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The Economic Impact of Zero Tillage Adoption on Wheat Production in 

Bihar, India: A Panel Data Analysis 

 
 

Abstract 

This study evaluates the economic impact of Zero Tillage (ZT) adoption on wheat production in Bihar, 

a key agricultural region in India’s Indo-Gangetic Plains. Zero Tillage practices, which eliminate 

plowing and enable direct seeding, hold promise for reducing production costs and enhancing resilience 

amid growing challenges such as climate variability, soil degradation, and labor scarcity. Despite its 

potential, ZT adoption in Bihar has been uneven, hindered by limited access to equipment and 

uncertainty regarding its performance. Using panel data from 961 wheat-producing households across 

four agricultural seasons, the study applies a difference-in-differences approach that accounts for 

staggered adoption and time-varying treatment effects. The results show that the timing of adoption 

significantly influences outcomes: early adopters experienced short-term productivity gains and 

reduced input use, but these effects weakened in years with adverse weather. In contrast, later adopters 

demonstrated more consistent improvements in productivity and efficiency, likely reflecting learning 

effects and better environmental alignment. Robustness checks using placebo tests reinforce the 

credibility of the findings. This research provides valuable insights for policies aimed at promoting 

sustainable and climate-resilient agriculture in vulnerable regions of South Asia. 

Keywords: Zero Tillage, Wheat Productivity, Conservation Agriculture, Panel Data, India. 
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1. Introduction 

Agricultural intensification in South Asia has increasing problems from climatic variability, 

diminishing soil fertility, water constraint, labor shortages, and rising production costs. The 

difficulties jeopardize the sustainability of conventional agricultural systems, especially in the 

Indo-Gangetic Plains (IGP), a critical wheat-producing area globally. In this setting, 

Conservation Agriculture (CA) strategies, including Zero Tillage, have emerged as viable 

options to improve production while concurrently lowering input costs and minimizing 

environmental degradation (El-Shater et al., 2016). 

Zero Tillage (ZT), a cultivation method that entails sowing seeds straight into unplowed soil 

with minimal disruption, has garnered acclaim for its diverse advantages. In contrast to 

Conventional Tillage (CT), which involves considerable plowing and seedbed preparation, ZT 

approaches maintain soil structure, mitigate erosion, save moisture, and may eliminate the 

necessity for specific inputs (Issaka et al., 2019). By abolishing tillage activities, ZT not only 

decreases operational expenses but may also enhance sustainable agriculture systems via 

enhanced soil health and decreased greenhouse gas emissions (Hobbs et al., 2007). 
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The eastern IGP, especially the state of Bihar in India, constitutes a vital area for agricultural 

advancement, where the use of ZT has been advocated as a sustainable intensification approach 

(Erenstein & Laxmi, 2008). The agricultural landscape of Bihar is marked by tiny landholdings, 

minimal automation, and significant susceptibility to the effects of climate change. 

Notwithstanding the prospective advantages of ZT, its implementation in this region has been 

inconsistent, as farmers encounter numerous obstacles such as restricted access to specialized 

equipment, insufficient knowledge, and uncertainty over its efficacy under diverse climatic 

circumstances. 

The economic effects of ZT adoption on wheat agricultural systems are intricate and contingent 

on circumstance. Although prior research has demonstrated production improvements and cost 

savings in specific contexts, thorough evaluations across various growth seasons and diverse 

climatic circumstances are still few or inconclusive (Jena, 2019; Yigezu & El-Shater, 2021). 

Furthermore, the impact of ZT on various agricultural inputs, including seed utilization, 

fertilizer application, and labor demands, has not been comprehensively examined, especially 

within the framework of smallholder farming systems in eastern India. 

This study mitigates information gaps by utilizing a rigorous methodological framework 

established by Callaway & Sant'Anna (2021). This contemporary application of difference-in-

differences (DID) is especially significant as it considers the gradual adoption of ZT over time 

and the potential variability in its impacts across diverse farm units. This methodology, in 

contrast to conventional DID approaches that presume homogenous treatment effects, 

facilitates more accurate assessments by incorporating variability in therapy timing and 

intensity. 

This research utilizes panel data from 961 wheat-growing households in Bihar across four 

agricultural seasons (2011-12, 2012-13, 2014-15, and 2015-16) to assess the effects of ZT 

adoption on wheat productivity and critical input variables such as fertilizer application, labor 

hours, and seed utilization. This study analyzes correlations over various seasons with distinct 

climatic circumstances, offering insights into the resilience and economic viability of ZT 

activities amid more changeable weather patterns. 

The results of this research bear significant significance for agricultural policy, extension 

services, and sustainable farming practices in South Asia. This study quantifies the economic 

advantages and potential input savings linked to the adoption of ZT, thereby enhancing the 
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understanding of CA's impact on the sustainability and productivity of wheat farming systems 

in resource-limited settings 

The rest of this article is organised as follows. The next section presents a review of the 

literature followed by a description of the data and methodology. We then discuss the key 

results and end with concluding remarks. 

2. Literature review 

2.1 Conservation Agriculture and Zero Tillage: Conceptual Framework 

The conservation technique encompasses a collection of agricultural methodologies designed 

to preserve soil integrity, optimize resource utilization, and augment crop yield while reducing 

environmental harm. According to the Food and Agriculture Organization (FAO), 

Conservation Agriculture (CA) has three interconnected principles: low soil disturbance, 

permanent soil cover, and crop variety via rotation (Kassam et al., 2019). Among these 

methods, ZT has emerged as a fundamental technology, particularly in global cereal-based 

agricultural systems. 

The ZT entails direct sowing without preceding tillage, maintaining crop residues on the soil 

surface to offer protective cover. This method stands in stark contrast to Conventional Tillage 

(CT), which generally involves several plowing activities that disrupt soil structure and hasten 

the decomposition of organic matter (Derpsch et al., 2010). The theoretical foundations of ZT 

arise from its capacity to simultaneously tackle various agricultural issues: mitigating soil 

erosion, preserving soil moisture, sequestering carbon, lowering input costs, and potentially 

enhancing crop yields over time as soil quality improves (Hobbs et al., 2007). 

