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	ABSTRACT
Rice cultivation traditionally relies on continuous flooding, consuming up to 2,000 mm of water per season and contributing to low water productivity. Aerobic rice cultivation has emerged as an alternative approach that reduces water inputs while maintaining yield stability. Integrating drip fertigation and foliar nutrition represents a significant advancement in resource-use-efficient rice production. Drip fertigation facilitates precise water and nutrient delivery to the root zone, improving water productivity, nutrient uptake and yield performance while minimizing leaching losses. Concurrently, foliar nutrition effectively supplements soil fertilization, correcting micronutrient deficiencies and enhancing physiological functions such as photosynthesis, dry matter accumulation and chlorophyll synthesis. Numerous studies demonstrate that foliar applications of nitrogen, potassium, iron and zinc significantly improve yield attributes, grain quality and nutrient uptake in aerobic rice. Drip fertigation using water-soluble fertilizers such as MAP and SOP enhances nutrient availability and economic returns compared with conventional irrigation. Collectively, the integration of drip fertigation and foliar feeding forms a climate-resilient, water-saving and economically viable system for sustainable rice cultivation under water-limited environments. This review synthesizes recent findings on the agronomic, physiological and economic impacts of these technologies and outlines strategies for optimizing water and nutrient use efficiency in aerobic rice systems.
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INTRODUCTION
Rice (Oryza sativa L.) is the principal staple crop for over half of the global population, predominantly cultivated under flooded lowland conditions in tropical and subtropical Asia. Of the approximately 156 million hectares devoted to rice worldwide, nearly 133 million hectares are concentrated in Asia, where irrigated rice systems form the cornerstone of regional food security and rural livelihoods (Fahad et al., 2019). In India, rice covers an estimated 50 million hectares, with an annual production of 149 million tonnes and a national average productivity of 2.9 t ha⁻¹. Tamil Nadu alone contributes 7.56 million tonnes from 2.4 million hectares, achieving an average productivity of 3.15 t ha⁻¹ (Statista, 2024-2025).

However, the sustainability of traditional flooded rice systems is increasingly threatened by escalating freshwater scarcity, declining water-use efficiencies and intensifying competition for water resources. Conventional puddled rice cultivation requires 1,300 to 1,600 mm of water per season, reaching as high as 2,000 mm in the deltaic regions of India (Kumar et al., 2022). Notably, rice remains one of the least water-efficient crops, with an average water productivity of just 0.15 kg m⁻³ (Soman et al., 2018). Future projections suggest that irrigated rice alone could account for up to 85% of available freshwater use in agriculture, underscoring the urgent need for water-saving technologies that ensure both agronomic productivity and environmental sustainability.

In response to this challenge, the International Rice Research Institute (IRRI) developed the aerobic rice system, a resource-conserving production strategy aimed at minimizing water inputs while maintaining competitive yields in tropical and subtropical environments. In this system, rice is cultivated in non-puddled, non-flooded fields under controlled irrigation and similar to upland crops (Singh et al., 2023). Aerobic rice varieties adapted to soil moisture conditions below field capacity can achieve yields of 4-6 t ha⁻¹ using just 450-650 mm of water per season (Das et al., 2016), significantly reducing percolation, seepage and evaporation losses compared to conventional practices (Meena et al., 2019).

Despite its potential, aerobic rice cultivation faces several agronomic and physiological constraints, including the limited availability of high-yielding, drought-tolerant varieties, heightened weed pressure, increased incidence of nematodes and micronutrient deficiencies, particularly of iron and zinc during early vegetative growth. Shifts in soil fertility management and continuous cropping have also led to variable micronutrient dynamics in key rice-growing regions such as the Indo-Gangetic plains (Mohanty et al., 2024). Balanced nutrient management is crucial, as deficiencies of both macro and micronutrients can impair plant growth, yield potential and resource-use efficiency (Siddika et al., 2016).

Recent advancements in micro-irrigation technologies, especially drip irrigation, have demonstrated significant potential to enhance water-use efficiency in aerobic rice systems. Drip irrigation facilitates precise, frequent water applications, maintaining optimal soil moisture levels while minimizing water losses through percolation and surface evaporation (Hedley et al., 2014; Ray and Majumder, 2024). Comparative studies have revealed that water productivity under drip irrigation can be 1.52-2.12 times greater than under conventional flood irrigation in rice (Mallareddy et al., 2023).

