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The current diagnostic agronomy study of the Bankura region of West Bengal, India, examined the variations in crop yields through a socio-ecological analysis of multiple production system components. Envirotyping for root cause analysis was employed to delve into the variables that affect the performance of rainfed production systems. Mother Earth, man, machine, management, and materials (5Ms concept) were the five indicators under which the variables were grouped. Findings demonstrated the fragility of the region’s soils due to its undulating terrain, unpredictable rainfall patterns, and frequent drought scenarios. The LULC’s NDVI showed that the agricultural area is about 60% and 43% of the total geographical area in the Hirbandh and Ranibandh blocks, respectively. Soils are acidic and diagnosed with deficiency of both macro and micronutrients (phosphorous, sulfur, and boron) having poor water holding capacity (35 to 55 mm for a 50 cm soil depth). The sand and soil organic carbon contents ranged between 43.04%–82.32% and 0.17%–1.01%, respectively with a low bacterial population. These factors are the root cause for low cropping intensity (106%) and low paddy productivity (3,021 kg/ha). Overall, the study contributes to designing and scaling-up of sustainable landscape management practices that could ensure higher cropping intensity and system productivity in similar agro-ecologies with limited evidence.
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1 INTRODUCTION
Considering that 17.4% of India’s GDP comes from agriculture and related industries, which employ 54.6% of the nation’s workforce, agriculture is a key sector of the economy. It is desirable to use cultivable land as intensively as possible to maximize agricultural output since there is an inelastic supply of land for cultivation in a country like India, where there is demand from a high and expanding population for cultivable land. Nonetheless, since the country’s independence, its net sown area has increased roughly by 20% and has reached a point where further growth is not currently feasible. There are only two ways to use land to meet the nation’s growing population’s needs for food and other necessities: either increasing the net area under cultivation or intensifying cropping over the current area. Increasing cropping intensity is one of the tried-and-true methods for raising agricultural productivity and creating jobs in rural areas. Nonetheless, the degree of cropping intensity is mostly determined by the agroecological conditions and the inputs used in agriculture (Mondal and Sarkar, 2021).
In India, there are many different cropping systems under various agroclimatic zones, which are primarily determined by soil type, rainfall, climate, technology, policies, and the socioeconomic status of the farming community (Gulati and Juneja, 2022). All these factors have a significant impact on crop productivity and intensity. Bankura is the western district of West Bengal, India, and much of the terrain is undulating, having soils with low available moisture capacity (National Bureau of Soil Survey and Land Use Planning, 2013). The soils in Bankura are of inherently poor quality due to erosion and warm climate. Soil degradation is exacerbated by the conversion of land uses, such as forests to croplands, and poor farmland management (De et al., 2022). Due to unpredictable rainfall patterns, rainfed crops are typically grown with low nutrients, and the farmers in these areas tend to be resource-poor (Srinivasarao et al., 2013). As a result, these soils frequently have nutrient deficits, which make it difficult for crops to produce desirable yields. Long-term fertilizer studies spanning approximately 30 years showed that organic manures are essential for maintaining agricultural yield in addition to enhancing soil organic carbon stock (Srinivasarao et al., 2009). However, high temperatures oxidize soil organic matter (SOM); hence, the conservation and maintenance of SOM in tropical regions is the biggest challenge. Consequently, there is a multi-nutrient deficiency in these soils.
The four different types of drought situations that can occur in Bankura are meteorological drought, hydrological drought, agricultural drought, and socio-economic drought, which affects human activities (Wilhite and Glantz, 1985; Wilhite, 2000; AMS, 2004; Parry et al., 2007; Bera and Bandyopadhyay, 2017; District Disaster Management Cell, 2017). Drought coupled with the high runoff rate of rainwater, inadequate storage facilities, high surface runoff, and low water holding capacity of the soil exacerbates the situation during the post-rainy season (Rahim et al., 2011; District Disaster Management Cell, 2021). The development of sustainable cropping systems is significantly becoming important in the current scenario with increased vulnerability to climate change. The UN Sustainable Development Goals (SDGs) such as #SDG13 and #SDG15 focus on climate action, and the life on land can be effectively achieved by the adoption of sustainable agriculture practices. Consequently, we can achieve land degradation neutrality (LDN) and climate mitigation.
Large yield gaps between potential, on-station, and farm yields (Srinivasarao et al., 2010) are attributable to many factors, which include a range of management techniques that affect crop yield, in addition to having a high correlation with certain socioeconomic aspects. “Envirotyping” is an approach proposed by Xu (2016) which considers all environmental factors in order to determine the impact of climate change on the growth and production of plants. Batan (2017) and Xu (2016) classified the envirotyping factors into five major groups, namely, soil, climate, crop canopy, companion organisms, and crop management, and these components are important environmental factors affecting plant growth. However, the human element (i.e., man) was not considered in the envirotyping framework, like the role of socio-economic factors, which greatly influence the decision-making process and adaptation strategies of the farmer to climate change. The land tenancy system, farm size, skilled (young) labor, capital (agricultural credit), market and product price, farm mechanization, access to and knowledge of IT, farm subsidies, resource management, farm risk, awareness, age of the farmers, population, rural development, government policies, and religion are some of the notable socioeconomic barriers that numerous studies have reported (Roy and Kaur, 2015). As the budgetary payments to farmers did not counteract the price-depressing effects of intricate domestic marketing rules and trade policy measures, it inevitably affected the farmers’ net income and, consequently, the subsequent investments in agriculture. This led to the dependency of farmers, particularly small and marginal farmers, on government schemes and support. Hence, the reasons for low productivity or cropping intensity cannot be attributed to one single factor, but it is a complex relationship between tangible and intangible factors and needs a thorough understanding of inter-relationship.