The conceptual framework facilitating ZT adoption includes both biophysical and social 

aspects. From a biophysical standpoint, ZT alters soil characteristics and processes, potentially 

resulting in improved water infiltration, diminished runoff, enhanced soil structure, and 

heightened biological activity (Issaka et al., 2019). These modifications may yield agronomic 

advantages by enhancing resource efficiency and increasing tolerance to climatic shocks. From 

a socioeconomic perspective, ZT can diminish production expenses by lowering fuel 

consumption, reducing labor demands, and potentially decreasing input requirements, while 

possibly increasing farm profitability through enhanced yields and resource efficiency 

(Erenstein et al., 2012). 
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2.2 Zero Tillage Adoption in South Asia 

The implementation of ZT in South Asia, especially within the IGP, has exhibited a varied 

pattern marked by geographical differences and chronological variations. Preliminary success 

narratives originated from the northwestern IGP (Punjab and Haryana in India) in the late 1990s 

and early 2000s, chiefly propelled by the advancement of locally tailored ZT drills and robust 

institutional backing (Erenstein & Laxmi, 2008). In contrast, adoption in the eastern IGP 

(comprising Bihar, eastern Uttar Pradesh, and portions of Bangladesh) has been significantly 

slower and more dispersed, despite the potentially greater advantages for these resource-

constrained agricultural communities (Jat et al., 2014). 

Empirical research on ZT adoption in South Asia has revealed various deciding factors. Akter 

et al., (2021) analyzed the adoption and diffusion of conservation agriculture-based tillage 

practices (CA-T) such as zero, minimum, and strip tillage in rice-maize systems in Bangladesh, 

using five years of on-farm participatory trials and survey data from 606 farmers. Results from 

a double hurdle model and propensity score matching reveal that adoption was influenced by 

access to inputs, knowledge, and seasonality, with CA-T practices yielding equal or higher 

outputs than conventional methods.  

Krishna et al. (2017) examined survey data from 1,000 agricultural households in eastern India 

and discovered that socioeconomic attributes, resource endowments, and institutional factors 

substantially affected farmers' decisions to implement ZT. Education levels, landholding size, 

access to credit, and closeness to service providers were identified as significant variables. Keil 

et al. (2016) identified that knowledge deficiencies, insufficient access to suitable machinery, 

and inadequate extension services were substantial obstacles to the extensive implementation 

of ZT in Bihar. 

The eastern IGP, distinguished by smaller landholdings, greater rural population density, and 

reduced mechanization relative to the western IGP, poses distinct hurdles for ZT diffusion. Keil 

et al. (2018) reported that custom-hiring services for ZT gear have arisen as an effective 

solution to scale-related obstacles, enabling small-scale farmers to utilize the technology 

without necessitating individual ownership of specialist equipment. Nonetheless, these services 

are inequitably allocated, with numerous rural regions remaining deficient in sufficient access 

to ZT implements. 

2.3 Impact of Zero Tillage on Crop Productivity and Production Costs 
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Studies investigating the influence of ZT on wheat yield in South Asia have shown diverse 

results, highlighting the context-dependent characteristics of agricultural outcomes. Numerous 

studies in the western IGP have recorded substantial yield benefits for ZT wheat relative to 

conventionally tilled wheat. Erenstein & Laxmi (2008) documented production enhancements 

of 5-7% in agricultural fields in Haryana and Punjab, but Jat et al. (2019) noted yield increases 

of up to 12% in extended trials. Productivity benefits have been ascribed to earlier planting, 

enhanced stand establishment, greater water usage efficiency, and less weed competition. 

In the eastern IGP, where agronomic circumstances significantly diverge from those in the 

west, the findings have been more varied. Keil et al. (2015) performed a pioneering 

comprehensive evaluation of ZT effects on wheat productivity in Bihar, revealing a notable 

yield advantage of roughly 19% (498 kg/ha) for ZT wheat relative to CT wheat. This study 

recorded significant cost reductions from decreased tillage operations, resulting in an overall 

economic advantage of 7,334 INR per hectare. Gathala et al. (2013) saw modest yield 

enhancements in eastern Uttar Pradesh, highlighting significant variability in outcomes based 

on soil characteristics, residue management strategies, and input applications. 

The economic advantages of ZT encompass not just potential yield enhancements but also 

substantial decreases in production expenses. Multiple studies have recorded reductions in fuel 

use, machinery utilization, and labor demands linked to diminished tillage practices. Erenstein 

et al. (2012) projected cost savings of roughly 15-20% for zero-tillage (ZT) wheat relative to 

CT wheat in the IGP, mainly attributed to diminished fuel use and labor requirements for field 

preparation. Aryal et al. (2015) indicated that the implementation of ZT in northwestern India 

decreased production costs by roughly 6,000 INR per hectare while sustaining yields 

comparable to conventional methods. 

The influence of ZT on various input necessities—especially seed rates, fertilizer application, 

and labor distribution—remains little researched. Hossain et al. (2015) stated that optimal ZT 

methods could decrease seed rates by 15-20% without affecting crop establishment, however 

Gathala et al. (2013) reported variations in nitrogen utilization efficiency across different tillage 

systems. Nonetheless, thorough evaluations of the impact of ZT on input use patterns across 

various agroecological situations and over multiple seasons are still scarce, especially in the 

eastern IGP. 
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2.4 Climate Variability and Zero Tillage Performance 

The efficacy of agricultural technologies in fluctuating climatic circumstances is becoming a 

crucial factor due to the intensification of climate change effects. Numerous studies indicate 

that ZT systems may demonstrate enhanced resistance to climatic stressors in comparison to 

traditional systems, especially with water-related difficulties. Aryal et al. (2016) discovered 

that ZT wheat exhibited superior performance in drought conditions in northwestern India, 

ascribed to enhanced soil moisture retention and water usage efficiency. 

In Bihar, where wheat output is severely impacted by terminal heat stress and unpredictable 

rainfall patterns, climate resilience is a vital aspect of ZT evaluation. Keil et al. (2020) 

performed one of the initial multi-year evaluations of ZT performance across varying climatic 

conditions in Bihar, illustrating how ZT wheat sustained relative yield benefits amid diverse 

temperature and precipitation patterns across the growing seasons. Their findings indicated that 

earlier planting enabled by ZT could alleviate terminal heat stress by permitting the crop to 

finish essential growth stages prior to the arrival of elevated temperatures. 

The temperature sensitivity of wheat, especially during reproductive phases, underscores the 

significance of agronomic techniques that can alleviate the effects of heat stress. Jain et al. 

(2017) identified delayed planting as a significant factor contributing to yield gaps in the 

eastern IGP wheat belt, with each day of postponement beyond the ideal period potentially 

diminishing yields by 1-1.5%. The ZT facilitates earlier planting by removing preliminary 

tillage activities, presenting a potential adaptation option to mitigate rising thermal stress, albeit 

its efficacy may differ based on additional management techniques and local variables. 

2.5 Methodological Approaches for Assessing Technology Impacts 

A rigorous evaluation of the impacts of agricultural technology poses considerable 

methodological difficulties, especially in the context of non-random technology adoption and 

the possibility of selection bias. Diverse methodologies have been utilized to tackle these 

problems, with PSM becoming a prevalent technique for generating credible counterfactuals 

in cross-sectional research (Tambo & Mockshell, 2018; Wordofa et al., 2021).  

