efficient, and productive wheat cultivation in realising the 
‘evergreen revolution’ visualised by the Indian government.  
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Supplementary Information 

This information is derived from another baseline survey, conducted as part of the Cereal 
Systems Initiative for South Asia (CSISA) project in Haryana. Data were collected by 
CIMMYT (New Delhi) through the project hub at Karnal, from 323 wheat-growing 
households of Haryana state, following a multi-stage stratified random sampling procedure. 
Information was gathered from sample respondents from 18 villages (9 project intervention 
and 9 control) between June and November 2010. The villages were not selected based on 
the level of technology adopted, unlike in the present study, and the adoption pattern 
could be considered representative of Haryana. The key results are presented in Tables S1 
and S2. 
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