In the present investigation, we contributed to answering these questions by analyzing a case study of the Bankura region of West Bengal, India, with the objectives (i) to characterize the existing ecosystem complemented with socio-economic analysis, (ii) to analyze the root cause for low agricultural productivity and cropping intensity, and (iii) to recommend site-specific interventions to address the challenges.
2 MATERIAL AND METHODS
2.1 Root cause analysis
Root cause analysis (RCA) was carried out in a small focus group of about six to eight people in each of the 10 villages using a flip chart paper, and as the conversation progressed, important factors were added. The first step is to discuss and agree on the problem or issue to be analyzed. The broader topic was further broken down with the help of a tree. The problem or issue is written in the center of the flip chart, which becomes the “trunk” of the tree representing the “focal problem.” The next step is to identify the causes of the focal problem, which become the roots, and then identify the consequences, which become the branches. As the study involves envirotyping, the measurements include both field and laboratory activities such as planning, sample collection, laboratory tests and analysis, and data handling (Worthington et al., 2024). To meticulously understand the concepts of cropping systems in rainfed regions and the root cause determination (Alpha et al., 2021) behind each of the 5Ms, the authors attempted to generate a research-based fishbone concept framework (Kaoru Ishikawa diagram) for the underlying causes of an event with proper corrective measures and further prevent any recurrences (Murumbi, 2014).
2.2 Five M’s concept
The present investigation was outlined under the framework of five M’s, e.g., Mother Earth, man, machine, management, and materials (Zielińska-Chmielewska et al., 2021). Several other methods (Chaudhary et al., 2015; Rao et al., 2019; Reddy et al., 2021) have also studied vulnerability indicators using different quantifying methodologies/approaches, but the 5M’s approach unveiled the opportunities to identify the key root causes of each problem in the present study. We used this approach to critically focus on the 5Ms and discuss several sub-elements (Figure 1) under each M to come up with salient features of the studied regions. To identify a research problem’s primary reason or causes, a “five whys” approach was used. Any question will serve as the starting point and basis for the subsequent question in this manner. Quality professionals rank fifth for repeating the inquiry based on their experience and field studies. This approach’s primary objective was to identify the underlying source of an issue by asking “why?” a lot.
[image: Figure 1]FIGURE 1 | 5M concept of the study.
2.3 Site description
The study area comprises Ranibandh (22.8661°N and 86.7831°E) and Hirbandh (23.0616°N and 86.8145°E) blocks of the Bankura district (Figure 2) of the south-western part of West Bengal, India, which is bordered by the Mukutmanipur reservoir. The geographical areas of the Hirbandh and Ranibandh blocks are 199 and 418 sq. km, respectively. There are about 119 villages in Hirbandh and about 184 villages in the Ranibandh block with diverse socio–agro–economic characteristics. All the villages in both blocks were clustered based on the demographic and socio-economic criteria (Supplementary Table S1), and five representative villages from each block were selected (Figure 2). The villages, namely, Tentulia, Sitarampur, Jadurbankata, Kadia, and Itamara from the Hirbandh block, while Satnala, Gosainidihi, Dhanara, Ramgarh, and Kama from the Ranibandh block were selected for the study.
[image: Figure 2]FIGURE 2 | Location of the experimental area.
2.3.1 Selection of samples based on landforms
As the topography influences the cropping pattern and productivity (Kumhálová et al., 2011), 30 farmers from each village were randomly selected and classified into four categories: uplands, mid-uplands, mid-lowlands, and lowlands (Jana SK, 2011A). The uplands consist of a mix of non-arable wasteland and cultivable land with thin topsoil and low water-holding capacity. The mid-uplands are sandy to sandy loam and shallow with low organic matter and moisture holding capacity. The mid-lowlands are loamier than the mid-uplands and are lower than mid-uplands but higher than lowlands (Sugata et al., 2017). Low-lying arable land is best suited for paddy cultivation as water from uplands collects in these types of plots.
2.4 Soil and water sampling
To analyze the nutrient status and physical and soil biological properties, 20 composite soil samples were collected from each of the 10 villages using a stratified soil sampling method (up-, mid-, and lowlands). Water samples were collected from drinking water wells, community ponds near the households used for washing, and from the main irrigation sources in each of the 10 villages for its quality assessment. Overall, the sample design comprises 300 household samples, 200 soil samples, and 30 water samples (Supplementary Table S2).
2.5 Laboratory analysis
Table 1 shows the brief methodology used to analyse various parameters of soil and water:
TABLE 1 | Laboratory protocol used for testing soil and water samples and please add the right hand border.
[image: Table 1]2.6 Land use and land cover (LULC)
Detection of changes in land use/land cover patterns is a good indicator of land degradation and, hence, an essential task for sustainable natural resources management planning. This section analyses the changes in land use/land cover for the years 2005–06 and 2020–21 in Hirbandh and Ranibandh blocks. To analyze changes in land use in the study area, time-series satellite data from 2005–06 and 2020–21 were used. Monthly IRS-P6 AWiFs images were utilized, with digital numbers converted to reflectance values to normalize multi-date effects. Top-of-atmosphere (TOA) reflectance was calculated using a reflectance model built in ERDAS Imagine (Thenkabail et al., 2004; Velpuri et al., 2009), and normalization was based on available metadata in header files. A hybrid approach, including decision tree or supervised MXL or both, was used to classify the data and extract information on land use/land cover classes and agricultural seasons. This allowed for regular process repetition at set time intervals. All classes were reclassified into major classes such as built-up, rainy season (June to November), post-rainy (December to March), double crop, fallow land, forest, wasteland, and waterbodies.
2.7 Cropping intensity and diversification index
