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Context

Meeting the rising global nutritional demands is a critical challenge due to population growth, increasing incomes, shrinking natural resources, and climate change. Enhancing crop productivity while ensuring sustainability requires innovative and efficient agricultural practices. The System of Crop Intensification (SCI), adapted from the System of Rice Intensification (SRI), offers a promising solution by optimizing agronomic management for various crops, such as wheat, millets, maize, sugarcane, rice, and soybean.





Research question

This review examines the potential of SCI in improving crop yields, profitability, and resource use efficiency. The primary research question is: How does SCI impact crop productivity, soil health, and farmers’ income compared with conventional farming methods?





Methods

The review synthesizes recent studies and field trials on SCI adoption across multiple crops and regions. Key agronomic modifications considered include wider planting geometry, improved water management, organic manure application, residue retention, and integrated weed management. The effects of SCI on yield, nutrient uptake, soil quality, resource-use efficiency and economic returns were analyzed.





Results

SCI practices have demonstrated a significant yield increase, often more than doubling production compared with conventional methods. The adoption of SCI has resulted in a 15%–25% yield improvement in major field crops, along with enhanced oil and protein content, increased nutrient uptake, and improved water-use efficiency. Although SCI involves higher initial production costs, the increased crop yields compensate for the expenses, leading to higher net returns for farmers.





Conclusions

SCI is an effective and sustainable agronomic approach that enhances productivity while improving soil health and resource-use efficiency. The approach contributes to climate resilience and profitability, making it a viable option for small and marginal farmers. The observed improvements in soil–plant interactions indicate the need for further scientific exploration of the mechanisms driving these benefits.





Implications

SCI provides an ecologically sustainable solution to global food security challenges. Its adoption at a wider scale can significantly increase farmer incomes, enhance soil fertility, and contribute to environmentally friendly farming practices. Encouraging research, demonstration, and policy support for SCI will be crucial in ensuring its widespread implementation and long-term success.





Keywords: climate resilience, productivity, profitability, resource-use efficiency, sustainable agriculture




1 Introduction

Global food security requires agricultural sectors to adopt sustainable intensification practices (Royal Society, 2009; Panel, 2013). Farmers with ample land, technology, and resources boost productivity by cultivating larger areas, relying on improved crop varieties, fossil fuels, water, and agrochemicals, increasing outputs through intensive inputs (Korav et al., 2024; Adhikari et al., 2018; Gopinath et al., 2022), but there have been increased economic and environmental consequences on farmers and ecosystems (Peng et al., 2010; Harish et al., 2022). Moreover, when external inputs predominate in intensification, agro-ecology provides alternatives for improving natural resources, such as species and genetic diversity (Jat et al., 2025). Therefore, managing land and water resources is essential to sustaining the agriculture production system and feed expanding human populations as these resources become scarcer (Jinger et al., 2025).

At the moment, SCI has emerged in several countries, enabling stakeholders to employ less labor, water, seed, and other financial resources while still increasing the productivity of their land (Abraham et al., 2014). According to Adhikari et al. (2018), the ideas and methods that led to SCI were impacted by the experiences that farmers and researchers had with the SRI. As a result of the SCI’s success in restoring the productivity of various crops, including cereals, pulses, oilseeds, and millets, new crop cultivation techniques like the SWI (system of wheat intensification) and SSI (system of soybean intensification) have been developed (Dhar et al., 2016; Rana et al., 2017; Singh et al., 2023, 2024). The available resources are used at their best within the farm under SCI by reduced dependency on external resources. The results of experiments conducted in different regions of the world revealed that SCI practices helped to not only improve productivity but also sustain the agroecosystem through interlinking various biological processes and management options for enhanced system yields (Uphoff et al., 2006; Behera et al., 2013; Uphoff et al., 2013). Small and marginal farmers are getting higher yields at reduced cost of cultivation, employing SCI methods (Thakur et al., 2010), and also, this system shows greater resilience to climate change (Zhao et al., 2009; AKRSP-I, 2013). Farmers are getting an additional yield of 1.75 t ha−1in finger millet by practicing SCI through best agro-management (Uphoff et al., 2011; Thavaprakaash, 2017).




2 Brief history of system of crop intensification

Significant efforts have been made on improved and modern agricultural inputs like stress-tolerant (both biotic and abiotic) high-yielding cultivars, irrigation water, inorganic fertilizers, and pesticides to increase food-grain production. This strategy, during the pre-and post “green revolution” era, despite raising the food-grain production resulted in diminishing agronomic and economic returns including environmental degradation. These high input practices have caused unfavorable results on soil health, groundwater quality, and biodiversity (Peng et al., 2010; Pingali et al., 1997). Considering the current changing climate scenario, development of some potential alternatives for agricultural sustainability with appropriate agroecological principles through SCI is the need of the hour.

The concepts and practices of SCI have been derived from farmers’ experience of “SRI” developed in 1983 by “Father Henri de Laulanie” in Madagascar (Toungos, 2018). Initially, as the method succeeded with rice, it was assumed that it would apply only for monocotyledons (Adhikari et al., 2018).