In panel data contexts, DID methodologies provide robust techniques to address time-invariant 

unobserved heterogeneity that may distort impact estimates. Conventional DID methodologies 

generally presume parallel trends and uniform treatment effects, assumptions that frequently 
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provide challenges in situations of agricultural technology adoption marked by staggered 

implementation and heterogeneous effects (Xie et al., 2023). 

Recent methodological advancements have mitigated these constraints, with the Callaway & 

Sant'Anna (2021) methodology signifying a substantial advancement in the analysis of 

staggered adoption contexts. This approach facilitates varied treatment effects across time and 

units, accommodates dynamic treatment effects, and ensures robust estimation despite potential 

selection bias in treatment timing. This method yields more accurate identification of treatment 

effects by contrasting outcomes between freshly treated units and untreated controls, in contrast 

to conventional two-way fixed effects models that may yield biased estimates due to 

heterogeneous effects (Dey et al., 2024). 

The integration of PSM with contemporary DID implementations constitutes a notably 

advantageous method for evaluating the impact of agricultural technology. This 

methodological integration effectively addresses selection on observables via matching 

processes and time-invariant unobservables through DID estimation. These integrated 

methodologies have been effectively utilized in several agricultural settings, encompassing 

research on mechanization (Takeshima et al., 2020), enhanced seed uptake (Verkaart et al., 

2017), and irrigation technology (Wossen et al., 2017). 

2.6 Knowledge Gaps and Research Contribution 

Notwithstanding the expanding corpus of work regarding the impacts of ZT in South Asian 

agricultural systems, significant knowledge gaps persist. Primarily, most research has 

concentrated on productivity and direct cost effects, with insufficient emphasis on how ZT 

influences specific input use patterns, such fertilizer application, seed rates, and labor 

distribution. Secondly, although climate variability is recognized as a significant factor 

affecting ZT effectiveness, comprehensive multi-year evaluations that consider varying 

growing season conditions are still scarce. Third, methodological approaches have frequently 

failed to sufficiently account for the difficulties of staggered technology adoption and the 

possible variability of effects across various farm types and temporal circumstances. 

This research offers extensive insights into the economic and agronomic consequences of CA 

in the eastern IGP by analyzing the effects of ZT on wheat productivity and essential input 

variables across seasons with varying meteorological conditions. This study also provides 

methodologically sound evidence to inform agricultural policy and practice in the region by 
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employing contemporary econometric techniques that consider staggered adoption and farm 

heterogeneity. 

3. Data and methodology 

3.1 Study Context: Agricultural Setting in Bihar 

Bihar, situated in the eastern IGP of India, is a vital agricultural area marked by elevated 

population density, limited landholdings, and significant unexploited production capacity. 

Approximately 80% of Bihar's population is involved in agriculture and related sectors, making 

its agricultural performance crucial for rural livelihoods and food security (Government of 

Bihar, 2019). The agricultural environment of the state is mostly characterized by rice-wheat 

cropping systems, with wheat cultivated on over 2.2 million hectares in the rabi (winter) season 

(MoA, 2017). 

Notwithstanding fertile alluvial soils and ample water resources, agricultural productivity in 

Bihar has always fallen short compared to other Indian states. The average wheat yields in 

Bihar (1.85-2.43 MT/ha) are significantly worse to those in the western IGP states such as 

Haryana and Punjab (4-5 MT/ha), indicating a continuous east-west yield disparity across the 

IGP (MoA, 2017). The productivity gap is ascribed to various variables, such as the 

postponement of wheat planting due to delayed rice harvesting, insufficient mechanization, 

poor irrigation management, inefficient input utilization, and escalating climate variability 

(Jain et al., 2017). 

Climate problems present specific risks to wheat production in Bihar. Terminal heat stress—

elevated temperatures throughout the reproductive and grain-filling phases—has been 

recognized as a significant constraint on yield (Lobell et al., 2008). Data from the research 

period (Figure 1) reveals substantial temperature fluctuations, with February and March 

temperatures in 2016 approximately 3°C elevated compared to earlier study years, resulting in 

36 days with temperatures surpassing 34°C, in contrast to only 18-19 days in 2012-2013. 

Likewise, extreme precipitation events, exemplified by the extraordinary rainfall in March 

2015 (197% over average), have resulted in significant crop damage over extensive regions 

(Bhushan et al., 2015). 
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Figure 1. Average temperature of Bihar during 2011-2020  
Source: www.indiastat.com 

 

In light of these issues, ZT has been advocated as a sustainable intensification method capable 

of concurrently addressing numerous restrictions. The ZT facilitates earlier wheat planting by 

removing labor-intensive tillage processes, hence allowing crops to avoid terminal heat stress. 

Furthermore, enhanced soil moisture retention under ZT may bolster resilience to fluctuations 

in rainfall, while diminished tillage activities minimize production expenses—a vital factor for 

resource-limited smallholders in Bihar. 

3.2 Data Source and Collection 

This research employs panel data obtained from the Cereal Systems Initiative for South Asia 

(CSISA), a project initiated in 2009 to promote sustainable transformation in cereal-based 

agricultural systems throughout South Asia. Since its founding, CSISA has actively engaged 

in research and technology dissemination across six districts of Bihar, establishing a significant 

platform for monitoring the uptake of agricultural innovations and their impacts over time. 

The preliminary household survey was executed in 2013 with a cluster sampling methodology. 

A random sample of 1,000 wheat-cultivating households was chosen from 40 villages spanning 

six districts (Figure 2) in Bihar: Begusarai, Lakhisarai, Vaishali, Buxar, Samastipur, and 

Bhojpur. The villages were intentionally chosen due to the presence of a minimum of 10 ZT 

users, as documented by CSISA, hence ensuring adequate representation of technology 

adopters in the sample. The allocation of research villages among districts was commensurate 

with the quantity of eligible villages in each district, yielding three research villages in 
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Begusarai, Lakhisarai, and Vaishali; six villages in Buxar and Samastipur; and 19 villages in 

Bhojpur District. 

 

Figure 2. Map of the Bihar in northern India, highlighting the survey districts  
Source: Keil et al., (2019) 

 

To guarantee sufficient representation of both adopters and non-adopters, households in each 

village were categorized according to their ZT adoption status. Expedited census surveys were 

executed to develop household sampling frameworks, pinpointing wheat producers and their 

technology adoption status. From these frames, 10 ZT users and 15 non-users were randomly 

chosen from each hamlet, resulting in a total sample of 400 adopters and 600 non-adopters. 