The cropping intensity of the region was estimated to understand the present utilization efficiency of the land, which is the ratio between the gross cropped area (GCA) and net cropped area (NCA) (Brahmanand et al., 2021). The GCA represents the total area sown once, twice, or more in a specific year; hence, in GCA, an area is counted twice when a crop is sown twice on the same plot of land, while the NCA is the crop-planted area that was only counted once. Crop diversity is calculated using the Simpson index of diversification (Simpson, 1949), which measures the diversity by considering both the total number of species and the relative abundance of each species.
Simpson index of diversification (SID) = 1 − [image: image] where
[image: image]
 Here, Ai is the amount of land allocated to each ith crop, and [image: image] is the total amount of land area cultivated by a farmer for all his crops.
2.8 Statistical analysis
The standard deviation and the standard error mean of the samples of different villages under two different blocks were computed using SPSS software- version: 17.0.
3 RESULTS AND DISCUSSION
3.1 Agronomical challenges in the selected villages of Hirbandh and Ranibandh
The variation in cropping intensity (CI) has been noticed in the sample locations (Figure 3A). Jadurbankata and Itamara have a higher CI, which is around 200%. On the other hand, Sitamara and Kamo Gora have a lower CI (<100%). The average CI of all the 10 villages was 121%, whereas after the exclusion of the two villages (viz, Jadurbankata and Itamara), the CI for the rest of the villages was 106%, thus indicating the low land use efficiency of the study region (Mondal, 2019). Due to low rainfall and excess draining out of water, there is less residual soil moisture availability in these areas during the post-rainy season, thereby making farmers unable to cultivate multiple crops, and thus, the region witnesses low CI.
[image: Figure 3]FIGURE 3 | (A) Cropping intensity of the study area and (B) Simpson diversity index of the study villages.
Diversified cropping systems, in general, tend to be more agronomically stable and resilient (Makate et al., 2016). The average Simpson diversification index (SDI) score was <0.5, indicating moderate diversification across the villages (Figure 3B). The highest SDI was observed at Jadurbankata (0.30), indicating diversification from subsistence crops to more commercial crops. Studies proved that crop diversification has a significant and positive impact on the farm income of households (Lama, 2016), and as these areas have low cropping system diversification and low CI, the agricultural income is very meager to sustain the livelihoods of small and marginal farmers in the area. Hence, it is very important to understand the socio-ecological reason for low CI.
3.2 Status of Mother Earth, man, machine, management, and materials (5Ms)
The team has brainstormed along with farmers and scientists about many possible causes and their effects that lead to low intensity and productivity and are represented in a cause-and-effect diagram or a fishbone diagram (Figure 4). The factors are classified into five main groups: Mother Earth, man, material, methods, and management.
[image: Figure 4]FIGURE 4 | Fishbone conceptual framework.
Each node in the framework represents the causes that affect it. Each cause has its opportunities for improvement and needs to be analyzed separately. Based on the judgment of the expert team, the problem is assigned to the pre-described root cause (5M’s). Table 2 shows the important controllable causes of this problem.
TABLE 2 | Controllable root causes of the problem.
[image: Table 2]3.2.1 Mother Earth
Mother Earth encapsulates the environmental elements such as weather, soil, water, and other uncontrollable events that fall into this category. The present study includes weather (rainfall and temperature), soil health (physical, chemical, and biological), and water quality parameters under this category.
3.2.1.1 Land use and change detection
A total of eight classes were generated to understand LULC in Hirbandh and Ranibandh blocks for the year 2020–21 (Figure 5). Time-series satellite data for the years 2005–06 and 2020–21 were used to analyze the land use change in the study area. The changes in land use/land cover classes for the period 2005 to 2020 were analyzed as a percent difference. Remote-sensing analysis showed that the agricultural area is about 60% and 43% of the total geographical area in the Hirbandh and Ranibandh blocks, respectively. This shows that both blocks are agriculture-dominant. About 54% and 37% of areas are under the rainy season, and negligible areas are under the post-rainy season in Hirbandh and Ranibandh blocks (Table 3). The area under built-up, post-rainy, forest, and water bodies has not changed significantly (<1%) in the Hirbandh block. The area under the rainy season has increased by 18% due to the conversion of 5.5% of fallow land, 9.5% of double crop land, and 3.5% of wasteland.
[image: Figure 5]FIGURE 5 | LULC of Hirbandh and Ranibandh blocks for 2005–06 and 2020–21.
TABLE 3 | Percentage of land use/land cover classes of the study area during 2020–21.
[image: Table 3]Analysis showed that the areas under built-up, post-rainy, forest, and waterbodies have not changed significantly (<1%) in the Ranibandh block. However, only the rainy season area increased by 13.4% due to the conversion of 7.5% of fallow land, 3.5% of the double crop land, and 2.5% of wasteland. Overall, Hirbandh and Ranibandh blocks experienced a similar type of conversion from one land use class to other classes. The existing cropping pattern in the region is presented in Supplementary Table S3, and it shows that paddy cultivation occupies 99% of the cropped area in the rainy season and only 6% in the post-rainy season. The post-rainy season was dominated by mustard (54%), followed by potato (18%) and watermelon 10%. Vegetables (other than potato) occupy only 6.4% of the cropped area as they are majorly grown from self-consumption rather than for the market. The post-rainy area occupies only 52% of the rainy season area (Supplementary Table S3), highlighting that farming during the post-rainy season is under constrained conditions. As paddy cultivation occupies major portion of the land, the study primarily focuses on paddy cultivars and the related factors of production.
3.2.1.2 Climate
.3.2.1.2.1 Rainfall
The selected blocks fall under the “hot, dry, sub-humid ecological hub region” with the length of the rainfed crop-growing period (LGP) being approximately 150–180 days. The normal rainfall of the blocks was 1,556 mm/annum and 1,464 mm/annum, and nearly 75% of the total rainfall is received between June and September (Figure 6) and nearly 15% during the months of March–May. The post-rainy season receives only 8%–10% of the rainfall, which could be the main reason for the very low CI. High rainfall variability was observed during the monsoon season (high: 7%–8%) in the Hirbandh block, which led to decreased runoff during the monsoon season (2007–2021). The rainfall variability in the Ranibandh block is observed low (2%) during the monsoon season.
[image: Figure 6]FIGURE 6 | (A) Seasonal patterns of monthly rainfall in Hirbandh and Ranibandh blocks (B) and (C) long-term temperature changes in Hirbandh and Ranibandh blocks, respectively, calculated as mean (1992–2006) monthly averages–mean (2007–2021) monthly averages.