System of crop intensification principles can be applied to a number of crops and can be designated specifically for rice (SRI), mustard (SMI), wheat (SWI), millet (SMtI), sugarcane (SSI), and so on depending on the crop applied with SCI methods (Uphoff, 2024; Kumar et al., 2024; Ujjwal et al., 2022; Muchhadiya et al., 2021; Biswas and Das, 2023; Cardozo et al., 2018). SCI satisfies the conception and aim of “sustainable intensification” and effects of SCI are indeed attainable with the appropriate use of agroecological principles and practices, which originate from plants with larger, more effective, and longer-lasting root systems and their symbiotic connections with a profusion of vibrant, active, and varied soil micro-biota (Adhikari et al., 2018).




3 Principles and practices of SCI

System of crop intensification have been derived from the characteristics/attributes responsible for achieving productive potentials of the crops (Figure 1). The production potential of crops depends mainly upon the broader-lived root systems of the plants, which are more efficient in nutrient and water uptake having strong symbiotic relationships with rhizosphere active soil biota (Verma, 2013; Yanni et al., 2001). Roots always encourage and sustain the diversity of soil microorganisms by releasing root exudates which favorably modify chemical and physical properties of soil that, in turn, supply nutrients and provide protection to the root system (Figure 1).

[image: Flowchart illustrating System of Crop Intensification (SCI) principles. Central box labeled “SCI Principles & Practices” with four connected boxes: top boxes labeled “Establishment” (yellow) and “Wider spacing” (green), side boxes labeled “Efficient water management” (light blue) and “More use of organic manures” (blue-green), and bottom box labeled “Less use of agro-chemicals” (purple). Each box contains detailed guidelines related to its heading.]
Figure 1 | Principles and practices of SCI (Ref: Dinesh et al., 2019).

System of crop intensification can include direct seeding in addition to the other techniques, decreasing labor requirement, and can be more successful with crops like wheat. Agroecological management, whether for SRI or SCI, requires meticulous crop establishment. High-quality seeds at early, vigorous growth and a better root system that allows for optimal wide spacing between plants to minimize antagonism for inputs, sunlight, and water are key components of SCI, as they allow each plant to reach its full genetic potential while reducing competition from weeds (Figure 2). The impact of adapting SCI in different crops has been discussed in the following sections.

[image: Flowchart depicting the concept of crop intensification. Central steps include seed treatment, lower plant population, wider spacing, efficient water management, and organic plus inorganic nutrient management. These lead to early establishment, wider spacing benefits, ideal moisture, microbial growth, and improved soil, culminating in positive rhizosphere modification and higher yield and quality.]
Figure 2 | Concept and flow diagram of system of crop intensification.




4 Management options under system of crop intensification



4.1 Water management in SCI

One of the important principles of SCI is better water management for higher efficiency (Thiyagarajan et al., 2002; Ceesay et al., 2006). Although under saturated soil conditions, there was a small yield reduction (only 6%) reported with alternate wetting and drying, water saving was 23% of conventional methods of irrigation (Bouman and Tuong, 2001). Among other crops, furrow irrigated bed planting of wheat saved 40% more water and increased productivity significantly (Kumar et al., 2010, 2015; Uphoff, 2012).

At SSI, it is generally recommended to manage crop water management requirement immediately after sowing. Moreover, life-saving irrigation should be given on the 3rd day of germination and subsequent irrigation should be provided at an interval of 7–10 days in summer and 10–15 days in winter seasons. The water requirement of soybean depends upon crop cultivar, duration, growing season, and irrigation method (Rajendran and Lourduraj, 2000).

Narrow row spacing and variable N application rates regulate the soil micro-climatic conditions and WUE (Dass and Bhattacharyya, 2017; Moreira et al., 2015) (Table 1). The yield, oil content, and protein content of soybean were significantly higher at precision water management (Haqmal et al., 2023; Kumawat et al., 2000; Elamathi and Singh, 2001; Meena et al., 2013).


Table 1 | Impact of different irrigation regimes on soybean and wheat crops.
	Locations
	Crops
	Irrigation regime
	Effect
	Reference(s)



	Udaipur, Rajasthan
	Soybean
	0.4, 0.6, and 0.8 IW: CPE ratio
	Higher yields
	Kumawat et al. (2000)


	Coimbatore, Tamil Nadu
	Soybean
	Irrigations at 0.40 and 0.60 IW: CPE, crop sown as all furrow, alternate-furrow, and double-row furrow
	Irrigation at 0.60 IW/CPE and all-furrow sowing method gave the highest yield attributes and grain yield.
	Elamathi and Singh (2001)


	Ludhiana, Punjab
	Soybean
	Full irrigation (If) and partial irrigation (Ip) by withholding irrigations during pod filling
	If regime enhanced WP, and mean yield gain was >40% in the loamy sand compared with 5% in the sandy loam.
	Arora et al. (2011)


	Kota, Rajasthan
	Soybean
	Irrigation at flower initiation + seed filling (20 days after flower initiation) and other stages
	Resulted in significantly higher plant height, yield attributing characters, and economic yield, net return, and WUE
	Meena et al. (2013)


	New Delhi
	Soybean
	Wheat straw mulching
	Improved leaf SPAD values, PAR interception, stomatal conductance, net photosynthetic rate, and WUE
	Dass and Bhattacharyya (2017)


	New Delhi
	SWI-wheat
	SWI (10 × 10, 15 × 15, and 20 × 20 cm) and conventional line sowing (22.5 cm)
	WP was recorded highest with 10 cm × 10 cm spacing
	Kumar et al. (2015)