Additionally, the combined application of water and soluble fertilizers through the irrigation system offers a complementary strategy to improve nutrient-use efficiency and crop productivity in aerobic rice. By delivering nutrients directly to the active root zone in synchrony with crop demand, fertigation reduces nutrient losses, enhances plant uptake and supports higher yields (Govindan and Grace, 2012; Sood et al., 2025). The application of water-soluble fertilizers (WSF) through drip systems further improves nutrient availability, mitigates soil pH constraints and has been associated with improved water productivity and grain yields (Naik et al., 2021). Integrating fertigation with drip irrigation, using WSF such as monoammonium phosphate (MAP) and sulphate of potash (SOP), has been shown to significantly improve nutrient uptake and grain yield in aerobic rice (Annadurai and Palaniappan, 1994; Ramesh et al., 2020). Yield improvements of 19 to 22% have been reported with surface and subsurface drip systems compared to conventional aerobic cultivation (Parthasarathi et al., 2018).

Given the growing importance of resource-use-efficient production systems, particularly under water-limited conditions, this review aims to comprehensively examine the current status, advances and future prospects of aerobic rice cultivation under drip fertigation systems. The review highlights the agronomic, physiological and economic implications of integrating micro-irrigation, fertigation and water-soluble fertilizers in aerobic rice, with a specific focus on enhancing water productivity, nutrient-use efficiency and sustainable intensification in rice-based cropping systems.
METHODOLOGY
The present review adopted a systematic review approach to comprehensively synthesize scientific evidence on the effects of drip fertigation and foliar nutrition on the yield, nutrient uptake, and water use efficiency (WUE) of rice. A structured literature search was conducted across major databases including Scopus, Web of Science, Google Scholar, CAB Abstracts and ScienceDirect covering the period from 2008 to 2025 using keywords such as drip fertigation, aerobic rice, foliar nutrition, micronutrients, nitrogen, water use efficiency and yield. The review followed the PRISMA guidelines for literature screening and studies were included based on criteria such as relevance to rice under field or pot conditions. Non-experimental reports and incomplete datasets were excluded (Figure 1). In total, 72 peer-reviewed studies meeting the inclusion criteria were selected for detailed analysis. Key information including author, year, location, treatment type, nutrient source, growth stage and major outcomes (yield, WUE, nutrient uptake) was extracted and standardized into a common database. Studies were categorized into two thematic domains: (i) Water management effects involving drip or subsurface fertigation and alternate wetting and drying systems, (ii) Nutrient management effects involving macro- (N, P, K) and micro-nutrient (Fe, Zn) foliar sprays. Descriptive statistics were employed to summarize percent yield gains, nutrient uptake trends and physiological responses. Visualization tools such as bubble plots using Python (pandas, matplotlib) to represent nutrient-response relationships. Each study was evaluated for scientific rigor based on experimental design, replication, data clarity and journal credibility, ensuring inclusion of only high-quality, statistically supported evidence. This systematic methodology ensured transparency, reproducibility and critical synthesis of global findings on integrated water and nutrient management for sustainable rice production.
Drip Fertigation in Rice Cultivation

Drip fertigation has emerged as a promising strategy for enhancing water and nutrient use efficiency in rice cultivation, particularly under aerobic conditions. Several studies have demonstrated its efficacy in improving crop performance while addressing the critical issue of water scarcity in rice-growing regions. Drip irrigation not only improved rice yield and its associated yield components but also helped sustain plant growth under conditions of limited water availability by maintaining optimal soil moisture throughout the crop’s vegetative and reproductive stages (Kato and Okami, 2010; Okami et al., 2015).

Conventional wetland rice cultivation, characterized by continuous submergence, often imposes oxygen-deficit conditions in the rhizosphere, adversely affecting root metabolism, nutrient uptake and microbial dynamics (Bridgemohan et al., 2020). In contrast, aerobic rice cultivation practiced in well-drained soils with intermittent irrigation avoids prolonged saturation, thereby improving soil aeration and reducing unproductive water losses through percolation and evaporation (Vanitha, 2008; Nie et al., 2012).