A subsequent survey was executed in 2016 employing the same sample techniques to establish 

a balanced panel. Out of the initial 1,000 households, 961 were successfully re-interviewed, 

whereas 39 households were unavailable owing to prolonged absence or permanent relocation. 

The elevated retention rate of 96.1% alleviates apprehensions regarding attrition bias within 

the panel dataset. 

Both survey rounds gathered comprehensive data on wheat production at the plot level for the 

two wheat growing seasons prior to each survey cycle. This methodology produced a dataset 

encompassing four agricultural seasons: 2011-12, 2012-13, 2014-15, and 2015-16. The surveys 

collected data on household socio-demographic characteristics, asset ownership, input use, 

technical practices, institutional access, and social networks, in addition to production data. To 

investigate possible social network influences on technology adoption, participants were 
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requested to furnish fundamental details about three farmers with whom they frequently 

conversed regarding agricultural matters. 

Data collection was executed via structured interviews performed by professional enumerators 

utilizing Computer-Assisted Personal Interviews (CAPI) software. The interviews 

predominantly focused on household heads as the principal agricultural decision-makers. The 

survey data, accessible to the public, has been stored by Keil & Michalski (2017), so ensuring 

transparency and replicability of the research outcomes. 

3.3 Data Cleaning and Preparation 

A rigorous cleaning technique was implemented on the aggregated four-year dataset to ensure 

data integrity and facilitate robust analysis. Initially, non-irrigated farms, representing roughly 

40% of the initial observations, were omitted from the analysis to maintain comparability 

among production systems. This decision illustrates the dominance of irrigated wheat 

agriculture in the study area and the distinct production functions that define rainfed and 

irrigated agricultural systems. 

Several supplementary filtering measures were performed to exclude possibly problematic 

observations: 

1. Observations lacking production values were excluded to guarantee comprehensive 

outcome data. 

2. Entries with very large plot areas were recognized as data entry inaccuracies and 

eliminated. 

3. Observations utilizing faulty and unavailable sowing methods were discarded. 

To streamline the research and maintain uniformity between families, only the largest plot from 

each farm for each year was preserved. This strategy is warranted by the limited landholding 

dimensions in the region, where the principal plot generally constitutes the predominant portion 

of a household's wheat cultivation area. The cleaning techniques diminished the initial sample 

size from 3,923 observations to 3,679 observations. 

Subsequent enhancements encompassed: 

1. Eliminating observations with 0 family or hired labor hours, considered improbable for 

wheat farming. 
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2. Omitting observations with extreme yield values (below 100 kg/ha or above 8,000 

kg/ha) to eliminate outliers that could skew the analysis. 

3. Excluding data with seed rates outside the 10-400 kg/ha range, which exceed 

agronomically viable parameters for wheat cultivation in the region. 

The supplementary measures yielded a conclusive analytical dataset including 3,320 

observations, distributed fairly uniformly across the four agricultural seasons. 

The absence of data for socio-demographic factors posed a slight barrier, which was mitigated 

through meticulous imputation. In instances where variables were absent in one survey year 

but present in another, proxy values from the accessible year were utilized, based on the 

presumption of relative stability in these traits over the study period. For around 10 items with 

absent data on plot tenure status, household head education, plot soil type, and distance to plot, 

average values from the dataset were employed as substitutes, reflecting a conservative strategy 

for addressing these minimal missing values. 

3.4 Variable Construction and Measurement 

3.4.1 Outcome Variables 

The principal outcome variable for this study is wheat productivity, quantified as yield per 

hectare (kg/ha). This metric was derived by dividing the reported wheat production for each 

plot by its area, yielding a standardized measure of productive efficiency that enables 

comparison across varying farm sizes. 

Additional outcome variables focus on key agricultural inputs: 

1. Fertilizer Application: A composite fertilizer variable was created to quantify the 

overall nutrient delivery, expressed in kg/ha. This variable consolidates the nitrogen, 

phosphorus, and potassium (NPK) content from diverse fertilizer types utilized by 

farmers, encompassing both inorganic fertilizers (urea, diammonium phosphate [DAP], 

NPK blends, muriate of potash [MOP]) and organic sources (green manure, farmyard 

manure, compost). The NPK content was calculated using standard conversion factors: 

Nitrogen (kg) = 0.46 × Urea (kg) + 0.18 × DAP (kg) + 0.1 × NPK (kg) + 0.028 × Green manure 

(kg) + 0.005 × Manure (kg) + 0.005 × Compost (kg) 

Phosphorus (kg) = 0.46 × DAP (kg) + 0.26 × NPK (kg) + 0.005 × Green Manure (kg) + 0.002 

× Manure (kg) + 0.0015 × Compost (kg) 
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Potassium (kg) = 0.26 × NPK (kg) + 0.6 × MOP (kg) + 0.017 × Green Manure (kg) + 0.005 × 

Manure (kg) + 0.005 × Compost (kg) 

Total Fertilizer (kg) = Nitrogen (kg) + Phosphorus (kg) + Potassium (kg) 

2. Labor Input: This variable quantifies the total labor hours per hectare dedicated to 

wheat cultivation, encompassing both familial and contracted labor. It offers a thorough 

assessment of human capital distribution to the crop, crucial for evaluating the labor-

saving capabilities of ZT technology. 

3. Seed Usage: This variable, quantified in kilograms of seed per hectare, delineates the 

disparities in seeding rates between conventional and zero-tillage methods, perhaps 

indicating variances in anticipated germination rates and stand establishment across 

various tillage systems. 

3.4.2 Treatment Variable 

The principal treatment variable is the implementation of ZT, shown as a binary indication (1 

= ZT adopted, 0 = CT). This classification relies on farmers' self-reported tillage and sowing 

techniques for each wheat patch. The panel data structure facilitates the monitoring of ZT 

adoption dynamics across time, with certain farmers embracing the technology in earlier 

seasons while others do so in subsequent seasons, resulting in a staggered adoption pattern that 

requires suitable econometric methods.  

3.4.3 Control Variables 

Several categories of control variables were included to account for factors that might influence 

both technology adoption decisions and agricultural outcomes: 

1. Plot-specific characteristics: These encompass plot size (hectares), soil type 

(categorical: clay, loam, sandy loam, other), tenure status (owned versus leased), and 

distance from homestead (kilometers). These variables reflect the variability in land 

quality and management incentives that may influence both adoption decisions and 

productivity results. 

2. Household socio-demographic factors: Factors include the gender of the household 

head, age, and educational attainment (years of schooling) account for human capital 

characteristics that affect technology adoption and agricultural management 

proficiency. 
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3. Resource endowments: Indicators such as ownership of heavy machinery, quantity of 

plots held, and access to credit facilities signify households' physical and financial 

capital, potentially influencing their capacity to embrace new technologies and their 

overall productive efficiency. 