4.2 Weed management

Weeds are the most underrated crop pest causing a huge loss to crop production (60%–65%) through competition for nutrients, space, moisture, and light (Jinger et al., 2017; Gaikwad and Pawar, 2002; Vyas and Chandel, 2019). However, the weed scenario and management aspect are entirely different in SCI as compared with the normal cultivation of crops (Singh et al., 2018, 2024). This practice stimulates beneficial soil organisms and at the same time reduces weed competition. Two-hand hoeing accomplished at 20 and 40 DAS and two-hand weeding at 15 and 35 DAS in soybean enhanced soil aeration, microbial activity, and root growth of soybean at SSI (Dass et al., 2015) and SWI (Dhar et al., 2016). In SRI, farmers are efficiently operating cono-weeder, which leads to saving of labor and time (Mrunalini and Ganesh, 2008). Furthermore, integration of cono-weeding along with hand weeding could prove to be a versatile technique for controlling weeds, improving productivity and soil health under SCI without harming the other natural resources (Table 2). No-cost tactics like weed competitive varieties and mulching can also be inculcated for weed management in SCI, since these practices have shown significant results in reducing weed density and enhancing productivity under SRI techniques (Haden et al., 2007; Liebman and Schulte, 2015).


Table 2 | Weed management and productivity under SCI, SRI, SWI, SSI, and SMI.
	System
	Region
	Treatment
	Yield (t ha–1)
	WCE (%)
	Reference



	SCI
	Maharashtra
	2 hand hoeing
	2.89
	55.2
	Jadhav and Kashid (2019)


	SCI
	J&K
	2 hand weeding
	1.52
	96.3
	Bali et al. (2016)


	SCI
	Uttarakhand
	1 hand weeding and mulching
	2.59
	66.2
	Datta et al. (2017)


	SRI
	Gujarat
	4 cono-weeding
	4.66
	71.9
	Patel and Patel (2014)


	SRI
	Maharashtra
	2 hand weeding
	4.23
	61.2
	Shendage et al. (2019)


	SWI
	Delhi
	3 cono-weeding at 20, 30, and 40 DAS
	7.43
	–
	Dhar et al. (2016)


	SWI
	Delhi
	3 cono-weeding at 20, 30, and 40 DAS
	7.05
	–
	Singh et al. (2018)


	SSI
	Tamil Nadu
	3 weeding with junior hoe at 25, 55, and 85 DAT
	100
	84.1
	Chandrasekaran et al. (2015)


	SMI
	Bihar
	3 cono-weeding 25 and 40 DAT
	2.0
	73.3
	Gupta et al. (2018)










4.3 Nutrient management

Although complete organic manuring is recommended for SCI, in case of low availability, inorganic fertilizers could be applied. Many researchers have reported that SCI protocols significantly improved nutrient availability (Table 3), it was maximum at 30 × 30 cm of soybean (Singh et al., 2023). It is possible that using organic nutrient sources improved soil aeration, facilitated better root proliferation, and increased water and nutrient absorption, and continuously supplied balanced nutrients (Kumar et al., 2015). Similarly, RDF + FYM (Chaturvedi et al., 2010) and RDF + vermicompost (Morya et al., 2018) were found to result in the maximum uptake of NPK in soybean.


Table 3 | Effect of SCI practices on nutrient uptake of soybean.
	Location
	Treatments
	Yield (t ha-1)
	Nutrients
	References



	Delhi
	FYM 5 t ha–1+ Trichoderma 2.5 kg ha–1+ SSP 40 kg ha–1
	1.91
	Enhanced nutrients concentration
	Singh et al. (2023)


	Madhya Pradesh
	50% RDF +50% VC
	2.26
	Improved concentration of N, P, and K
	Morya et al. (2018)


	Nagaland
	PM 6 t ha-1+ Rhizobium 20 g kg-1seed + phosphatica 20 g kg-1seed
	1.80
	Improved concentration of N
	Changkija and Gohain (2018)


	Himachal Pradesh
	FYM 2.5 t ha–1+ VC 1.25 t ha–1
	1.82
	Improved concentration of N, P, and K
	Rana and Badiyala (2014)


	Uttarakhand
	RDF + @ FYM 10 t ha–1
	3.86
	Enhanced N, P, K, Fe, and B uptake
	Chaturvedi et al. (2010)


	Madhya Pradesh
	FYM + OM + Panchagavya
	1.42
	Enhanced N, P, K, Fe, Zn, Cu, and Mn concentration
	Aher et al. (2019)


	Telangana
	RDF + FYM 5 t ha–1
	2.19
	Improved concentration of N, P, and K
	Bathula et al. (2019)











5 Effects on crop growth and development



5.1 Effects of planting density on growth parameters

The SRI is based on the ideas of reduced plant density, improved soil conditions, controlled watering, and early, rapid, and healthy plant establishment. SRI needs a very low seed rate of 8–10 kg ha–1, and younger seedlings (8–12 day-old) are transplanted with single plant hill–1(San-oh et al., 2006; Dass et al., 2015). A solitary seedling on each hill promotes root length, density, and their mutual reliance with the development of the above-ground canopy, especially extended photosynthetic activity (Mishra et al., 2006; Dass et al., 2015; Dass et al., 2016; Toungos, 2018).