The adoption of micro-irrigation systems (MIS), particularly drip irrigation, has shown significant potential in enhancing water productivity and environmental sustainability in rice systems. MIS allows for precise and efficient water application, supporting the concept of "more crop per drop" as advocated by Galal and Soliman, 2024. Drip irrigation, when properly managed in aerobic rice systems, could save up to 27% of water without compromising grain yield (Parthasarathi et al., 2018). Integrating fertigation with drip irrigation further amplifies these benefits by supplying nutrients in synchronization with crop demand, directly into the active root zone. Drip fertigation not only conserved 50 to 61% of irrigation water but also substantially improved grain yield and water productivity across different rice genotypes compared to conventional flood irrigation systems (Soman, 2018). Similarly, fertigation optimizes nitrogen management, reducing the risk of nitrate leaching into groundwater while ensuring consistent nutrient availability, thereby enhancing crop performance (Azad, et al., 2020).

Frequency and scheduling of fertigation events play a crucial role in determining crop response. Aerobic rice grown under drip fertigation scheduled at 125% of pan evaporation (PE) replenishment, combined with 100% recommended dose of fertilizers (RDF) produced superior grain yields (Mariyappillai et al., 2022). Likewise, fertigation under bed planting significantly improved yield attributes such as panicle density, grains panicle-1 and test weight Bhuyan et al., 2014).  The interactive effects of frequent water and nutrient applications through drip fertigation on rice growth and productivity have been well documented. Notable improvements in both grain and straw yields under increased frequencies of water and nitrogen application, particularly during critical growth stages (Natarajan et al., 2020). 

Furthermore, fertigation intervals were shown to significantly influence tiller production in aerobic rice, with maximum tiller counts when fertigation was applied every two to four days using 100% water-soluble fertilizers, a response largely attributed to the improved availability of water and nutrients in the root zone and the enhanced adaptability of hybrid rice cultivars to frequent nutrient supply (Rajeshkumar et al., 2019). 

Collectively, these studies underscore the potential of drip fertigation as a climate-resilient, resource-use-efficient technology for sustainable rice cultivation in water-limited environments. Continued research is warranted to refine fertigation schedules, optimize nutrient formulations and assess long-term soil health impacts to support widespread adoption in diverse rice-growing ecologies.

Impact of Foliar Nutrition on Growth of Aerobic Rice

Foliar nutrition has gained considerable attention as an effective supplementary strategy for improving crop growth and nutrient efficiency, particularly under water-saving aerobic rice systems. Increased nitrogen fertilization through foliar application significantly enhanced the leaf area index (LAI) in rice (Song et al., 2024). Similarly, foliar application of zinc and iron, combined with appropriate seedling age, notably influenced rice growth parameters such as plant height, number of tillers hill-1, dry matter accumulation and LAI. The most pronounced effects were observed when 15-day-old seedlings received foliar sprays of zinc and iron at 45 days after transplanting (DAT), underscoring the importance of timing and nutrient synergy in foliar feeding regimes (Singh et al., 2018).

The positive physiological responses to foliar micronutrient application are largely attributed to their role in modulating enzymatic activities and hormonal metabolism, particularly auxin synthesis, which promotes cell division and elongation (Sudha and Stalin, 2015). Foliar applications of micronutrients such as zinc, boron and sulphur in combination with recommended basal fertilization enhanced rice crop growth indices, contributing to improved photosynthetic efficiency and protein content (Mohan and Tiwari, 2017). The beneficial effects of foliar-applied nutrients extend to improvements in photosynthetic rate and dry matter production. attributed these responses to the increased availability of essential macro and micronutrients (N, P, K, Fe and Zn) through both soil and foliar applications, thereby sustaining active canopy growth and physiological activity during critical stages of crop development (Sunil and Shankaralingappa, 2014).

Innovative organic foliar supplements have also shown promise. Karthika et al. (2017) developed a fermented egg-lemon juice extract rich in vitamins (A, D, E, K, B-complex) and essential minerals (P, Ca, K, Fe, Zn, Se), which offers a bioavailable source of nutrients for crop use. Godbert et al., (2019) provided a detailed nutritional profile of eggs, highlighting their value as a natural nutrient supplement in crop production systems.

