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The agricultural productivity and sustainability in Eastern Gangetic Plain Zones of India are threatened because of the inefficiency of current production practices, shortage of resources, and socioeconomic constraints. We hypothesized the potential impact of intensified cereal systems with mung bean as a third crop within the annual cropping cycle. We assessed economic, social, and environmental indicators for intensified and current cropping system management practiced by different farm types in the region using the FarmDESIGN model. Building on a farm typology constructed for the region in our past research, we used five types of farmers: part-time (PT), well-endowed (WE), small-scale (SS) crop and livestock mix, medium-scale (MS), and resource-poor farmers (RP) in this study. The performance indicators of the 229 original cropping systems cultivated within the 43 farms varied strongly in the eight performance indicators. This variability of cropping systems performance within the farm types resulted in the absence of significant differences between the types. Compared to the original cropping systems, the intensified cropping systems with mung bean not only performed high in dietary energy (DE) production and organic matter (OM) inputs into the soil but also had high application rates of biocides and minimized losses of nitrogen (N). The intervention systems were low in labor requirement and scored at an intermediate level for crop gross margin, water use, and greenhouse gas (GHG) emissions. The ranges of areas of maize- and rice-based systems that could be replaced by intensified systems were largest for the WE and RP farm types. This was reflected in large ranges of change in the performance indicators, but no significant differences in response were found between the farm types. The intensification of maize- and rice-based systems with the proposed intervention cropping systems involving mung bean would result in increased profitability, higher DE yield, and lower requirements for labor and water as the proportion of the farms being converted increases. However, the use of biocides would increase, while the intervention cropping systems would have no significant effect on OM input, GHG emissions, and soil N losses.
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Introduction

In the Eastern Indo-Gangetic Plains (EIGP) of South Asia, an estimated 450 million people live in extreme poverty, with a high-density population of over 1,000 persons per square kilometer, relying on cereals for primary subsistence (Gathala et al., 2021). The Eastern Gangetic Plain (EGP) zones cover approximately 6.0 million hectares of rice–wheat (R-W) and rice–rice double-cropping systems, respectively, and the rice–maize system is emerging as an alternative profitable system in this region (Gathala et al., 2022). The IGP has a high degree of spatial variability in terms of poverty and farm size, with a clear low-to-high gradient of food insecurity from the western regions toward the EIGP (Erenstein and Thorpe, 2011). Challenges to the agricultural systems in the EIGP include low crop productivity correlated with the region’s increased poverty, farmers’ low investment capability and aversion to risk, and increasing energy and input costs, in addition to climactic variability (Gathala et al., 2022). Mixed crop-livestock systems are common as is farmer engagement in seasonal and semi-permanent migration and off-farm labor (Erenstein and Thorpe, 2011). The EIGP is one of the most vulnerable regions to climate change in India due to heat, drought, and flood risks, in addition to increasingly erratic monsoon precipitation (Gathala et al., 2020a,b).

Over the last decade, alternative cropping systems employing the principles of Conservation Agriculture (CA) have been developed through on-station (Jat et al., 2014) and on-farm validation trials conducted over 4 years across Bihar (Gathala et al., 2020a,b). Alternative technologies such as no-till and crop residue recycling have shown potential advantages in terms of resource use efficiency and yield stability to climate change and variability in a wide range of agro-ecologies (Jat et al., 2014; Rakesh et al., 2021), which could support the adaptive and productive capacity of farming systems to future climates and resource scenarios. CA-based practices have a larger potential to improve household food availability for various farm types in the EIGP than livestock interventions (Lopez-Ridaura et al., 2018). The implementation of CA interventions requires an analysis of trade-offs and synergies among productive, socio-economic, and environmental performance indicators. To exploit synergies and minimize trade-offs, decision support tools can be used to identify portfolios of practices in the IGP (Jat et al., 2019a).

CA interventions aim to improve crop yields, enhance input use efficiency, and increase net farm incomes (Hoque et al., 2013; Dutta et al., 2020; Jat et al., 2020; Rakesh et al., 2021) while reducing greenhouse gas emissions (Sapkota et al., 2019). These interventions have been extensively tested at the field level in the EGP (Gathala et al., 2020a,b). The inclusion of legumes and CA-based management optimization can be a potential option to ensure nutritious food for the dwelling communities and the sustainability of natural resources in the IGP of India (Gora et al., 2022).