The SWI utilizes a lesser seed rate of approximately 25–30 kg ha−1, in contrast to the normal sowing method, which requires 100–140 kg ha−1. As per the principles of SCI, seed treatment in SWI is done with 20% salt solution with cow urine, jaggery, and fungicide for better growth and yield (Dhar et al., 2016; Gupta et al., 2018; Raghavendra et al., 2019; Sachin et al., 2023a; Singh et al., 2023). In comparison with untreated seeds, seed treatment is claimed to have a positive impact on greater effective tillers, number of grains, and test weight of wheat in SWI (Bhargava et al., 2016). It has also been discovered that the sowing technique in SWI significantly influences growth and productivity. A yield benefit of 13% was obtained by dividing sowing in SWI, compared with transplanting, which required 30%–40% less labor (Dass et al., 2018; Singh et al., 2018; Gupta et al., 2018; Sachin et al., 2023b; Singh et al., 2024).

In the context of sugarcane intensification, compared with traditional planting techniques, the amount of seed needed was decreased by 75% by raising the nursery with single-budded chips, transplanting early seedlings (25–35 days old), and keeping wider spacing (Gupta et al., 2018; Sachin et al., 2023b). In maize, direct seeding of one to two seeds per hill under SCI showed a yield advantage of 75% over conventional methods (Adhikari et al., 2018; Sesta, 2015). SCI has been used in mustard among oilseed crops; methods include seed priming, raising nurseries with treated or sprouted seeds, transplanting 8–12-day-old seedlings with only three to four leaves.




5.2 Effect of planting geometry and plant density on productivity

Wider plant spacing is a prerequisite to proper root development, healthy plant growth, and enhancing nutrient uptake. Wider spacing is required for improved root–shoot growth and development of individual. Higher yield at SRI is mainly attributed to wider spacing, which results in profuse tillering higher yield (Baloch et al., 2002; Sharma and Masand, 2008). Dass and Chandra (2013) reported that under SRI, 4.2% higher yield, better grain quality, and 10.8% higher income were obtained with wider spacing than closer spacing (Table 1). Increased grain yield and net profit were observed at a 20 × 20 cm spacing (Bommayasamy et al., 2010) (Table 1).

Like SRI, SWI heavily relies on the concept of root development. Because SWI practices create aerobic soil conditions (Rana et al., 2017). Conventional line sowing (22.5 cm) with untreated seeds of wheat was compared with treated seeds in SWI (25 × 25 cm), and it was significantly higher (Bhargava et al., 2016). Chopra and Sen (2013) demonstrated the advantages of wider spacing (20 × 20 cm) in increasing yield attributes (Table 4) and yield of wheat over closer spacing (15 × 15 cm). SWI at 10 × 10 cm led to higher effective tillers, grain yield, and irrigation water productivity (Singh et al., 2018). Singh et al. (2018) assessed three different techniques of cultivating soybeans under the soybean-wheat system: conventional and SCI with two spacings of 45 × 45 cm and 30 × 30 cm; they found that SCI significantly increased the weight of 100 seeds, pods plant−1, and seeds pod−1.


Table 4 | Effect of planting geometry on yield and other parameters of different crops under SCI.
	Location
	System
	Geometry (cm)
	Yield (t ha−1)
	Treatment effect
	References



	Uttarakhand
	SRI
	20 × 20
	5.97
	4.2% higher yield and 10.8% higher return under wider spacing
	Dass and Chandra (2013)


	SRI
	25 × 25
	6.23


	CT
	20 × 10
	5.22


	Tamil Nadu
	SRI
	20 × 20
	8
	20 × 20 cm spacing and gave higher yields
	Bommayasamy et al. (2010)


	SRI
	25 × 25
	7.6


	CT
	20 × 10
	7.6


	Bihar
	SWI
	10 × 10
	5.1
	SWI at 10 × 10 cm led to higher effective tillers, grain yield, and irrigation water productivity
	Kumar et al. (2015)


	SWI
	15 × 15
	5.1


	SWI
	20 × 20
	4.5


	CT
	22.5
	4.7


	New Delhi
	SWI
	20 × 20
	7.23
	SWI (20 × 20 cm) gave higher effective tillers, net returns
	Singh et al. (2018)


	SWI
	20 × 10
	7.05


	CT
	 
	5.19


	 
	30 × 30
	 


	CT
	 


	Bangladesh
	Soybean
	5 × 30
	2.78
	Yield attributes increased with increasing spacing
	Mondal et al. (2014)


	10 × 30
	2.49


	20 × 30
	1.66


	Jammu and Kashmir
	Soybean
	30 × 30
	20.3
	Crop geometry of 45 cm proved remarkably superior
	Lone et al. (2009)


	45 × 45
	22.6


	60 × 60
	23.1


	Hyderabad
	Soybean
	30 × 10
	1.46
	Boosted economic yield at 30 × 10 cm spacing
	Mahesh et al. (2017)


	30 × 20
	1.27


	30 × 30
	1.08










5.3 Effect on grain quality parameters

According to Diep et al. (2016)and Singh et al. (2018), increased N and S contents in grain as a result of enhanced soil N and S through FYM + bio-fertilizers and SSP treatment was responsible for the improvement in oil and protein contents (Table 5) under SCI. Greater root development, increased root activity, delayed leaf senescence, increased chlorophyll concentrations, photosynthetic rates, and effective assimilation transit from source to sink are potential causes of superior grain quality (Satyanarayana et al., 2007). Moreover, the application of 75% RDF combined with 1 t ha−1of vermicompost and PSB resulted in noticeably greater oil and protein contents in the soybean seed (Devi et al., 2013). This might be as a result of the nutrients being more easily soluble in the crop root zone due to the organic acids generated by the decomposing organic waste (Singh et al., 2009; Khaim et al., 2013; Abdelhamid and El-Metwally, 2008).