Among various organic foliar formulations, foliar spraying of egg amino acid at 1.0% concentration, in combination with the recommended dose of fertilizers (RDF), recorded a 23% yield increase over RDF alone. This improvement was attributed to the rapid foliar absorption of amino acids, nitrogen, phosphorus, potassium and trace elements, facilitating enhanced nutrient translocation and metabolic activity (Priyanka et al., 2019).

Impact of Foliar Nutrition on Yield Attributes of Aerobic Rice

Nitrogen remains the most critical and yield-limiting nutrient in aerobic rice production systems. Mohapatra and Sahu, 2022 emphasized the indispensable role of nitrogen in determining growth vigour, panicle formation, grain filling and overall productivity in rice grown under aerobic conditions (Table 1). As aerobic systems differ substantially from conventional flooded systems in terms of water regime and nutrient dynamics, Agyin-Birikorang et al. (2017) highlighted the need for site- and cultivar-specific nitrogen management strategies tailored to aerobic rice environments.

The application of 160 kg N ha⁻¹ significantly improved the harvest index (45.97%) by increasing grain yield per unit biological yield. Additionally, nitrogen concentration in both grain (1.24%) and straw (0.458%) was markedly higher in the 160 kg N ha⁻¹ treatment compared to the unfertilized control, which recorded the lowest nitrogen content in grain (1.12%) and straw (0.415%) (Singh et al., 2019). Complementary findings by Agyin-Birikorang et al., 2017 revealed that foliar nutrient applications, when strategically timed at different crop growth stages, substantially enhanced key yield attributes. These included increased panicle density m-2, test weight, elevated biological yield and improved grain yield. These results affirm that foliar feeding serves not only as a corrective measure for transient nutrient deficiencies but also as a proactive strategy to augment yield potential in aerobic rice.

Foliar feeding significantly enhanced grain yield in hybrid rice cultivars (Sedghi and Sharifi, 2013; Huang et al., 2016). Similarly, application of 1% urea foliar spray administered thrice daily for 15 days post-transplanting resulted in an increased number of tillers and productive panicles (Radhika et al., 2013). Foliar application of 2% urea produced the highest number of effective tillers m⁻², spikelets panicle-1, grains spike-1 and grain yield. However, the maximum test weight was achieved with a 1% urea foliar spray, which was statistically comparable to the 2% urea treatment. Their findings suggest that foliar application of 1% urea at critical growth stages, including tillering, jointing and booting, can enhance yield attributes while maintaining grain quality (Tahir et al., 2023).

Foliar nitrogen application significantly improved grain iron (Fe) and zinc (Zn) concentrations in rice cultivated under aerobic conditions, whereas no appreciable effects were observed under flooded environments (Juntakad et al., 2018). In a related study, Babu et al. (2018) demonstrated that split applications of potassium through foliar sprays improved grain K uptake, with limited influence on straw and root K absorption.

Foliar application of 2% DAP + 1% KCl, combined with a micronutrient mixture, significantly improved plant height, dry matter accumulation and tiller number plant-1 compared to treatments involving maleic hydrazide (Basvantrao, 2024). Complementarily, fertigation using 100% recommended dose of water-soluble fertilizers via drip irrigation substantially enhanced growth, yield attributes and grain yield relative to 75% RDF. Drip fertigation with soluble sources like MAP and SOP ensured efficient nutrient delivery to the root zone, minimizing nutrient losses and sustaining nutrient uptake under continuous irrigation regimes (Ramesh et al., 2020). Foliar application of potassium and nitrogen before flowering significantly increased rough rice and biological yield, with nitrogen application during peak tillering exerting the most pronounced effect on tiller number and spikelet density (Uddin and Rahman, 2024). Conversely, the timing of foliar nutrient applications had minimal impact yield attributes, yield and grain quality, emphasizing the context-specific efficacy of foliar nutrition (Mahmoodi et al., 2020).