Some agronomic technologies such as zero tillage are widely promoted in the EIGP, but do not fit in all diversified farming systems due to their low and separated adoption (Singh et al., 2016), adding more challenges to cereal production in the region (Lopez-Ridaura et al., 2018). Sustainability of intensive cereal systems can be achieved through CA-based management with sustainable intensification and residue recycling in cereal-based cropping systems (Dutta et al., 2023). The inclusion of legumes in the cropping systems (Samal et al., 2017) has the potential to contribute to the accumulation of soil organic carbon resulting in better soil health, higher crop productivity, and sustainability. Crop diversification, along with the integration of oilseeds and pulses crops into sustainable intensification, has been recognized as an effective strategy for achieving the objectives of food and nutritional security, sustainable management of land and water resources (Yadav et al., 2021), and enhancing the production of dietary energy, fats, and protein (Damerau et al., 2020).

The farming system design aims to develop options for sustainable intensification by integrating diverse crops, improved practices, and technologies. The benefits are analyzed in terms of productive, socio-economic, and environmental performance indicators (Groot et al., 2012). A multi-enterprise model for sustainable production under diverse situations can not only increase system productivity, profitability, and livelihood security of farming communities but also help in resource conservation and mitigating risks and uncertainties (Cortez-Arriola et al., 2016). Various computational tools have been developed to simulate and explore alternatives that can inform the re-design of farming systems. Modeling tools have been used to precisely simulate and optimize yield, profitability, labor, and whole farm management in agriculture (Tittonell, 2014). Analysis at the farm scale by using a model as an additional tool simultaneously with empirical information supports scientists and advisors to illustrate accurately potential outcomes and to relate these to individual farm objectives. The FarmDESIGN model (Groot et al., 2012; Ditzler et al., 2019) supports iterative cycles of farm structure reconfiguration allowing the analysis of mixed crop-livestock farming systems. In the EGP, a prominent cropping sequence is rice during the kharif season, wheat during the rabi season, and fallow during the summer season. Additionally, maize intercropping with potato during the rabi season and rice during the kharif season is also practiced on a large scale. To assess the impact of short-duration mung bean (Vigna radiata) in the summer season, three alternative cropping patterns were constructed in combination with common kharif (rice and maize) and rabi (wheat and mustard) crops: rice–wheat–mung bean; maize–wheat–mung bean; and maize–mustard–mung bean. The objectives of this study were (1) to identify sustainable intensification opportunities through diversified cropping systems to increase food production by sustainably increasing the productivity of smallholder farms and (2) to assess current and intensified cropping sequence on farm performance and quantify the contribution of CA practices that enhance farm economic performance, while improving resource use efficiency and reducing negative environmental impacts of diverse farming systems at the farm level in smallholder systems of Bihar.



Materials and methods


Characteristics of the study area

Bihar is located in the Eastern part of India. It has a geographic area of 94,163 km2 divided into two parts by the river Ganges that flows from west to east. Over 66% of the geographic area is cultivated. Agriculture in Bihar is characterized by low productivity, large yield gaps, high uncertainty, and instability in crop production. In the state, approximately 91% of farmers have marginal holdings, with each holding less than one hectare of land. Cropping intensity is also low (1.45%). Approximately 60% of the gross cropped area is irrigated; tube wells are the main source of irrigation followed by canal irrigation [Agriculture Census (2015–16), 2019]. The rotation of rice during the kharif season (July to November), wheat during the rabi season (November to April), and fallow during the summer season (April to June) is the dominant cropping system in the region. The climate is hot and humid in summer and cold in winter with 1,140 mm average annual rainfall, of which 70% occurs during the months of June to September. The mean annual maximum and minimum temperatures are 30°C and 19°C, respectively, with 60–95% relative humidity throughout the year.



Participants and data collection

In total, 43 farmers representing 5 farm types; [well endowed (WE), part-time (PT), medium scale (MS), small scale (SS), and resource poor (RP)], were selected randomly from different farm types of the region defined by Lopez-Ridaura et al. (2018). This typology was constructed based on structural farm properties comprising land, workforce, market integration and income, cropping patterns, use of crop residues, and farm-produced household food consumption for each farm household based on farm productions and prices.