Table 5 | Impact of different SCI protocols on quality parameters of soybean.
	Location
	SCI protocol
	Improved quality parameter
	Reference(s)



	Bangladesh
	Organic source
(cow dung and poultry)
	Protein content
	Khaim et al. (2013)


	Delhi
	Wider spacing (45 × 45 cm)
	Oil and protein content
	Singh and Chakrabarty (2019)


	Delhi
	Improved variety
	Oil and protein content
	Singh and Chakrabarty (2019)


	Kashmir
	Rhizobium + Azotobacter + PSB + FYM at 5 t ha–1
	Protein content
	Singh et al. (2009)


	Delhi
	Wheat straw mulching
	Protein content
	Dass and Bhattacharyya (2017)


	Manipur
	75% RDF + VC @ 1 t ha−1+ PSB
	Oil and protein content
	Devi et al. (2013)


	Egypt
	Two-hand hoeing at 20 and 40 DAS
	Protein content
	Abdelhamid and El-Metwally (2008)


	Kashmir
	Two-hand weeding at 25 and 45 DAS
	Oil and protein content
	Peer et al. (2013)










5.4 Profitability or economic evaluation of SCI

The profitability of any production system depends upon two aspects, i.e., cost of production and level of output (Dhar et al., 2016; Singh et al., 2018). SCI has been reported to incur more cost of production in the form of cost of labor and organic inputs (Pradan, 2012). However, higher productivity per unit of production factors, viz., land, labor, seeds, water, and capital, makes the SCI economically feasible and profitable (Dash and Pal, 2011; Araya et al., 2013; Singh et al., 2018). Moreover, once the SCI practice gets established and acquainted by farmers, the costs of production reduce significantly and higher yields further make the SCI more profitable (Singh et al., 2018). The possible factors of improved productivity and profitability in SCI-based soybean crop production are reduced seed rate, optimized sowing time, precise water application, and effective weed management. SFMI was extremely profitable since, although farmers’ costs increased by roughly 25% as a result of the intensive management, their production cost was offset by 60% by the greater yields (Dhar et al., 2016; Behera et al., 2013). Because of the struggle for resources, high plant density results in poorer production and an increase in seed rate, which reduces benefits.





6 Effects on soil properties



6.1 Physical properties

Soil physical property is used as an essential phenomenon in aspects of soil physical process (Abdulkareem et al., 2020). These are the processes that have an impact on the soil’s physical strength as well as its capacity to hold and move water and air in a way that promotes plant growth. Because it influences the soil’s chemical and biological activities, soil physical quality is crucial to the overall quality of the soil (Dexter, 2004). The use of organic soil amendment is the main element in SCI to enhance its fertility, maintain structure, and also support the soil biota. Soil moisture holding capacity is enhanced by organic matter, thus continuously providing moisture to the root zone and reducing the need for continuous irrigation (Adhikari et al., 2018). More pore space is produced in SCI by elevated quantities of organic matter and related soil fauna. The chemical and physical characteristics of the soil, as well as its general health, are influenced by organic matter (Table 6). Organic matter affects the following properties: soil structure; soil organism diversity and activity; soil moisture holding capacity; and soil nutrient availability (Gupta et al., 2018; Singh et al., 2023; Pogula and Rout, 2018).


Table 6 | Soil quality values of SRI and conventional practice after harvesting using Dexter’s soil quality equation (Abdulkareem et al., 2020).
	Treatments
	Soil quality index
	Soil quality class



	SRI
	−0.06
	Very good physical condition


	Conventional
	−0.015
	Good physical condition










6.2 Soil microbial and faunal communities

Earlier, SCI was described as a system of root intensification (Verma, 2013). However, later research revealed that beneficial soil organisms also play a crucial role since they interact with the root systems in a synergistic way, contributing to crop productivity simultaneously (Yanni et al., 2001). By their chemical and physical effects on the soil, roots aid in the growth and diversity of soil organisms, which in turn provide the plant itself with protection and access to nutrients. In accordance with SCI principles, weeds should be removed to enable the soil system to better absorb and circulate water, nutrient, and air. Additionally, beneficial soil organisms, such as earthworms, should be encouraged, as this will lessen weed competition. It has been reported that a substantial portion of ingested seeds are digested or lose their vitality after passing through the earthworm gut (Aira and Piearce, 2009; Laossi et al., 2009; Clause et al., 2015). Seed translocation by earthworms is considered to be an important factor affecting the vertical distribution of weed seeds in soil (Laossi et al., 2010). Reliance on inorganic agrochemicals is reduced and negative impacts on beneficial soil organisms are avoided, all of which are essential for the success of SCI (Adhikari et al., 2018; Sachin et al., 2023a; Singh et al., 2024). Uphoff et al. (2013) and Anas et al. (2011) have reported a more than 50% increase in SRI aerobic bacteria before and during panicle initiation, which improves these interactions. In contrast, phosphate-solubilizing bacteria rose by about 75%. The population of Azospirillum, Azotobacter, and another diazotroph (N-fixing) bacterium also increased.