 The role of micronutrients, particularly zinc and iron, has also been widely investigated. Zn fertilization marginally increased test weight, attributed to enhanced carbonic anhydrase activity and carbohydrate accumulation (Hussain et al., 2019). Combined soil and foliar application of ZnSO₄·7H₂O significantly elevated grain and straw yields and improved the harvest index compared to foliar application alone (Shivay, 2015). Soil application of FeSO₄ at 25 kg ha⁻¹ resulted in superior test weight values relative to other iron treatments (Hashim et al., 2021). Foliar application of Zn, B and S alongside 100% RDF enhanced growth indices, dry matter accumulation (up to 158.40 g plant⁻¹) and grain protein content (Mohan et al., 2017). Foliar Zn application as a practical strategy for alleviating Zn deficiency in rice, with implications for human nutrition and seed quality enhancement. However, they noted limited yield response to foliar Zn sprays in fields with high background Zn availability (Phuphong et al., 2018). Integrating high-yielding lowland rice genotypes with upland drought-resilient traits and improved N, P, Zn and Fe management to enhance aerobic rice productivity (Pradhan et al., 2016).

Multiple studies affirmed the superiority of foliar iron application over soil application in increasing grain yield (Thakur et al., 2020). further demonstrated that foliar sprays of Fe, Zn and Mn significantly improved plant height, panicle number, grain count, test weight, grain yield and harvest index, with Fe and Zn showing the most notable effects (Ramzan et al., 2020). Foliar application of FeSO₄ at 0.5% and 1% concentrations at different growth stages enhanced both grain yield and Fe concentration in rice grains (Singh and Dewangan, 2013). Three foliar applications of 2% FeSO₄ at tillering, pre-flowering and flowering stages increased panicle density (214.6 m⁻²) and fertile spikelet’s panicle-1 (78.1) (Das et al., 2016). The synergistic effects of integrated nutrient management, noting that FYM at 10 t ha⁻¹ combined with foliar sprays of 0.25% FeSO₄ and 0.5% ZnSO₄ at 20 and 30 DAS improved iron uptake and grain yield by maintaining Fe availability in soils with pH > 7 (Sagarika et al., 2017).

FeSO₄ application in aerobic rice had limited influence on tiller numbers, potentially due to the indirect role of Fe in plant physiological processes (Rakesh et al., 2017). Increasing Zn foliar spray concentration from 0.4% to 0.8% resulted in significant improvements in yield and yield components, with 0.8% proving optimal (Hassanein et al., 2019). Four foliar applications of FeSO₄ at 1.5% combined with 0.1% citric acid at panicle initiation, flowering, milking and dough stages significantly increased grain yield (Albahri et al., 2023). Water and nutrient management strategies also influenced rice productivity. Application of 25% RDF through soil application and 100% RDF through fertigation yielded significantly higher grain and straw production (Yamuna et al., 2018). Irrigation scheduling at two-day intervals improved panicle density, panicle length, grain numbers panicle-1 and grain yield in aerobic rice (Pasha et al., 2013). The highest harvest index was achieved when drip irrigation was scheduled at 150% pan evaporation replenishment, outperforming 100% and 200% replenishment treatments (Ramulu et al., 2016; Xiaojun et al., 2016).  

Finally, foliar fertilization at the maximal tillering and panicle initiation stages significantly enhanced chlorophyll content, leaf area index and crop growth rate, highlighting the importance of targeted foliar nutrition during key phenological stages in rice cultivation (Liu et al., 2020).    
Impact of Drip Fertigation on Water Use and Water Use Efficiency (WUE)

Drip fertigation has demonstrated considerable potential in enhancing water productivity and water use efficiency (WUE) in rice cultivation, particularly under aerobic and upland conditions (Table 2). Notably, a higher water productivity of 3.65 kg ha⁻¹ mm⁻¹ was achieved under a drip system with 80 cm lateral spacing combined with modified row geometry. This improvement was primarily attributed to enhanced grain yield, facilitated by uniform soil wetting and efficient water distribution (Grassi et al., 2009).

In upland rice ecosystems, soils remain well-drained and non-saturated for over 80% of the crop’s growth period, with no standing water, distinguishing aerobic rice cultivation from conventional lowland systems. Maharajan et al. (2020) observed that maintaining an irrigation threshold of -10 kPa in raised bed aerobic rice notably reduced root depth (29.7 cm), while increasing both root volume (32.8 cc) and root dry weight (8.21 g plant⁻¹). Complementary findings by Sritharan et al. (2015) indicated that an irrigation regime at 0.8 IW/CPE ratio up to the panicle initiation stage significantly enhanced root length, root volume, and root-to-shoot ratio in aerobic rice.