.3.2.1.2.2 Temperature
Although the period between May and June is the hottest with temperature as high as 45°C, the onset of southeast monsoons brings down temperature. The winter (November–January) temperature is between 22°C and 25°C (Figure 6), and this period is most suited for the cultivation of a variety of good quality vegetables. The meteorological data obtained from the local meteorological department indicate that the maximum temperature in Hirbandh and Ranibandh during the monsoon season increased by 0.20°C–0.40°C (winter) and 1.30°C–1.40°C (summer) (February/March), respectively. However, there was a decreasing trend in temperatures in May in both the blocks.
3.2.1.3 Soil health
.3.2.1.3.1 Soil physical properties
The sand content of 30 soil samples ranged from 43.04% to 82.32%, silt content ranged from 7.54% to 27.69%, and clay content ranged from 10.10% to 37.54% (Table 4). Light textured soils (high sand) have a low water holding capacity and require frequent rains or irrigations, as compared to heavy textured soils (high clay) which have a high water holding capacity (Pathak et al., 2009). The upland soils are light textural soils, and lowland soils are heavy textural soils as the clay content is comparatively higher (Table 4). Simple water budgeting obtained from model simulations (Supplementary Table S4) showed that 30%–44% of the runoff generated in these blocks is already captured by existing water storage structures (waterbodies). Although the soil moisture holding capacity of soils in the Ranibandh block is higher than that in Hirbandh block, the average water holding capacities of both soils are poor (35 mm–55 mm for a 50-cm depth of soil). Similarly, groundwater recharge was found high (9%) due to sandy loamy soils in both the blocks.
TABLE 4 | Soil physicochemical and biological properties of the selected villages under Hirbandh and Ranibandh.
[image: Table 4]Water retention of Bankura soils at 0.33 bar field capacity (FC) varies from 0.14 to 0.48 cc/cc, whereas at 15 bar, permanent wilting point (PWP) varies from 0.07 to 0.26 cc/cc (Table 4). Alfisols are highly variable in depth, texture, bulk density, and stoniness; their water retention and transmission properties are very site-specific and must be judiciously evaluated for the specific areas in which quantitative studies of soil–plant–water relations are conducted (El-Swaify et al., 1985). Water availability to crops is affected by their rooting characteristics and soil physical properties (El-Swaify et al., 1985). The value of plant extractable water (PEW) for the Bankura soils in the top 50-mm layer varies from 38 mm to 110 mm, whereas, in the top 100 cm, depth varies from 75 mm to 219 mm (Table 4). Crop water requirements of various crops are wheat and maize, 500 to 600 mm; groundnut, 500 to 550 mm; sorghum/millets, 350 to 500 mm; sunflower, 400 to 500 mm; finger millet, 400 to 450 mm; chickpea, green gram, and black gram, 350 to 400 mm; mustard, 400 to 450 mm; safflower, 250 to 300 mm; and sesame, 200 to 250 mm. Since the plant extractable water of Bankura soils ranges from 75 to 219 mm in the top 100-cm layer (Table 4), we have to provide supplemental irrigations during critical crop growth stages during the post-rainy season to grow these crops successfully without any risk. Even though there is some rainfall during the post-rainy season but not enough to cover the water needs of the crops, irrigation water must supplement the rainwater in such a way that the rainwater and the irrigation water together cover the water needs of the crop (Brouwer and Heibloem, 1986). The analysis of physical properties indicates that due to the high sand content, the saturation capacity of both block soils is 40%–60% of their volumetric content, water holding capacity is low (6%–10%) due to low clay content, and the drainable limit is good (0.28%–40%), which leads to better groundwater recharge (Figure 7).
[image: Figure 7]FIGURE 7 | Water retention capacity of the soil.
.3.2.1.3.2 Soil chemical properties
The soil pH of both blocks ranged between 4.72 and 7.13, with an average soil pH of 5.29 (Table 4). The soil pH of Hirbandh and Ranibandh blocks was found to be acidic in reaction, and this might be due to granite being the parent material, sloppy land, and heavy rainfall, which cause leaching losses of basic cations, and the laterization process causes the accumulation of iron and aluminum oxide. More than 50% of soil samples are deficient in available phosphorus (P) (61.90%), sulfur (S) (70.48%), and boron (B) (94.29%) in the Hirbandh block (Figure 8). In the Ranibandh block, more than 50% of soil samples are deficient in available calcium (Ca) (68.57%), S (82.86%), and B (97.14%) (Figure 8). The soil organic carbon content (SOC) in Hirbandh and Ranibandh blocks varied from 0.17 to 1.01% and was categorized as low-to-high in the range. Furthermore, the highest SOC content was observed in Satnala village. Low SOC was observed in the Sitarampur and Jadurbankata villages of the Hirbandh block. The available potassium is less in the Sitarampur village (Figure 8).
[image: Figure 8]FIGURE 8 | Village-wise percent-deficient soil samples in Hirbandh and Ranibandh blocks, Bankura, West Bengal.
.3.2.1.3.3 Soil biological properties
The bacterial population was noticeably lower (Table 4) in most of the samples, irrespective of terrain (upper, middle, and lower), which might be due to the low-to-medium organic carbon content of the soil and the acidic nature of the soil. The fungal population (colony-forming units: CFU/g) was high compared to bacteria, which might be attributed to the acidic nature of the soil (Rousk et al., 2008). A study was conducted by Rousk et al., (2010) on the influence of soil pH on bacterial and fungal communities. The quantitative polymerase chain reaction (qPCR) results based on 16S rDNA revealed that the abundance of bacteria was increased four-fold with an increase in pH from 4 to 9, and no significant influence of pH was observed on fungal abundance. Similar results were also observed by Wang et al. (2022).
In the present study, we observed that sample BN-55 (L) from Jadurbankata village has a high SOC, i.e., 0.86%, which is the reason for the comparatively high microbial population (bacteria, fungi, and actinomycetes), compared to other samples. Therefore, field bunding in this region is an important intervention that could help retain moisture, which creates favorable conditions for microbial growth, resulting in an increase in the microbial population (Van et al., 2014). One of the most important biological indicators of soil health, indicating the presence of living organisms and their activities, is soil respiration. Although soil organic carbon (SOC) was reported to have a positive correlation with soil respiration, soil respiration is also influenced by factors like temperature, moisture, porosity, and soil type (Duan et al., 2021). In the present study, not all the samples tested for soil respiration had a positive correlation with SOC, which might be due to the presence of labile carbon (active carbon pool) that contributes to microbial activity and respiration (Cleveland et al., 2007). The samples were observed to have low-to-medium organic carbon and fewer bacteria compared to fungi.