Structured in-depth interviews were conducted to collect input data for FarmDESIGN from 10 villages of Vaishali, Samastipur, and Muzaffarpur Districts of Bihar, consisting of a total of 43 farms. The Impact LITE survey instrument (Rufino et al., 2013) was adapted to the local context and used to collect the data for the farmer’s case study. Environment, economics, farm-produced food household consumption, crop management, livestock management, and applicable intervention were entered into FarmDESIGN. All methods were carried out in accordance with relevant guidelines and regulations. All experimental protocols were approved by the research committee CIMMYT. The informed consent was obtained from all subjects and/or their legal guardian(s).



FarmDESIGN model

A static farm balance model (FarmDESIGN) was used to calculate flows and balances of carbon, nitrogen, phosphorus, and potassium to, through, and from a farm, the feed balance, the amount and composition of manure, labor balance, and economic results on an annual basis (Groot et al., 2012; Ditzler et al., 2019). Input data representing management options described rotations, crop groups and crops (area, yield, and destination), farm animals (species, number, weight, growth, production, and activities), feed rations, additional fertilizers, labor, equipment, and buildings. Economic calculations allowed the determination of crop and animal margins, fixed costs, operating profit, and return to labor. Information from the soil, crops, livestock, labor, income, inputs, imports, and nutrients cycling at the farm scale was used as data input in the FarmDESIGN model.



Indicators

Eight indicators were selected as objectives based on the farm diagnosis performed in the region. Gross margin = crop gross margin (×1,000 INR ha−1); DE yield = dietary energy yield expressed in number of persons that can be sufficiently fed per ha; labour input = labour required for crop cultivation (h ha−1); OM input = organic matter added to the soil (kg ha−1); water use = amount of irrigation water applied (m3 ha−1); GHG emiss. = greenhouse gas emissions (Mg CO2-eq ha−1); biocide use = biocide active ingredients applied (kg ha−1); and soil N loss = loss of nitrogen (N) from the cropping system (kg ha−1).

In this study, we analyzed the objective as maximizing the gross crop margin of the farm, water saving, DE yield, and soil organic matter (SOM) input and minimizing the soil N loss, GHG emissions, use of biocides, and labor inputs while intensified cropping sequences. Soil organic matter balance, water saving and nitrogen balance, GHG emission, and biocide use function as proxies for environmental health. This selection was such that it targeted improving the social, economic, and environmental aspects of the farms and farmers’ livelihoods, by maximizing the profitability (expressed in financial terms; Indian rupees, INR), thus increasing economic performance. Minimizing the nitrogen (N) soil losses (kg ha−1 year−1) enhances the N availability of the farming system. Maximizing the SOM input (kg OM ha−1 year−1) enhances inherent soil fertility and water retention. Minimizing labor use (h ha−1) therefore improves the availability of labor for other farm operations or improves livelihood time. Minimizing GHG emissions therefore minimizes global warming and affects various aspects of climate, including surface air temperatures, precipitation, and sea levels. Maximizing DE yield makes food and nutrition available for a family on the farm. Minimizing biocide use therefore minimizes harmful effects on human health and soil and environmental health. The interactions between farm components under these eight farm objectives. Gross margin (Indian rupees INR year−1) is the farm economics indicator, calculated as the difference between gross margin and farm input costs, such as manure and fertilizer, hired labor, and general farm maintenance costs. SOM input (kg ha−1 year−1) is calculated as the difference between the added organic matter into the soil and the losses by degradation and erosion. Water requirement for irrigation (m3) measures the depletion of available water resources and the amount of water applied to each of the crops. Farm nitrogen losses (kg N ha−1 year−1) is calculated directly after excretion, during storage, and after application on the field using loss fractions. DE yield is calculated by dividing the energy content (in kilocalories) in consumed food by the weight of foods consumed at the farm. GHG emissions are calculated as emissions (N2O, CH4, and CO2) from all sources (green manure, residue applied in soil, flooding, atmospheric N fixation, symbiotic N fixation, etc.) and summed emissions expressed in CO2 equivalents from all sources. Labor input is calculated as the sum of farm labor (family labor, hired labor, and casual labor) required for crop, animal, and general management of the farm. Biocide use is calculated as the total amount of active ingredients applied (kg ha−1) on the farm.