4. Institutional access: Binary indicators for access to irrigation infrastructure, 

agricultural extension services, and security services reflect institutional factors that 

may affect technology adoption decisions and agricultural results. 

5. Communication and connectivity: Factors such as English literacy and mobile phone, 

radio, Radio/TV ownership act as indicators of access to information and 

communication networks that promote technology dispersion and knowledge transfer. 

The control variables were chosen based on existing research regarding technology adoption 

determinants and agricultural productivity influences in South Asia, assuring thorough 

consideration of factors that could obscure the relationship between ZT adoption and outcome 

variables.  

3.5 Analytical Framework  

For this study, we apply the Difference-in-Differences (DID) method proposed by Callaway & 

Sant’Anna (2021). This methodology is particularly valuable as it accounts for the staggered 

adoption of Zero Tillage (ZT) and potential heterogeneity in its effects across different farm 

units. Unlike traditional DID approaches, which a fixed treatment timing and homogeneous 

treatment effects, this modern implementation allows for more precise estimation by 

accommodating variations in treatment timing. Additionally, this method strengthens the 

reliability of causal inference and provides a more accurate representation of ZT’s economic 

impact compared to traditional two-way fixed effects (TWFE) regressions, which may yield 

biased estimates in staggered treatment settings (de Chaisemartin & D’Haultfoeuille, 2020; 

Sun & Abraham, 2020; Borusyak et al., 2024).   

The key parameter of interest is the group-time average treatment effect on the treated (ATT), 

which measures the average of treatment for units that adopt ZT in a specific year 𝑔 at a given 

time 𝑡. This effect is formally defined as: 

 

𝐴𝑇𝑇(𝑔, 𝑡) = 𝐸[𝑌𝑡(1) − 𝑌𝑡(0)|𝐺 = 𝑔] (1) 
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where 𝑌𝑡(1) is the observed outcome under treatment, 𝑌𝑡(0) is the counterfactual outcome 

(what would have happened in the absence of treatment), and 𝐺 = 𝑔 represents the group of 

units that adopted the treatment in year 𝑔. The counterfactual 𝐸[𝑌𝑡(0)|𝐺 = 𝑔] is estimated 

using units that have not yet adopted the treatment by time 𝑡, relying on the conditional parallel 

trends assumption. This assumption is a generalization of the standard parallel trends, allowing 

for baseline differences between treated and untreated units, provided that these differences are 

appropriately controlled for using observable covariates (Callaway & Sant’Anna, 2021). 

To obtain an overall measure of the treatment effect, the method aggregates the 𝑔𝑟𝑜𝑢𝑝 −

𝑡𝑖𝑚𝑒 𝐴𝑇𝑇𝑠 across different treatment groups and time periods by computing a weighted 

average as: 

𝐴𝑇𝑇 = ∑ 𝑤𝑔,𝑡 ∙ 𝐴𝑇𝑇(𝑔, 𝑡)

𝑔,𝑡

 (2) 

where 𝑤𝑔,𝑡 represents the weighting scheme based on the number of treated units in each group 

and period. This approach ensures a proper representation of treatment effect heterogeneity 

across different adoption timings. The method incorporates stabilized inverse probability 

weighting (IPW) to balance treated and untreated groups, reducing bias in estimating treatment 

effects. Specifically, it relies on propensity scores, which estimate the probability of treatment 

assignment given covariates (𝑋𝑖). For each observation 𝑖 the propensity score 𝑝̂(𝑋𝑖) is used to 

adjust the weights, ensuring that treatment assignment is conditionally independent of potential 

outcomes. By mitigating selection bias, this technique enhances the comparability of treated 

and untreated groups (Callaway & Sant’Anna, 2021).  

 

The Callaway & Sant’Anna’ (2021) estimator also applies ordinary least squares (OLS) 

regression to adjust for residual imbalances in covariates, making the approach doubly robust. 

This means that the estimator remains consistent as long as either the treatment probability 

model (IPW) or the outcome model (OLS) is correctly specified. This ensures that treatment 

effects are estimated with reduced bias and greater reliability (Callaway & Sant’Anna, 2021).  

4. Results 

A total of 3,320 observations from a panel dataset of 961 wheat-producing households were 

recorded across the four agricultural years for 2011-2012, 2012-2013, 2014-2015 and 2015-

2016. Of these, 1,653 observations (49.7%) were classified as never adopters, while 1,667 were 

adopters: 750 (22.6%) adopted the treatment in 2011; 181 (5.5%) in 2012; 687 (20.7%) in 
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2014; and 49 (1.5%) in 2015. Table 1 shows the means and standard deviations for zero-tillage 

(ZT) adopters (treated group) and farmers using traditional cultivation tillage (CT) practices 

(never treated). T-statistics are also provided to compare the treated and untreated groups in 

terms of observable characteristics.  

Table 1. Means and standard deviations between treated and non-treated groups. 

 

Variables 

 

Started the treatment in 2011 

or 2012 or 2014 or 2015  
Never Treated Two-sample 

t-statistic 
Mean SD Mean SD 

Production (kg/ha) 2,515.67 1,318.41 2,523.19 1,255.34 0.16 

Fertilizer  (kg/ha) 199.02 105.42 229.43 134.37 7.25*** 

Labor (hours/ha) 226.68 242.16 326.05 248.77 11.66*** 

Seed (kg/ha) 133.91 49.06 132.53 43.77 -0.85 

Area (ha) 0.61 0.48 0.39 0.38 -14.75*** 

Plot_Soil_Sandy 0.11 0.31 0.08 0.28 -2.33** 

Plot_Soil_Sandy Loam 0.23 0.42 0.28 0.45 3.13*** 

Plot_Soil_Loam 0.38 0.48 0.41 0.49 1.79* 

Plot_Soil_Clay 0.28 0.45 0.23 0.42 3.55*** 

Plot_Tenure 1.35 0.75 1.35 0.72 -0.26 

Plot_Distance 1.57 1.15 1.81 1.27 5.59*** 

Plots_Number 3.16 2.03 3.66 2.43 6.42*** 

Gender 0.99 0.12 0.98 0.15 -1.71* 

Age 50.99 13.00 50.85 13.65 -0.30 

Education_Years 8.07 4.64 6.73 4.72 -8.22*** 

Machine 0.13 0.34 0.07 0.25 6.30*** 

Credit 0.62 0.49 0.64 0.48 1.46 

Irrigation 0.7 0.46 0.74 0.44 2.42** 

Extension 0.52 0.50 0.54 0.50 1.02 

Security services 0.43 0.50 0.51 0.50 4.30*** 

Radio_TV 0.46 0.5 0.36 0.48 -5.77*** 

Read_English 0.42 0.49 0.34 0.47 -5.04*** 

Mobile phone 0.96 0.20 0.96 0.20 0.03 

Observations 1,667  1,653  
***, **, * Significant at the 1%, 5%, and 10% levels respectively;  

 

The econometric results are categorized into different sets of indicators representing key 

outcomes of interest, which include wheat production, fertilizer application, labor hours, seed 

consumption, all measured per hectare. The results are presented in Table 21. 