As per the total microbial biomass, e.g., bacteria, fungi, and actinomycetes, it has been observed that the bacterial count was less in the samples. Soil acidity and low organic carbon content are contributing to the low microbial activity and less productivity of the soil. To improve the SOC content, practices like composting and incorporation of crop stubble into soil can be practiced. Vermicomposting and aerobic composting are two proven methods to practice composting at the rural level. Agroforestry practices and the presence of vegetation on bunds contribute to the accumulation of plant residues, fallen leaves, and other organic materials. These organic inputs gradually decompose, enriching the soil with organic carbon (Sarvade et al., 2014). The flora diversity found in agroforestry systems fosters the growth of soil microorganisms, which are essential for the breakdown of litter and the release of nutrients (Kumar, 2011).
3.2.1.4 Water characteristics
The chemical analysis of water samples (Table 5) showed that water is not safe for drinking as arsenic levels are high. Arsenic (As) contamination poses a serious risk to human health. As per the World Health Organization (WHO), the minimum permissible safe limit of As in drinking water is 10 μg L−1, and as per the US Environmental Protection Agency (USEPA), the approved safe limit of As in soil is 24 mg kg−1. Drinking water contaminated with arsenic is the most common route of human exposure to arsenic contamination (Tandukar and Neku, 2002). The presence of As in paddy cultivation, if irrigated with arsenic-contaminated water, may vary depending on the cultivation method, cooking, irrigation methods, and fertilizer application practices. The immediate adverse impact of arsenic stress appears through up- or downregulation of the expression of transporters. Moreover, arsenic stress causes phytotoxic and genotoxic effects on plants by escalating lipid peroxidation levels, affecting the permeability of cell membranes. Arsenic stress reduces seed germination and growth of seedlings through the lower uptake of water and lowered amylase activity (Moulick et al., 2018). Grain quality and yield of rice decrease due to arsenic stress because of the decreased uptake of essential nutrients and alterations of physicochemical and biochemical properties of plants (Shri et al., 2019). The straighthead disease of rice is also caused due to arsenic stress, which manifests through the presence of distorted husks, sterile spikelets, unfilled grains, etc.
TABLE 5 | Chemical analysis of water.
[image: Table 5]3.2.2 Material
For site-specific management, a thorough understanding of soil variability and landscape properties, as well as their effects on crop yield, is very critical (Jiang and Thelen, 2004). In the two blocks of the study area, the suitable land for cultivation (midland) is 61%, which is distributed mostly in the mid-upland and mid-lowland (Figure 9A), whereas the remaining land (39%) is less productive due to poor water holding capacity and low fertility (Jana SK, 2011). The less productive lands are around 40%–50%, which is a major concern contributing to low cropping intensity and low system productivity in the study area. Most households in the region are marginal, with the average land holding below 0.5 ha (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) Cropped area distribution by topology; (B) average size of land holding; and (C) share of paddy cultivars in the study area.
The average land holding was 0.53 ha/HH, with the highest in Kamo Gora (0.73 ha/HH) and lowest in Tentulia (0.34 ha/HH). This indicates the existence of marginalized communities across the villages, which are exposed to a variety of risks at the individual or household level (Mahendra, 2012). Studies proved that the farm size is positively related to technology adoption (Shang et al., 2021); thus, it depicts the reason for the subsistence level of farming in these two blocks. As the low size of land holding is not economical, the returns are affecting the reinvestment on the second crop. With respect to the paddy cultivars cultivated by the farmers, Swarna variety was cultivated by 24% of the farmers (Figure 9C), followed by Lolat (21%) and Khandagiri (14%), constituting about 59% of the land area under paddy cultivation (IET-10396). The cultivated paddy cultivars were short-duration cultivars like Lolat, Sindhu, Bullet, and IR-64, which occupy 31% of the cropped area, and the remaining cultivars occupy 69%. The varietal adoption pattern indicates that farmers are continuing the older varieties which were notified 20–30 years ago. Khandagiri (IET-10396) was notified in the year 1994 (DRD, Patna), Lolat was prior to it, and Swarna Sub-1 in 2009. Even though Swarna Sub-1 was a better variety under submergence/lowland conditions, because of its duration, the variety cannot sustain the terminal stress during the critical stages of growth. This shows that the farmers are not adopting the climate-resilient cultivars suitable for the region, and the topography might be due to non-availability in the study area or demand from the market. For example, Pushpa (notified in 2015) is a non-lodging, non-shattering, drought-tolerant early variety with 50% flowering in 79 days and seed-to-seed of 105 days during rainy season. Its average yield ranged from 4,500 to 5,000 kg ha−1, and its productivity was 8,216 kg ha−1 (Mallick et al., 2013). Hence, the extension activities with seed availability and market infrastructure need to be developed. The data on fertilizer (NPK) use pattern across the villages (Supplementary Table S5) infer that the application of phosphate fertilizers (e.g., DAP) was found to be high. The application of nitrogen fertilizers was less than the recommended dosage of 80 kg/ha in the majority of villages.
3.2.3 Management
Most of the cultivars grown were old-ranging and cultivated irrespective of their suitability to the topology. Usually, short-duration varieties were in the uplands due to water deficit, medium-duration varieties in mid-lands, and long-duration varieties in the lowlands. However, the cultivars were grown irrespective of their suitability to topology (Figure 10A). This is mainly because of market demand for the varieties from neighboring districts like Assam, Jharkhand (SEMA, 2023), and Odisha and international demand from Bangladesh. Most of the previous studies employed aerobic or upland rice cultivars, whereas modern lowland cultivars typically exhibit longer growth durations and higher yield potential, particularly the super hybrid cultivars that are sensitive to unfavorable conditions and suitable for intensive cultivation (Bouman et al., 2006; Liu et al., 2019). We observed that in the uplands, short-duration crop varieties were typically found due to water scarcity, while medium-duration crop cultivars were found in the midlands and long-duration crop cultivars in the lowlands. This suggests that lowland rice cultivars, with their longer growth duration and higher growth potential, could benefit more from rainfall (Liu et al., 2019). In upland cultivation, rainfall accounted for 60%–85% of total water use during the growing season. Upland cultivars are bred with the specialty of shorter growth duration and lower aboveground biomass accumulation, which accounts for their lower yield performance under aerobic cultivation in Central China when compared to lowland cultivars (Zhao et al., 2010).