6.3 Soil organic matter and nutrient availability

By adding organic matter (OM) amendments, SCI enhances the soil’s characteristics and helps to stabilize soil aggregates and pores by utilizing OM’s adhesion and bonding qualities. Important chemical indicators of soils like pH, CEC, and nutrient availability are altered by the presence of OM, primarily in the form of P content (Martínez et al., 2013). Furthermore, transitory and stable components (humic compounds) have been found to significantly enhance nutrient availability and acquisition by higher plants. The primary source of N and S as well as P in many soils is OM. It is the repository for micronutrients like iron and copper and controls the plants’ access to these nutrients (Gerke, 2022). Therefore, before tilling the ground, apply FYM or composts. Inorganic fertilizers could be added to the scarcity of organic fertilizers, nevertheless, if soil test results at the time of field preparation indicate that this will improve yields (Jat et al., 2023). According to Yang et al. (2004), it increases the friability of the soil, which promotes increased root growth. Larger, more varied, and more active populations are supported by greater organic matter (OM) in the soil (Anas et al., 2011; Yang et al., 2004). While comparing chemical fertilizers, chemical fertilizers with FYM, and chemical fertilizers with wheat straw under continuously flooded irrigation and alternate submergence, it has been reported that the number of panicles ha−1, full grains panicle–1, and 1,000-grain weight of rice were all reduced by 21%, 19%, and 8.3%, respectively, under application of only chemical fertilizers. This led to an 18% loss in grain yield (Table 7).


Table 7 | Grain yield and its components (Yang et al., 2004).
	Water regimes
	Nutrient treatment
	Grain yield (kg ha−1)
	Number of panicles (×104ha−1)
	Number of filled grains (panicle−1)
	1,000-grain weight (g)



	AWD
	CK
	6,713c
	112b
	120bc
	24.2c


	CM
	8,599a
	139a
	143a
	27.8a


	CS
	8,237a
	135a
	141a
	27.1ab


	CWL
	CK
	6,798bc
	107c
	117c
	23.8c


	CM
	7,008b
	111bc
	116c
	25.5bc


	CS
	7,289b
	118b
	125b
	26.2b










6.4 GHG emission

Global warming and climate change are two hot issues that have become a public concern and considerable topic of debate for the scientific community. One of the main greenhouse gases is methane (CH4), and one of the main sources of soil-emission CH4 emissions is thought to be from rice fields that are submerged in water. During the anaerobic microbial breakdown of organic matter, methane is generated in the soil. Less oxygen and other gases, such sulfates, were present in the soil due to flooding in the fields. Increased methane emissions into the atmosphere are a result of this condition encouraging methanogenesis (Bouwman, 1990). According to Cicerone et al. (1992); Neue et al. (1990), and Paramesh et al. (2023), a traditional paddy field that is continuously flooded is a significant producer of CH4. Paddy fields also release other gases, such as nitrous oxide (N2O) and carbon dioxide (CO2). Rice farmers can fight against climate change by using an alternate irrigation system over continuous flooding, which results in reduction of emission of greenhouse gases from the rice field (Tyagi et al., 2010). This is one of the strategies of SRI. On the other hand, when soil conditions change to the aerobic state, aerobic bacteria produce more N2O, which has a 12-fold greater potential for global warming. This assessment took into account far minor modifications made with SRI to normally irrigated rice farming, following the guidelines set forth by the Intergovernmental Panel on Climate Change (IPCC). Based on Mboyerwa (2018) and Hidayah et al. (2009), it seems that SRI could, in fact, contribute positively to reducing greenhouse gas emissions (Table 8).


Table 8 | GHG emission from conventional and SRI paddy fields (Hidayah et al., 2009).
	Rice cultivation
	Emissions (kg ha−1season−1)
	GWP (t CO2eq)


	CH4
	N2O
	CO2



	Conventional practices
	189.3
	1.42
	15,752
	20.5


	SRI


	Plot 2
	22.0
	4.88
	14,380
	16.3


	Plot 3
	142.5
	1.36
	11,192
	14.9


	Plot 4
	128.2
	1.41
	12,672
	16.0


	Plot 5
	208.9
	1.39
	26,655
	31.9


	Plot 6
	90.2
	1.64
	15,282
	17.8


	Average
	118.4
	2.14
	16,036
	19.4











7 Resource-use efficiency



7.1 Nutrient-use efficiency

The SCI seeks to optimize the benefits that can be derived from these resources. A wider spacing with a lower N rate led to greater N uptake under SRI than narrow spacing in conventional rice cultivation at a higher N rate. Thus, plant spacing increases NUE under SRI (Singh and Chakrabarty, 2019). In SRI, the incorporation of OM into the soil can bring a positive effect to root growth under intermittent irrigation. It leads to increase in root density, root oxidation ability, higher nutrient uptake (Table 9) by active absorption area and hence higher NUE (Yang et al., 2004; Toungos, 2018).