4.1 Wheat Productivity 

The results show a detailed analysis of wheat productivity (kg/ha) based on the statistical 

coefficients across different treatment years. The comparison spans multiple periods, with 

                                                           
1 Following Callaway & Sant’Anna (2021) framework, the 2011 adopters are not shown in the results because 

this group might be used as reference or omitted for other reasons (e.g., if they are always treated in the observed 

periods after adoption). 
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treatments starting in 2012, 2014, and 2015, and the focus is initially on the statistically 

significant coefficients, which offer insights into the impact of the ZT on wheat productivity. 

In the case of farmers starting the ZT in 2012, the period 2011-2012 shows a highly statistically 

significant coefficient of 430.27 kg/ha compared to the non-treated group. This indicates a 

substantial increase in wheat productivity when the treatment was introduced in 2012. The 

positive and significant coefficient suggests that the early adoption of the treatment had a strong 

and favorable impact on productivity during the initial years. 

However, when extending the analysis to later periods, such as 2011-2014 and 2011-2015, with 

treatment starting in 2012, the coefficients become negative (-212.24 kg/ha and -350.88 kg/ha, 

respectively). While these coefficients are not statistically significant, they suggest a decline in 

wheat productivity after the initial positive effect. This decline could be associated with the 

extremely negative weather conditions including floods and heat stress in 2014-15 and 2015-

16, which may have mitigated any potential long-term gains from the treatment for the 2012 

adopters. 

Similar unfavorable weather conditions might also affect those whose treatment started in 

2014. The coefficients for the period from 2011 to 2015 are not statistically significant to draw 

definitive conclusions. However, even though these effects are not enough to achieve statistical 

significance, they could still indicate that the treatment for 2014 adopters had a gradual, albeit 

very limited, positive influence on wheat productivity. 

The most striking results are found in the period of treatment starting in 2015. For the 2011-

2015 comparison, the coefficient of 431.95 kg/ha is statistically significant, indicating a strong 

positive effect on wheat productivity when the treatment was adopted in 2015 compared to 

farms that never adopted ZT for the same agricultural period. This result highlights that the 

later introduction of the treatment led to significant increases in productivity, suggesting that, 

despite challenging weather conditions, the treatment's effectiveness was more pronounced in 

the later years. Moreover, the two comparison periods of 2012 and 2015 and 2014 with 2015 

with treatment starting in 2015 also show significant positive coefficients of 711.35 kg/ha and 

628.41 kg/ha, respectively. These coefficients, particularly the one for 2012-2015, reflect a 

marked increase in productivity and further confirm the importance of later treatment adoption 

in achieving higher wheat yields. The statistical significance of these coefficients points to a 

more consistent and robust impact of the treatment when implemented in 2015, possibly 
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reflecting the time needed for the treatment to show its full effects or the adaptation of farmers 

to the new conditions. 

In summary, the statistically significant coefficients highlight that when the ZT treatment is 

adopted, the greater the positive impact on wheat productivity. The results from the periods 

with treatment beginning in 2012 and 2014, though less significant, still show trends that 

suggest delayed benefits. The analysis underscores the importance of timing in agricultural 

interventions and suggests that later adoption of treatment may lead to more pronounced 

benefits, even in the face of adverse climatic conditions. 

4.2 Fertilizer use 

The results also show the impact of different treatment years on fertilizer application (kg/ha) 

across multiple periods, with treatments starting in 2012, 2014, and 2015. Fertilizer is a costly 

input in India, making its usage a critical factor for wheat productivity. The analysis considers 

the adverse climatic conditions of 2014-15 and 2015-16, marked by floods and heat stress, 

which likely affected the overall effectiveness of the treatments in those years. 

Starting with the ZT treatment in 2012, for the periods 2011-2014 and 2011-2015, the 

coefficients are 54.41 kg/ha and 49.97 kg/ha, respectively, both statistically significant at the 

5% level. These results indicate that the treatment led to a notable increase in fertilizer 

application, suggesting that farmers began to use more as they adopted the new treatment in 

2012. The positive coefficients for fertilizer use also imply that the treatment's influence grew 

over the years, potentially reflecting an adaptation to new agricultural practices, including 

adjustments in fertilizer management under ZT. 

However, when considering treatments starting in 2014, the coefficients for the periods 2011-

2014 and 2011-2015 show a significant negative impact on fertilizer usage, with values of -

48.85 kg/ha and -47.09 kg/ha, respectively. Both of these coefficients are statistically 

significant at the 1% level, indicating that the treatment starting in 2014 led to a substantial 

reduction in fertilizer application. Additionally, the negative effects for fertilizer during this 

period could be also influenced by adverse climatic conditions, which may have altered 

fertilizer requirements due to reduced crop yields from floods and heat stress.  

For the periods 2012-2014 and 2012-2015, also with treatment starting in 2014, the coefficients 

remain negative at -68.07 kg/ha and -65.34 kg/ha, both statistically significant at the 1% level. 

These results underline the finding that later adoption of the treatment was associated with a 
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continued reduction in fertilizer usage. The negative coefficients may reflect farmers' 

adaptation to more resource-efficient practices under ZT, where improved nutrient availability 

from organic matter decomposition reduces dependency on chemical fertilizers.  

For the treatment starting in 2015, the coefficients for the periods 2011-2015, 2012-2015, and 

2014-2015 show negative results as well, with values of -88.24 kg/ha, -84.54 kg/ha, and -0.31 

kg/ha, respectively. Only the coefficients for 2011-2015 and 2012-2015 agricultural seasons 

are statistically significant at the 5% and 1% levels. The significant negative coefficients for 

the earlier periods reinforce the trend of declining fertilizer application, likely driven by the 

long-term benefits of ZT in enhancing soil nutrient efficiency and reducing input dependency. 

Farmers may have optimized their fertilizer use in response to both economic and climatic 

challenges, particularly given the high cost of fertilizer in India (Keil et al., 2018). 