[image: Figure 10]FIGURE 10 | (A) Varietal selection across the topography and (B) paddy productivity by topology.
3.2.4 Methods
Scale-appropriate farm mechanization holds a key to the successful management of the farmland. Tractors and the associated machinery are primarily used during land preparation and seeding, whereas other machineries are less important during crop growth (Supplementary Figure S1). A study on the impact of farm mechanization on foodgrain productivity revealed that foodgrain productivity is higher in the states where farm power availability is high (Buragohain, 2021), which proves the need for introducing farm power through customer hiring centers (CHCs). The study revealed that most of the farm operations are carried out by labor, mostly family labor. The farmers are realizing low economic returns from the rainy season paddy cultivation.
The net returns observed were negative in many cases when the cost of family labor was included (Table 6) while calculating the total cost of cultivation (CoC). The results imply that economic returns are more relevant as the low net returns from rainy season paddy cultivation might be one of the essential factors affecting low investment in post-rainy cultivation. The study observed that because of low income from rainy season crops, the young members of the households tend to migrate to nearby towns, creating acute labor shortage during the post-rainy season. The average productivity of the existing varieties is 3,021 kg/ha, which is significantly on the lower side, as compared to the recently introduced variety, namely, Pushpa. The study further revealed that the farmers are realizing low economic returns from the rainy season paddy cultivation. The major reasons are low-yielding crop cultivars, low seed replacement rate, generalized selection of rice cultivars at all the typologies (for example, lowland, midland, and upland), imbalanced use of inorganic fertilizers, and unavailability of nutrients primarily secondary and micronutrients. The negative net returns in many cases reduce the capacity of farmers to invest not only for post-rainy crops but for next year’s rainy season crops.
TABLE 6 | Cost of cultivation of paddy.
[image: Table 6]3.2.5 Man
Most of the farmers were from the middle age group (<45 years). The average age of the surveyed farmers was 42 years; the youngest (∼35 years) was observed in Satnala and Jadurbankata, whereas the oldest (∼50 years) was observed in Kadia and Ramgarh (Supplementary Figure S2). Most farmers were uneducated (40%), and only 3% of the respondents had completed their graduation (Supplementary Figure S3). About 50% of illiterates were observed at Satnala and Tentulia. The lowest level of illiteracy was found in Ramgarh (28%). The low levels of education could be attributed to high poverty levels and a lack of motivation to pursue higher education (Mwango, 2010). Moreover, low levels of education might affect the farming skills and productive capabilities of the farmers (Paltasingh and Goyari, 2018). Agriculture systems should adapt to uncertain climatic conditions by building sustainable resilience systems which require a dynamic understanding of agricultural systems and their interaction with climate and practices (Abhilash et al., 2021). The adoption of contemporary paddy varieties and, consequently, the farm production of adopters have been found to be considerably influenced by a minimum threshold level of education, according to Paltasingh and Goyari’s (2018) study on the impact of farmer education on farm productivity. The likelihood of applying agricultural inputs rises dramatically with higher education levels but falls with farmers’ ages (Sagar et al., 2022). Considering that the age group (>42 years) with low literacy rates is majorly engaged in rainfed farming, they are less receptive to the adoption of improved cultivars (Pushpa, MTU1140 TARANGINI, and MTU1001) over the early 1970s' traditional varieties (Lolat, Swarna, and Khandagiri) and climate-smart agricultural technologies.
4 STRATEGIES TO ENHANCE 5MS BY FARMERS THROUGH GOVERNMENT SCHEMES
We have determined the primary underlying causes of every issue that the farming communities who are most at risk are dealing with, and we have also talked about the best ways to address each of the 5Ms. Government programs must, however, play a crucial role in helping farming communities that are most vulnerable to changes in the climate, the availability of resources, and other factors that affect sustainable agriculture. Even with numerous government initiatives designed to assist small and marginal farms, awareness building is still necessary.
Low rainfall and excess draining out of water are resulting in low cropping intensity and low system productivity in the studied regions of West Bengal. Farmers need to enhance crop diversification by cultivating multiple crops that positively impact the farm income of households of small and marginal farmers (Lama, 2016). There are several schemes initiated by the Indian government for the benefit of small and marginal farmers in order to enhance crop productivity. The national scheme, i.e., Rainfed Area Development (RAD) was launched to support integrated farming systems (IFS), which emphasize intercropping, rotational cropping, mixed cropping, and other related practices. The Pradhan Mantri Kisan Samman Nidhi (PMKISAN) was launched to help land-holding farmers meet their financial needs, the Pradhan Mantri Kisan Maan Dhan Yojana (PMKMY) was launched to provide stability and financial assistance to the most vulnerable farming households; and the Pradhan Mantri Fasal Bima Yojana (PMFBY) was launched to offer farmers a straightforward and reasonably priced crop insurance solution that would guarantee full crop risk coverage against all unavoidable natural hazards from planting to harvest, as well as a sufficient claim amount, and the minimum support price (MSP) for all required commercial crops with a minimum 50% return, including rainy and post-rainy seasons.