Table 9 | Impact of management practices on use efficiency (water, nitrogen) and net return (Singh et al., 2018).
	Treatment and harvest year
	IW (mm)
	WUE (kg ha mm−1)
	NUE (kg kg−1)
	Grain yield (kg ha−1)
	Net return (Rs ha−1) (B:C ratio)



	SRI (LCC)
	 
	 
	AEN
	REN
	PEN
	PFPN
	 
	 


	2013
	300
	18.66
	91.35
	1.41
	65.72
	149
	6010
	34580 (1.95)


	2014
	310
	18.79
	90.15
	1.39
	64.49
	148
	5920
	34020 (1.94)


	2015
	300
	18.26
	88.50
	1.37
	63.15
	146
	5860
	33740
(1.92)


	Mean
	297
	18.50
	90.00
	1.39
	64.46
	147
	5900
	33950
(1.94)


	CO (P<0.05)
	_
	 
	0.63
	0.12
	1.98
	2.40
	176
	_


	CRC (FP)


	2013
	420
	12.19
	25.87
	0.35
	71.76
	54.42
	4060
	23380 (2.50)


	2014
	410
	12.15
	23.76
	0.34
	69.80
	53.12
	4010
	23100
(2.48)


	2015
	445
	11.95
	22.37
	0.33
	67.80
	51.46
	3930
	22610
(2.47)


	Mean
	425
	12.10
	24.00
	0.34
	69.82
	53.01
	4000
	23030
(2.48)


	CD (P<0.05)
	_
	 
	0.93
	0.02
	1.74
	1.12
	41.50
	_










7.2 Water productivity

As a green invention, the SRI uses less water, which means that there is less competition for water between the needs of natural ecosystems and the production of food. In addition, SRI assessment and distribution are carried out by the Worldwide Fund for Nature (WWF). SRI techniques significantly lower water consumption when compared with conventional techniques (Thakur et al., 2010; Narayanamoorthy and Jothi, 2019). Additionally, farmers that used the SRI approach in groundwater irrigation settings as opposed to tank and canal irrigation saw comparatively better levels of paddy output and water savings (Table 10). In order to boost water and economic production, the SRI approach may be a good choice.


Table 10 | Water productivity of SRI and non-SRI paddy (Narayanamoorthy and Jothi, 2019).
	Settings
	Irrigation water productivity (kg HP−1 hours of water consumption)


	CM
	SRI
	% over CM



	TIA
	2.61
	6.29
	140.1


	CIA
	2.86
	6.33
	121.4


	GIA
	2.63
	7.32
	178.6


	ASA
	2.70
	6.62
	145.5










7.3 Radiation-use efficiency

The radiation use efficiency (RUE) was calculated to account for biomass buildup and radiation that is intercepted by the canopy for photosynthetic activity, and it was assessed in non-plant growth-limiting circumstances (Hatfield, 2014). The primary organ of photosynthesis in plants is the leaf surface; the growth rate per unit leaf area, or net assimilation rate, can sometimes be expressed in this way. Since most of the leaves are exposed to direct sunlight when the plants are tiny, it is high (Swarna et al., 2017). Thakur et al. (2010) and Kumar et al. (2019) reported that modified SRI led to higher light interception than conventional planting. Plant spaced at 20 × 20 cm showed the maximum light interception values, whereas a lower value was recorded with plant spacing at 25 × 25 cm.





8 Climate resilience

As per the report of Watershed Organization Trust (WOTR), the SCI method enhances the plant’s resilience and adaptive ability (WOTR, 2021). The plants in the SRI system develop healthier with a stronger root system (Singh et al., 2014) and are able to endure high-intensity rainfall, strong winds, high heat, and dry spells with much less damage (Figure 3; NABARD, 2016). Phytochemicals in the plant’s system also help the plant adapt to different climate-induced abiotic as well as biotic stresses (Abraham et al., 2014; Gupta et al., 2018).

[image: Diagram illustrating climate risks affecting agriculture: unseasonal rainfall, prolonged heavy rainfall, extreme heat waves, temperature variability, frost occurrences, and extended dry spells. Each risk is surrounded by strategies for resilience, such as organic fertilizers, phytochemicals in healthy plants, regular weeding, and efficient water utilization. Strategies aim to enhance soil structure, improve root strength, and increase plant resilience to stresses like heat and drought, thereby mitigating the overall impact of climate risks. The diagram emphasizes the importance of balanced growth and stress resistance in promoting agricultural sustainability.]
Figure 3 | Climate risks, challenges, and solutions (Ref: NABARD, 2016).