Alternative cropping sequences

Three alternatives to farmers’ dominant cropping sequences (rice–wheat–fallow) were used in the case study area: rice–wheat–mung bean (RWMb); maize–wheat–mung bean (MWMb); and maize–mustard–mung bean (MMuMb). The data generated from the on-station experiments at BISA farm, Pusa over 4 years were used as primary data for the study. These practices are known as climate-resilient cropping systems, which address the interconnected challenges of food security, accelerating climate change, and mitigation. These cropping systems also save input costs and water due to the no-tillage system, improve soil health due to residue retention and inclusion of mung bean (Choudhary et al., 2018), and minimize greenhouse gas emissions (Sapkota et al., 2014).

We performed an inventory of the cropping sequences at 43 farm households from 10 climate-smart villages (CSVs) in Bihar. The current practices of rice-based cultivation have substituted the cropping sequences by switching to rice–wheat–mung bean (RWMb) or maize–wheat–mung bean (MWMb). Similarly, maize-based cultivation has substituted the cropping sequences with maize–mustard–mung bean (MMuMb), regardless of other crops in the cropping sequences.



Statistical analysis

We investigated the relationships between the original cropping sequences and the alternative substitutes on the performance indicators. The correlation between original versus intensified sequences and trade-off analysis was done through plotting in the form of a scattered plot of all the performance indicators using Microsoft Office Excel 2013 version. To conduct cluster analysis and ANOVA, we used the R packages “fit lm model” (R version 3.5.2).




Results


Performance of indicators for individual cropping patterns

The performance indicators of the 229 original cropping systems cultivated within the 43 farms varied strongly in the eight performance indicators (Figure 1). This variability of cropping systems performance within the farm types resulted in the absence of significant differences between well-endowed (WE), part-time (PT), medium-scale (MS), small-scale (SS), and resource-poor (RP) farm types (Figure 2; Supplementary Table S1). Contributing individual cropping sequences on performance indicators to improve whole-farm performance, the average value of each indicator was assessed for each farm type (Figure 2). The five farms differed in terms of characteristics (land, cropping sequences, and household size) and performance indicators.
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FIGURE 1
 Relationship between performance indicators for individual cropping patterns of different farm types (closed symbols) and the three intensified cropping systems (open symbols). Indicator definitions: gross margin = crop gross margin (×1,000 INR ha−1); DE yield = dietary energy yield expressed in number of persons that can be sufficiently fed per ha; labour input = labour required for crop cultivation (h ha−1); OM input = organic matter added to the soil (kg ha−1); water use = amount of irrigation water applied (m3 ha−1); GHG emiss. = greenhouse gas emissions (Mg CO2-eq ha−1); biocide use = biocide active ingredients applied (kg ha−1); soil N loss = loss of nitrogen (N) from the cropping system (kg ha−1).
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FIGURE 2
 (A–H) Performance indicators per farm type without intensified systems.


Gross margin (INR ha−1) was reported to be the highest for MS, followed by WE, PT, and RP farm types. The lowest profit was reported with the SS farm type. DE yield was reported to be the highest under WE farms, followed by RP, MS, PT, and SS farm types, respectively. The highest labor input was reported with WE farms, whereas the lowest was with PT farm types. Similarly, in the case of organic matter input, WE farm types showed the highest value, whereas PT farm types reported the lowest value. Regarding water use for irrigating the crop, WE farm types reported higher water use, whereas SS needed less water for their crops in their farms. The highest GHG emission was reported with the WE farm type, followed by SS, RP, MS, and PT, farm types, respectively. The highest biocide use was reported with PT farm types, whereas the lowest was with MS farm types. Higher N soil losses were reported with WE, followed by SS, RP, PT, and MS farm types, respectively (Figure 2; Supplementary Table S4).



Change in performance indicators in response to intensification at the farm level

Compared to the original cropping systems, the intensified cropping systems with mung bean performed well in terms of dietary energy production and organic matter inputs into the soil. However, they also had high application rates of biocides and nitrogen losses (Figure 1). The intervention systems (rice–wheat–mung bean; maize–mustard–mung bean, and maize–wheat–mung bean) were low in labor requirement and scored at an intermediate level for crop gross margin, water use, and GHG emissions.