Due to low soil organic carbon, there are multi-nutrient deficiencies and poor water holding capacity and, as a result, declined crop productivity in the dryland farming soils of studied regions. Hence, there is a great necessity for improving SOC in these areas to deal with moisture stress and nutrient deficiencies. The Indian government has taken several initiatives for soil carbon and water storage specifically in drylands. The Mahatma Gandhi National Rural Employment Guarantee Act (MGNREGA) and the National Mission for Sustainable Agriculture (NMSA) were launched to maintain agricultural productivity by conserving natural resources like water and soil while also advancing rainfed agriculture in India. The Soil Health Card (SHC) mission is to enhance the soil fertility status by providing fertilizer recommendations based on soil tests. However, 82% of the farmers were aware of the SHC plan, only 66% of them could grasp the guidelines, and only 48% of them applied fertilizer at the prescribed rate (Reddy, 2019). Hence, it is high time to create awareness about the SHC among the farmers. The Rashtriya Krishi Vikas Yojana (RKVY) supports the overall growth of agriculture and related industries by conserving water and soil, enhancing farmer effort, reducing risk, and encouraging agribusiness entrepreneurship.
Farm mechanization and potential management practices are other major problems that are noticed in the studied regions. In the investigated areas, the majority of small and marginal farmers lack formal education; nonetheless, they can still receive assistance and benefit from government programs. The Sub-Mission on Agriculture Automation (SMAM) has been launched by the Indian government to employ drones to apply fertilizer and pesticides in public areas, as well as to expand the use of farm automation to small and marginal farmers. The Indian government has made funds available for plant protection equipment, tractors, power tillers, self-propelled machinery, custom hiring centers, hi-tech hubs, and farm machinery banks under this program. The Per Drop More Crop (PDMC) scheme uses micro-irrigation technology, such as sprinkler and drip irrigation systems, to improve farm-level water consumption efficiency. Furthermore, the scheme Mission for Integrated Development of Horticulture (MIDH) was launched for the holistic growth of the horticultural industry.
The global commitments/agreements such as the Paris Climate Change Agreement and the 4 per mille concept are also committed by India to the mitigation of GHG emissions and enhance soil carbon sink. Achieving these goals would immensely contribute to the overall succession of sustainable development goals (SDGs) such as #SDG-1: no poverty; #SDG-2: zero hunger; #SDG-13: climate action; and #SDG-15: life on land, and also help in achieving the land degradation neutrality (LDN) in the global dryland farming soils. However, there is no “one-size-fits-all” solution to the complex problems, primarily pertaining to dryland farming systems. Taking into account the current situation as identified under the 5M approach, building soil carbon, increasing cropping system diversification, improvising farm mechanization, and raising farmer community awareness of the benefits of various government schemes are some of the “win–win” strategies to unlock the potential of dryland soils. These initiatives are required to be scaled through various national and state government initiatives, which are present in every developing country.
5 CONCLUSION
Envirotyping of agroecology using the 5M concept not only helps in characterizing and quantifying the environmental factors but also complements in achieving system profitability through tailored advocacy of climate-resilient landscape-specific technologies, particularly in rainfed agro-ecologies like Bankura, West Bengal, India. In conditions like low cropping intensity, the root causes are low organic carbon and soil microbial population, particularly bacteria and actinomycetes in soils. Farmers need to be encouraged and facilitated to apply bacterial inoculum/culture comprising Azospirillum/Rhizobium, phosphate-solubilizing bacteria (PSB), and vesicular arbuscular mycorrhiza (VAM). Climate-resilient agriculture practices like cropping system diversification, cover crops, soil mulching, zero-tillage, biochar, green manuring, and agroforestry, need to be promoted to build soil organic carbon and retain the residual soil moisture levels. Sandy soils with low pH tends to have sulfur deficiency, and soils rich in iron and bauxites shows boron deficiency due to the chemical interaction between iron and bauxite and subsequent leaching of boron. Hence, a basal application or foliar application of boron is recommended, and sulfur deficiency can be addressed by replacing urea with ammonium sulfate. Economic returns can be maximized by forming farmer collectives. Climate-resilient and topography-suitable varieties need to be promoted through farmer collectives for the efficient utilization of available soil moisture regime and thereby enhancing cropping intensity. Farmer collectives need to encourage where the land holding is small and net income realization is low. In a nutshell, the present agronomic diagnostic study could be referred as a model to help development agencies, government institutions and policy makers understand the root cause analysis of the pertinent problems and design suitable interventions/policy frameworks in a short period for similar agro-ecologies.
The limitation to the study was that the role of government or enabling systems was not covered by the research team, which is important for policy advocacy and scaling the recommendations at landscape level. The diagnostic study was limited to soils with high sand content where available soil moisture was low for the second season. The study emphasized more on the scientific evidence, and the human interaction with the environment was not properly explored due to the time and budgetary constraints.
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Class name Hirbandh Ranibandh
Percentage Area (sq.km) Percentage
Built-up 584 292 2287 546
Rainy 10832 5422 15559 37.18
Post-rainy 018 0.09 007 002
Double crop 14.20 7.11 2325 5.56
Fallow 040 020 031 007
Forest 5153 25.79 173.68 41.50
Wasteland 375 1.88 7.76 185
Waterbodies 1558 7.80 3500 836
Total 199.80 100 41853 100
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Village Drinking water Irrigation water Pond water
Tentulia Chemical oxygen demand (COD) level of 32 mg/L CaCO; - <100 mg/L pH < 6-alkaline | COD-22.40 mg/L
Arsenic-0.01 mg/L soils
Sitarampur | Safe Safe COD-192 mg/L
Arsenic-001 mg/L
Jadurbankata | COD-12.80 mg/L Safe Safe
Kedia Presence of magnesium sulfate CaCo; - <100 mg/L COD-12.8 mg/L
Arsenic-0.02 mg/L Arsenic-002 mg/L
Itamara Arsenic-0.02 mg/L COD-41.6 mg/L Arsenic-0.02 mg/L
Arsenic-0.03 mg/L Potassium
levels=23.12 mg/L
Satnala COD-57.60 mg/L Arsenic-0.02 mg/L Arsenic-002 mg/L
Arsenic-0.02 mg/L
Gosainidihi | Arsenic-0.03 mg/L Arsenic-0.03 mg/L Safe
Dhanara Arsenic-0.04 mg/L Arsenic-0.03 mg/L Arsenic-0.03 mg/L
Ramgarh Arsenic-0.05 mg/L Arsenic-0.03 mg/L High COD
Arsenic-0.03 mg/L
Kama gora | Arsenic-0.06 mg/L High Mg concentration-91.90 mg/L (BIS desired safe limit is |~ Arsenic-0.04 mg/L Arsenic-004 mg/L
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Parameter Reference