9 Challenges and constraints

SCI prerequisites include healthy soil and assured and controlled input supply that could boost crop growth and yield with improved resource use efficiency. This practice is possible with appropriate agricultural mechanization for scaling up basic principles of SCI (Adhikari et al., 2018). Apart from the mechanization, larger and better-functioning root rhizosphere which can buffer the effects of various biotic and abiotic stresses, such as drought, storm, thermal injury, diseases, and pests, is the challenging condition to maintain (NABARD, 2016). Since the concept of SCI is relatively new and not more than two decades old, the availability of appropriate research findings from the specific agroecosystem is therefore a constraint for adopting the justified and evidence-based SCI practice. The modern-day system of intensive crop production with high yield from high-yielding varieties is being realized by putting the high rate of chemical inputs such as fertilizers and pesticides along with overirrigation, which is creating constraints for the adoption of SCI practices because this faulty system is making the agroecosystem fragile where soils are becoming multi-nutrient deficient, are poor in biological activity, have a compact rhizosphere, and have poor plant–microbe symbiosis. All these conditions are identified as a prerequisite for the adoption of SCI practices (Dinesh et al., 2019). Proper crop geometry, healthy seedlings, organic inputs, controlled irrigation, and integrated weed management are the components of the SCI which require skilled manpower, which may be a constraint toward its adoption and promotion (Singh et al., 2018). Different varieties of a crop respond to inputs to varying levels. Some varieties respond well to high fertilizer and irrigation input, which may be less suitable for SCI. Therefore, the identification of a suitable variety that can perform better under the SCI package of practices is another challenge to tackle (Singh et al., 2018). SCI is an integrated approach that integrates various factors of production and functions for creating the most conducive aboveground and belowground micro-climate; hence, Yami and Van Asten (2017)suggest that in order to achieve beneficial outcomes on food security and livelihoods, the design of SCI interventions should adopt holistic methods and take food access into consideration. Other than issues related to production, there are other obstacles to overcome for the widespread adoption and promotion of SCI practices in soybean (Chikowo et al., 2015; Kassie et al., 2015). These include the advancement and diffusion of technologies as well as better agricultural extension and advisory services.




10 Future thrust areas for research on SCI



10.1 Varietal response to SCI and designing suitable plant type

Most of the modern varieties used in SCI cultivation are weak competitor ideotypes that under-perform in a highly competitive crop community, whereas in SCI, crop geometry is altered whereby sufficient space is provided for each plant. SCI researchers should look for the identification of strong competitive plant types that will perform better individually when provided with sufficient space and resources.




10.2 Identification of niche areas/zones most suited for SCI methods

India’s soybean experts began exploring other options, such as intercropping, relay cropping, rotation, and using fallow areas where oilseeds (soybeans, mustard, and peanuts), and pulses may be grown under sustainable crop improvement. A significant gap was identified in Madhya Pradesh, where a sizable portion was formerly left fallow during the rainy season in order to preserve fertility and moisture. Future research on SCI should prioritize the identification of niche agroecological and micro-climatic zones most suited for its application by integrating geospatial analysis with long-term climatic and soil data. This effort must be closely linked with evaluating the suitability of different crops and varieties under diverse conditions to develop location-specific recommendations. Such assessments should consider varying management regimes—such as organic vs. conventional farming, rainfed vs. irrigated systems, and monocropping vs. intercropping—to ensure compatibility and optimize resource use efficiency. Long-term, multi-location trials will be essential to understanding crop responses and refining SCI practices for major crops like rice, wheat, maize, and pulses, thereby enhancing productivity, sustainability, and resilience across regions.




10.3 Detailed studies on soil health and microbial activity

Studies should be conducted to know the long-term impact of management practices on soil health and microbial activities, which will help in improving native soil fertility through the mobilization of various nutrients mediated by microbes.




10.4 Farmer’s participatory trials to fine-tune the technology in terms of its economic viability and sustainability

SCI crop management practices should be designed in such a way that they should be locally acceptable to farmers of that specific region and these should be cost-effective so that even marginal farmers can follow.





11 Policy options

To enhance the adoption of SCI (system of crop intensification), policies should prioritize (Figure 4) (i) research and development—focusing on genotype–environment interactions and sustainable crop varieties and (ii) farmer adoption incentives—through subsidies and participatory trials can help smallholders access SCI technologies and ensure local adaptability. Promoting (iii) mechanization and technological innovation will enhance efficiency, especially with affordable tools for small-scale farmers. Finally, through policies integrating SCI into (iv) climate resilience and resource management, strategies will encourage sustainable practices like efficient water use and improved soil health, contributing to long-term agricultural sustainability and food security.

[image: Flowchart titled “Policy Options for System of Crop Intensification (SCI)” with central red box surrounded by four policy areas:   1. Promote Research and Development in SCI (top, yellow): Emphasizes interdisciplinary research and genotype-environment interactions.  2. Encourage Farmer Adoption of SCI through Incentives (right, purple): Focuses on incentives, participatory trials, and support for farmer-led research.  3. Mechanization and Technological Innovation in SCI (bottom, green): Promotes small-scale machinery and public-private partnerships.  4. Climate Resilience and Sustainable Resource Management (left, blue): Advocates sustainable practices and integration of climate-smart strategies.   Each policy includes specific suggestions for implementation.]
Figure 4 | Policy options for system of crop intensification (SCI).




12 Conclusions

The system of crop intensification (SCI) offers a promising solution to challenges (i.e., climate change, resource scarcity, and soil degradation). It enhances productivity, profitability, and sustainability by optimizing practices such as WUE and NUE. The following conclusions are drawn based on a comprehensive review, as in the following.

	SCI increases crop yields by 15%–25%, doubling farmer income while improving oil and protein content, nutrient uptake, and water-use efficiency.

	Soil quality under SCI surpasses conventional methods, enhancing sustainability and climate resilience in cropping systems.

	SCI reduces GHG emissions and weed challenges, making it an ecologically friendly and profitable farming approach.

	Despite higher production costs, SCI ensures better net returns through improved resource use and productivity in crops like rice, maize, and soybean.



Overall, widespread adoption of SCI requires collaborative efforts through research, demonstration, and policy support. Scaling up these practices can ensure sustainable farming, improved livelihoods, and a resilient agri-food system.
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