The results suggest that the impact of treatments on fertilizer usage varied depending on the 

timing of adoption. Early adoption in 2012 resulted in significant increases in fertilizer 

application, potentially due to initial nutrient immobilization under ZT. However, later 

adoption in 2014 and 2015 was associated with a marked reduction in fertilizer use, reflecting 

the long-term efficiency gains from improved soil health and nutrient cycling. The negative 

effects observed in the later periods, particularly during the years marked by floods and heat 

stress, may indicate farmers’ adaptation to difficult conditions and their strategic reduction of 

input costs. Given that fertilizer is costly in India, these findings underscore the importance of 

considering both environmental factors and economic constraints when evaluating agricultural 

interventions. 

4.3 Labor 

The analysis of labor usage (hours/ha) is based on statistical coefficients across different 

treatment years, with treatments also starting in 2012, 2014, and 2015. Labor is relatively less 

costly in India compared to other inputs like fertilizer, but still represents an important factor 

for agricultural productivity. The analysis also takes into account the unfavorable conditions 

of 2014-15 and 2015-16, marked by floods and heat stress, which likely influenced labor usage 

during those periods. 

For the treatment starting in 2012, the coefficient for the period 2011-2012 is -66.94 hours/ha, 

statistically significant at the 5% level. This suggests that the adoption of ZT contributed to 

labor efficiency by eliminating soil preparation activities, reducing the need for manual 

fieldwork. Over time, the labor-saving effects became more pronounced, with coefficients of -
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153.76 hours/ha and -148.19 hours/ha for the periods 2011-2014 and 2011-2015, respectively, 

both statistically significant.  

However, for the treatment starting in 2014, none of the coefficients for labor usage are 

statistically significant, suggesting that the effects were less immediate or that labor needs 

shifted rather than declined. The lack of significant reductions could reflect the initial 

challenges of transitioning to ZT, such as increased weed management efforts and the need for 

precise seed placement, which may have temporarily offset labor savings. 

For the treatment starting in 2015, the coefficients for the periods 2011-2015 and 2012-2015 

are not statistically significant. However, for the 2014-2015 period, the coefficient is -12.71 

hours/ha, statistically significant at the 1% level. This suggests that while immediate labor 

reductions were minimal, farmers may have begun optimizing labor use over time.  

The results suggest that the impact of treatments on labor usage varied depending on the timing 

of adoption. Early adoption in 2012 resulted in significant reductions in labor, potentially due 

to the elimination of soil preparation tasks under ZT. In contrast, later adoption in 2014 and 

2015 did not consistently reduce labor, suggesting that the benefits of ZT on labor efficiency 

took longer to materialize. The negative effects observed in the later periods, particularly 

during the years marked by floods and heat stress, may indicate farmers’ adaptation to difficult 

conditions and their strategic adjustments in labor allocation. 

 4.4 Seeds  

The results of seed usage (kg/ha) across various treatment years, with treatments starting in 

2012, 2014, and 2015 are mixed. For the treatment starting in 2012, the coefficient for the 

period 2011-2012 is -26.36 kg/ha, which is statistically significant at the 1% level. This 

negative coefficient suggests that, in the first year of treatment, ZT led to a reduction in seed 

usage compared to CT. However, this initial reduction does not necessarily indicate long-term 

efficiency gains. For the periods 2011-2014 and 2011-2015, the coefficients for the treatment 

starting in 2012 are positive but not statistically significant.  

Similar results are observed for the treatment starting in 2014. The coefficients for the periods 

2011-2014 and 2011-2015 are not statistically significant, suggesting that the treatment did not 

result in substantial changes in seed usage during these periods. In addition, for the periods 

2012-2014 and 2012-2015, the coefficients are also not statistically significant, reinforcing the 

idea that the impact of ZT on seed usage in these periods was minimal.  
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For the treatment starting in 2015, only the coefficient comparing the year of 2012 with 2015 

of 34.14 kg/ha is statistically significant at 1% level. The significant positive coefficients 

suggest that, over time, the adoption of ZT starting in 2015 led to an increase in seed usage. In 

summary, the results suggest that the impact of ZT on seed usage varies depending on the 

timing of adoption. In the short term, particularly for treatments starting in 2012, ZT was 

associated with a reduction in seed usage, though this may be an initial adjustment rather than 

a sustained trend. Over the longer term, particularly for treatments starting in 2015, ZT led to 

a significant increase in seed usage, likely due to the learning process and adjustments in 

planting strategies. These findings align with the understanding that ZT does not necessarily 

reduce seed usage immediately and may initially require higher seeding rates. However, as soil 

conditions improve over time, efficiency gains could emerge, highlighting the need for a 

longer-term perspective when assessing the impact of ZT on seed usage. 
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Table 2. The impact of Zero Tillage (ZT) versus Conventional Tillage (CT) following Callaway & Sant'Anna (2021) method. 

Comparison 

(Years) 
Treatment Year 

Wheat Productivity 

(kg/ha) 

Fertilizer  

(kg/ha) 

Labour  

(hours/ha) 

Seeds  

 (kg/ha) 

Coeff Std. Error Coeff Std. Error Coeff Std. Error Coeff Std. Error 

          

2011-2012 Starting in 2012 430.27*** 163.48 5.52 6.59 -66.94** 30.66 -26.36*** 7.25 

2011-2014 Starting in 2012 -212.24 339.33 54.41** 24.34 -153.76*** 55.12 14.58 11.41 

2011-2015 Starting in 2012 -350.88 306.55 49.97** 23.90 -148.19** 56.87 13.75 12.44 

          

2011-2014 Starting in 2014 -56.51 169.69 -48.85*** 15.44 13.77 39.91 6.46 6.87 

2011-2015 Starting in 2014 21.73 163.02 -47.09*** 15.24 14.65 39.67 8.30 6.96 

2012-2014 Starting in 2014 79.69 169.25 -68.07*** 14.83 10.22 39.37 -0.43 6.38 

2012-2015 Starting in 2014 75.30 157.42 -65.34*** 14.69 8.57 39.22 2.30 6.54 

          

2011-2015 Starting in 2015 431.95*** 413.65 -88.24** 34.31 32.58 41.55 24.27 19.66 

2012-2015 Starting in 2015 711.35** 359.28 -84.54*** 31.78 59.44 38.79 37.14*** 13.24 

2014-2015 Starting in 2015 628.41*** 177.51 -0.31 0.79 -12.71*** 2.31 -0.54 0.38 

          
***, **, * Significant at the 1%, 5%, and 10% levels respectively;  

Note: Only observations with balanced pairs were used; the estimation method employed is doubly robust DID; and the control units consist of those never treated. See Callaway & Sant'Anna 

(2021) for details. 
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4.5 Robustness check 

As robustness checking, we focus only on the untreated observations in the dataset and 

randomly assigned 30% of these units to receive a placebo treatment, simulating the effect of 

Zero Tillage (ZT). A variable was created to define the year of placebo application, ensuring 

its random distribution across different years. This approach allows us to test whether the 

observed effects of ZT are driven by random variation or spurious factors. 