In terms of total water requirements, conventional lowland rice systems typically consume 1350-1400 mm of water, whereas aerobic rice systems operate efficiently with just 470-650 mm, achieving 64-88% greater water productivity compared to traditional lowland systems (Xiaoguang et al., 2002). Further, Jehangir et al. (2007) reported that direct-seeded rice required less irrigation water than transplanted rice, with rice cultivated on raised beds consuming 13% less water compared to flatbed transplanted rice (Kiani et al., 2022). Direct seeding of aerobic rice reduced water use by 9-11% relative to puddled transplanting, while maintaining comparable yields. Moreover, DSR systems achieved superior water use efficiency, ranging from 0.33 g l⁻¹, compared to 0.29-0.32 g l⁻¹ under transplanted rice systems (Saharawat et al., 2009).

These findings collectively underscore the potential of drip fertigation, direct seeding and optimized irrigation scheduling in significantly reducing water input and enhancing WUE in rice, particularly under water-limited or aerobic conditions, without compromising productivity.

Impact of Foliar Nutrition on Nutrient Uptake in Rice

Foliar nutrient application has emerged as an efficient strategy for enhancing nutrient uptake, particularly under aerobic and water-limited rice cultivation systems. Yadav et al. (2011) demonstrated that foliar application of 0.5% FeSO₄ and 0.2% ZnSO₄ at 20, 40 and 60 DAS significantly improved both grain and straw nutrient uptake (Table 3 and Figure 2). Additionally, basal application of 50 kg ha⁻¹ FeSO₄ combined with two foliar sprays of 2% FeSO₄ effectively enhanced nitrogen uptake compared to conventional split applications of N alone. Integrated use of recommended NPK, basal application of FeSO₄ (25 kg ha⁻¹) and ZnSO₄ (25 kg ha⁻¹), followed by foliar sprays of 0.5% FeSO₄ and 0.2% ZnSO₄ at 20, 40 and 60 DAS, led to higher uptake of N, P, K and Fe throughout the crop growth period in aerobic rice (Goverdhan, 2017).

The application of zinc, particularly through foliar and combined soil-foliar routes, has been shown to significantly improve nitrogen content, crude protein and overall N accumulation in both rice kernels and straw. Combined soil and foliar application of zinc sulphate (ZnSO₄) achieved superior N concentrations in rice grain and straw compared to foliar application alone (Shivay et al., 2015). Furthermore, the nitrogen concentration was consistently higher in grains than in straw, a pattern also documented by Singh et al. (2019). Enhanced water and nutrient use efficiency has also been reported when P and K fertilizers were applied in combination with N at a maintained soil water potential of -20 kPa, with respective increases of 12% and 48% (Maharajan et al., 2020).

Regarding iron nutrition, multiple foliar applications of 2% FeSO₄ at critical growth stages, maximum tillering, pre-flowering and flowering resulted in significantly elevated Fe concentrations and improved uptake in both grain and straw under aerobic rice conditions (Singh et al., 2013; Yadav et al., 2013). Incorporating 10 t ha⁻¹ of farmyard manure along with foliar sprays of 0.25% FeSO₄ and 0.5% ZnSO₄ at 20 and 30 DAS markedly increased grain yield (Sagarika et al., 2017). Similarly, 50% of recommended nitrogen through urea and 50% through vermicompost, coupled with foliar N application throughout the growing season, substantially improved both grain and straw yields, attributed to sustained nitrogen availability (Manik et al., 2016). Potassium dynamics within rice tissues showed a consistent pattern, with grains exhibiting lower K concentrations than straw. Sharma et al. (2017) confirmed this trend, while Ahmad et al. (2012) noted that K concentrations in both paddy grains and straw increased progressively with zinc fertilization.

Collectively, these findings reinforce the value of foliar nutrition strategies, particularly involving Fe, Zn and N, in optimizing nutrient uptake and crop productivity in rice, especially under aerobic and resource-conserving cultivation systems.