The potential contribution of intensification of rice–wheat and maize-based cropping systems by adding mung bean and CA practices to the improvement of the performance indicators was evaluated for all potential farm types. The model-based assessment replaced ‘rice–wheat–fallow’ systems with ‘rice–wheat–mung bean’, and maize-based sequences with ‘maize–wheat–mung bean’ and ‘maize–mustard–mung bean’ cropping sequences.

The ranges of areas of maize- and rice-based systems replaced by intensified systems were the largest for the WE and RP farm types (Figure 3). This was reflected in large ranges of change in the performance indicators, but no significant differences in response were found between the farm types (Figure 4). The profit increased the most for the RP farm types, followed by SM, WE, MS, and PT farms. The DE yield increased the highest for the RP farm types, followed by WE farm types when intensified with alternative cropping sequences. Similarly, total labor inputs were minimized more for RP farm types than for WE farm types when intensified with an alternative crop sequence. The organic matter input increased the highest for the WE farm types and the lowest for RP farm types. Total water requirement increased highest for SS whereas minimum for WE farm types. In the case of GHG emissions, MS farm types emitted less GHG compared to other farms when intensified with alternative sequences. Lower biocide use was reported in PT farm types, whereas the highest use was in RP farm types, followed by SS, WE, and MS farm types, respectively. Higher N soil losses were reported for WE farm types whereas lower in PT farm types, whereas the rest of the farm showed moderate soil N losses when intensified with alternative cropping sequences (Figure 4; Supplementary Table S5).
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FIGURE 3
 Farm area and percentage of change in area to intensified rice- and maize- based cropping systems. (A) farm area; (B) area changed without intensification; (C) area changed with intensification.
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FIGURE 4
 (A–H) Change in performance indicators per farm type in response to intensification of rice- and maize-based cropping systems.


The intensification of maize- and rice-based systems with the proposed intervention cropping systems with mung bean would result in increased profitability and DE yield and lower labor and water requirements with an increasing proportion of the farm being converted (Figures 5A–C). However, also the use of biocides would increase, while the intervention cropping systems would have no significant effect on organic matter input, GHG emissions, and soil N losses (Figures 5D–H). Among biocides, the use of herbicides increases more significantly with the extensive adoption of intensification combined with CA-based practices compared to fungicides and insecticides as a proportion of farmland as a function to control the annual and perennial weeds. Average changes in farm performance, the alternative cropping system intensification would particularly increase DE yield (82%) and profitability (39%) and reduce labor requirement by 84%, while irrigation water use would decline by 28%, but biocide use would enhance by 44% and N losses by 21%. For the increase in DE yield and the reduction in labor requirement, significant differences were found between the farm types (Figures 4A,C, 5B,C): Both WE and RP farm types could achieve the largest increase in DE yield, whereas the labor reduction was stronger for RP farms that for farms of other types.

[image: Figure 5]

FIGURE 5
 (A–H) Changes in performance indicators in relation to the percentage area of change to intensified rice- and maize-based cropping systems for different farm types. Colored solid lines represent different relationships per farm types, the dark blue lines indicate a significant effect of area change, and the grey dashed lines indicate a non-significant trend.





Discussion

The results of this model-based study suggest that alternative cropping sequences with crop diversification and intensification in existing rice- and maize-based sequences could be beneficial for farm types differing in endowment levels. The intensification of maize- and rice-based systems with the proposed intervention cropping systems with mung bean and mustard would result in increased profitability and DE yield and lower labor and water requirements with an increasing proportion of the farm converted. However, also the use of biocides would increase, while the intervention cropping systems would have no significant effect on organic matter input, GHG emissions, and soil N losses. In the early stages of adopting conservation agriculture (CA) practices, the use of biocides, especially herbicides to knock down the existing weeds, increases due to the transition from conventional to no-tillage systems. However, in the long term, these usage are expected to decrease (Jat et al., 2019b). Furthermore, due to financial constraints, farmers in the EGP often find themselves unable to afford inputs, particularly herbicides and existing weeds controlled by tillage and later post-emergence weeds managed by family labor. As a result, there is a reduced reliance on biocides in their current agricultural practices. In particular, WE and RP farm types could enhance DE yield, while the largest labor reduction was achievable for RP farm types. Increasing the availability of land for intensified cropping sequences would help to increase soil organic matter and decrease soil erosion while maintaining or increasing farm profit (Jat et al., 2019a). This may be due to growing the other cropping sequence options such as cash crops available for the farmers in this region. Michalscheck et al. (2018) observed that higher resource-endowed farmers had larger space to improve their objective indicators because of more options available to improve their objective indicators.