measured

Chemical properties

pH Soil pH was measured by a glass | Rhoades (1996)
electrode using a soil-water
suspension ratio of 1:2

EC Soil electrical conductivity (EC) | Rhoades (1996)
was measured by a calomel
electrode using a soil-water
suspension ratio of 1:2 after
settling the sample overnight
using an EC meter

Organic carbon Soil samples were ground to pass | Nelson and
through a 0.25-mm sieve for Sommers (1996)
organic carbon analysis by the
Walkley-Black method

Exchangeable bases  Exchangeable bases, e, K, Okalebo et al. (1993)
Ca, and Mg, were
determined using the neutral
normal ammonium acetate
method

Available P Available P in acidic soils was Bray and Kurtz
estimated by using Bray’s extractant | (1945)
no 1- 003M NH,F in 0025M HCl | Olsen (1982)
Available P in alkaline soils was
estimated by using sodium
bicarbonate (NaHCOj) of pH 85 as
an extractant for soils, respectively

Available Available micronutrients, e.g. (Lindsay and
micronutrients Fe, Cu, Mn, and Zn, were extracted | Norvell, 1978)
by the DTPA reagent of pH 7.3

Available boron Available boron was extracted Keren (1996)
from hot water

Available $ Measured using 0.15% calcium | Tabatabai (1996),
chloride (CaCl,) as an extractant | Sahrawat et al,
(2009)

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to
detect sulfur and boron, whereas microwave plasma atomic emission spectroscopy
MP-AES was used to quantify macro and micronutrients

Physical properties

‘The soil samples collected were analyzed for the parameters, viz, water holding
capacity at 0.33 bar (upper limit); permanent wilting point at 15 bar (lower limit),
plant available water (derived value), and profile water storage capacity (derived
value) using standard protocols. This analysis helps us to know the plant available
moisture content and to assess profile water storage capacity

Microbial properties

Microbial biomass count (bacteria, fungi, actinomycetes, nitrogen-fixing bacteria,
and phosphate-solubilizing bacteria) was estimated using 1 g of each soil sample,
which was subjected to serial dilution in 0.9% of sterile saline solution and spread on
nutrient agar medium, potato dextrose medium, actinomycetes isolation agar, and
Jensen's medium, respectively (Sanders, 2012). The soil respiration rate was estimated
by the alkali trap method (Anderson, 1982)

‘Water
Water samples were analyzed for presence of nitrates, carbonates, Chemical Oxygen
Demand (COD), and heavy metals using standard protocols.
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Operation Kedia Tentulia Itamara Jadurbankata  Sitarampur  Kamogora Ramgar Dhanara  Gosai Satnala
Land preparation 1200 1200 1200 1100 1200 1000 1500 1500 1000 1200
Seed 20 150 200 300 350 200 0 Y 20 300
Transplanting @0 750 750 00 50 %0 70 800 750 750
Fertilizers 00 300 300 150 300 00 20 150 30 300
Pesticide @0 500 500 500 1000 00 0 0 1000 1000
Inte-culivation + weeding &0 500 00 00 00 00 0 00 00 500
Harvesting @0 1000 00 1000 1200 00 1200 1600 750 1000
Transport @0 0 500 00 00 0 0 00 00 0
Others 350 00 300 a0 00 0 0 00 00 30
Totl cost 4900 5000 4550 4950 5900 4300 5600 5970 520 5650
Cost of family labor (3 + 6.+ 7 +.9) 2150 2650 2150 270 2850 2100 2600 320 2500 2550
COC (excuding cost of family labor) 2750 23590 2400 2250 3050 2200 3000 20 270 3100
Gross revenue 902 5175 5226 6281 5130 702 581 5655 4198 902
Net revenue (incuding the family lbor cost) 2 75 7 13 70 a0 116 315 1072 3
Net revenue (excluding the family labor cost) | 2752 2525 3076 3581 2280 2602 288 2455 1698 3352

(INR/deckmal® of Iand): *1 decimal = 0.004046483 ha [Source: Focus Group Discussion (FGD)).
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