The results, presented in Table 3, show that the placebo-treated units did not exhibit statistically 

significant effects for most outcome variables and periods. This finding suggests that the 

placebo treatment did not influence the outcomes, reinforcing the validity of our primary 

analysis.  

If the observed ZT effects were merely due to randomness, we would expect to see similar 

spurious effects in the placebo group, which was not the case. However, we find that for the 

2012 simulated treatment group, increases in wheat productivity, fertilizer application, and 

labor use are observed in the short run (2011-2012), with a substantial long-term productivity 

gain by 2015. However, for later treatment years (2014 and 2015), the estimated effects on 

seed usage are negative, particularly in comparisons involving 2014 and 2015, suggesting a 

potential reduction in seed requirements under the placebo assignment, likely marked by 

adverse climatic conditions.  

The absence of significant results for other outcomes in later treatment years also indicates that 

the placebo treatment does not systematically impact productivity, fertilizer, or labor, 

reinforcing the credibility of the original treatment effects. The lack of significant effects in the 

placebo group strengthens confidence in the estimated impact of ZT. It supports the conclusion 

that the treatment’s effect on farm productivity, fertilizer use, labor, and seed consumption is 

genuine rather than a result of statistical noise. This robustness check confirms that our findings 

are not driven by arbitrary variations, adding credibility to the causal interpretation of the ZT 

treatment effects. 
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Table 3. Robustness checking simulation for Zero Tillage (ZT) versus Conventional Tillage (CT) using untreated observations following Callaway & 

Sant'Anna (2021) method. 

Comparison 

(Years) 
Treatment Year 

Wheat Productivity 

(kg/ha) 

Fertilizer  

(kg/ha) 

Labour  

(hours/ha) 

Seeds  

 (kg/ha) 

Coeff Std. Error Coeff Std. Error Coeff Std. Error Coeff Std. Error 

2011-2012 Starting in 2012 162.29* 87.86 12.83** 6.29 14.71* 8.33 6.67** 2.78 

2011-2014 Starting in 2012 423.75 274.91 1.68 25.99 91.74* 51.04 -7.34 10.38 

2011-2015 Starting in 2012 552.67** 281.43 -2.21 25.42 90.53* 49.40 -8.11 10.24 

          

2011-2014 Starting in 2014 -5.57 281.10 15.98 28.34 7.01 51.03 -12.58 9.07 

2011-2015 Starting in 2014 -179.43 266.80 20.11 28.64 -6.67 51.43 -12.60 9.24 

2012-2014 Starting in 2014 -129.97 281.33 3.90 26.22 -45.27 58.18 -17.86** 7.96 

2012-2015 Starting in 2014 -305.00 277.54 8.23 27.18 -46.81 60.00 -18.52** 8.36 

          

2011-2015 Starting in 2015 -140.03 273.81 -10.34 28.06 77.36 56.58 -10.56 11.25 

2012-2015 Starting in 2015 -163.71 282.14 -19.91 27.45 38.60 59.02 -19.81* 10.61 

2014-2015 Starting in 2015 35.49 85.56 1.44 1.51 -9.74 9.43 0.89 1.35 
***, **, * Significant at the 1%, 5%, and 10% levels respectively;  

Note: Only observations with balanced pairs were used; the estimation method employed is doubly robust DID; and the control units consist of those never treated. See Callaway & Sant'Anna 

(2021) for details. 
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5. Concluding remarks 

This study investigated the economic effects of Zero Tillage (ZT) adoption on wheat 

productivity in Bihar, a region emblematic of both the potential and the challenges of 

agriculture in the eastern Indo-Gangetic Plains (IGP). In the face of environmental stress, 

resource constraints, and declining input-use efficiency, ZT presents itself as a plausible 

response to the agronomic and economic demands of smallholder farming. By forgoing 

conventional soil tillage and enabling direct seeding, ZT not only holds the promise of 

cost reductions and environmental benefits but also contributes to the broader goal of 

climate-resilient agriculture. 

The evidence presented in this paper confirms that ZT adoption has a positive and 

statistically significant impact on wheat productivity, particularly for adopters in the 

initial years. While some later followers showed weaker significance, the general trend 

suggests that the full benefits of ZT may take time to materialize, likely due to the gradual 

improvements in soil structure and biological activity, and the learning curve faced by 

early adopters. Even in years marked by extreme weather such as heatwaves and 

excessive rainfall, ZT adopters were able to maintain, and in some cases improve, yield 

performance relative to those using conventional practices. 

Beyond productivity, this study also reveals the input-specific impacts of ZT adoption. 

Fertilizer usage increased initially for early adopters, possibly due to nutrient 

immobilization common in the early transition to ZT. However, later adopters 

experienced reductions in fertilizer input, reflecting longer-term gains in nutrient cycling 

and soil fertility. These findings suggest that economic evaluations of ZT must consider 

both short-term adjustment costs and long-term efficiencies. 

Labor dynamics show a similar story. The clearest reductions in labor usage occurred for 

the earliest adopters, aligning with the expectation that ZT reduces the need for soil 

preparation and associated tasks. For later adopters, reductions were inconsistent, 

possibly due to external stressors like floods and heat, which forced farmers to retain 

flexibility in labor deployment. This again highlights that environmental shocks can 

mediate the realized benefits of technological interventions, and that local context matters 

when assessing labor-saving technologies. 
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In terms of seed use, the results were mixed. Early adopters experienced significant 

reductions in the first year, possibly due to more precise seeding enabled by ZT 

equipment. However, these gains were not consistently observed in the longer term, 

indicating that seed efficiency gains under ZT may be conditional on farmer experience, 

equipment quality, or specific field conditions. 

The findings of this paper contribute to the growing body of literature on Conservation 

Agriculture by offering empirical evidence from a region that has remained 

underrepresented in policy discussions and academic research. Bihar’s lagging 

productivity, despite its fertile soils and water availability, reflects a structural imbalance 

in the adoption of innovations. The delayed yet positive impacts observed in this study 

highlight the need for complementary investments, including timely access to ZT 

machinery, farmer training, and targeted extension services, that can accelerate the 

adoption process and ensure that benefits are equitably distributed. 

In conclusion, as India and other South Asian countries aim to modernize their 

agricultural sectors in the face of climate change and rural labor transformations, findings 

such as those presented here are particularly relevant. They reinforce the idea that 

agricultural interventions are not one-size-fits-all and must be evaluated not only in terms 

of average impacts but also in terms of their temporal and distributional dimensions. 
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