Under maize–wheat sequences, the system yield significantly increased with the addition of third crop (mung bean) in the system (Parihar et al., 2017). CA-based rice-wheat cropping sequences had a positive effect on cropping system productivity when intensified with mung bean in the system (Jat et al., 2019b). Choudhary et al. (2018) and Kumar et al. (2018) reported that the integration of mung bean in the CA-based rice–wheat system resulted in higher system productivity compared to the conventional rice–wheat system. This might be because of improved soil physical, chemical, and biological properties when added mung bean (Gathala et al., 2016; Jat, 2017; Kumar et al., 2024). In the study area, farms are very diverse to grow other cash crops, instead of cereal crops. Samal et al. (2017) reported higher rice–wheat system grain yield under CA practices intensified with mung bean compared to farmer’s practices. Rashid et al. (2019) reported that the grain yields of maize were obtained higher under rice–maize–mung bean sequences in CA-based practices than in conventional tillage-based practices. This might be due to reduced input costs such as fuel and labor, coupled with higher system productivity resulting in higher gross margins. In addition, having crop residue on the soil surface can increase soil organic matter, and total N, available P, and available S contents of soil resulting in higher crop yields and farmer income. Aryal et al. (2018) assessed that CA-based climate-smart agriculture practices (CSAPs) have clear economic and climate change adaptation benefits for farmers in Bihar, India. However, the factors that determine the adoption of these practices include crop rotations, education, social and economic capital, farmland characteristics, access to the market, extension services, and training. Gora et al. (2022) offered that CA-based technologies like system intensification, residue retention, crop rotation, and no-tillage improve productivity, profitability, and resilience to climatic risks.

The study suggests that the intensified system showed improvement in all the objective indicators but not in all cropping systems and farm types. In each selected farm, there is a diversity of cropping sequences which has potential support to improving objective variables. The improvement in objective indicators is also determined by the socio-economic condition of a farmer, availability of inputs, and crop management practices and by external factors such as climate, soil, and market. Similarly, Sierra et al. (2017) revealed that variability of farming practices at the farm-type level had a strong impact on soil organic carbon changes, which ranged from net soil organic carbon losses to carbon (C) sequestration. Comparing the current farm performance with the sets of alternative options, well-performed farms in terms of N and labor balances, whereas the largest scope for improvement was found for increasing soil organic matter balances (Cortez-Arriola et al., 2016). Sutherland et al. (2019) demonstrated that emergent patterns of land management depend upon farm types, differentiated primarily by the scale of farm size, presence of diversification activities, and types of animals present. Gitz and Meybeck (2012) indicated that climatic shocks, plant disease and pests, reductions in output prices, and increases in input prices are the types of risks that impact agricultural production systems. Therefore, intensification and improved agronomy (CA-based management) as presented here should be entrenched in adaptive as well as practical for researchers and policymakers, which could target the farm types and cropping systems for better farm input use efficiencies and potential benefits.



Conclusion

In this study, we assessed the potential of integration of intensified cropping systems with mung bean to improve multiple objectives for five farm types, each representing a farm type in Samastipur, Bihar, India. We found large performance variations on objective values among farms, indicating heterogeneity in the farming community, leading to differentiated potential to improve the system’s performance. These insights on the alternative intensification options per farm type help decision-makers establish policies for this sector. They also assist stakeholders and farmers in defining priorities, identifying solutions, and implementing technical interventions for specific sets of farm types. The farm-scale model suggests that there is an option to improve the overall performance of current farms, including aspects such as overall farm profitability, soil organic matter accumulation, water saving, and improving environmental and nutrition outcomes among the community in the region. However, additional innovations may be needed to further manage the vulnerability and resilience of these systems in the face of increased input costs, deteriorating soil health, and potential climatic risks in this region. These findings could be highly beneficial for the Government of Bihar in directing interventions and prioritizing investments within the 4th Agricultural Road Map (2023–2028), which has an allocated budget of US$ 20 billion.
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