Impact of Foliar Nutrition and Water Management on Economics of Rice Cultivation

Economic evaluations consistently demonstrate that improved nutrient and water management practices, including foliar nutrition, direct seeding and fertigation, significantly enhance profitability and resource use efficiency in rice production.

Direct-seeded rice generated net returns and benefit-cost ratios approximately 26% higher than traditional transplanted rice, highlighting the economic advantage of labour and water-saving methods (Table 4). Complementing these findings, (Bhatt et al., 2023) showed that integrated nutrient management combining the recommended dose of fertilizers (RDF) with farmyard manure at 5 t ha⁻¹ produced the highest gross returns, reaching ₹. 85,040 ha⁻¹, alongside the most favourable B-C ratio, thereby underscoring the cost-effectiveness of organic-inorganic nutrient integration (Gangwar et al., 2008; Kishor et al., 2021). Rekha et al., (2015) demonstrated that drip fertigation was superior to conventional surface irrigation, with the highest gross returns recorded under 100% RDF through water-soluble fertilizers applied through fertigation (₹.121,222 ha⁻¹). Treatments involving 75% RDF fertigation or a combined 50% basal fertilizer plus 50% fertigation also showed substantial returns (₹.114,364 and ₹.105,093 ha⁻¹, respectively), highlighting the economic viability of fertigation at various nutrient rates (Ramanjaneyulu et al., 2016).

Splitting nitrogen application into four doses, like basal, active tillering, panicle initiation and flowering at a total rate of 150 kg N ha⁻¹ maximized net returns and B-C ratio (Kaur et al., 2020). Similarly, reported that aerobic rice varieties cultivated under direct seeding attained the highest net and gross returns and favourable B:C ratios, demonstrating genotype-specific responses to enhanced nutrient and water regimes (Singh et al., 2018). The synergistic effects of precise water and nutrient delivery through drip irrigation and fertigation systems promote higher water use efficiency (WUE) and nitrogen use efficiency (NUE), which translate into superior yield performance and increased profitability. Natarajan et al., (2020) attributed the elevated yield, net returns and B-C ratio of aerobic rice under drip fertigation to these improvements in water and nutrient management efficiency.
Future Perspectives

· Develop region- and variety-specific drip fertigation schedules to enhance water and nutrient-use efficiency in aerobic rice.

· Evaluate the effectiveness of nano and water-soluble fertilizers for improving nutrient uptake and yield under limited water conditions.

· Integrate drip fertigation with organic manures and biofertilizers to maintain soil fertility and microbial balance.

· Employ precision irrigation tools and sensor-based systems for real-time monitoring of soil moisture and nutrient dynamics.

· Conduct long-term field studies to assess the sustainability, profitability and environmental impact of drip fertigation and foliar nutrition practices in rice.
Table 1. Impact of foliar nutrition on yield, yield attributes and biochemical responses in aerobic rice

	Parameters
	Functions
	Responses under foliar nutrition
	Key Nutrients
	References

	Grain Yield (kg/ha)
	Productivity
	Increased by 62.01% with foliar N+Zn application at tillering stage
	N, Zn
	Wang et al., 2017

	
	
	Increased with farmyard manure + 0.25% FeSO₄ & 0.5% ZnSO₄ foliar sprays at 20 & 30 DAS
	Fe, Zn, N
	Sagarika et al., 2017

	Grain Yield (kg/ha)
	Productivity
	Increased with 50% N through urea + 50% N through vermicompost + foliar N
	N
	Manik et al., 2016

	Straw Yield (kg/ha)
	Biomass Production
	Enhanced with combined foliar application of urea phosphate and inorganic fertilizers
	N, P
	Ahmad et al., 2012; Ramesh et al., 2020

	Harvest Index (%)
	Efficiency of Biomass Use
	Improved with foliar application of N and K during critical growth stages
	N, K
	Mahmoodi et al., 2020

	Panicle Density (m²)
	Reproductive Potential
	Elevated with foliar application of NPK and micronutrients at panicle initiation
	N, P, K, Zn, Fe
	Sedghi and Sharifi, 2013

	Test Weight (g)
	Grain Quality
	Improved with foliar sprays of FeSO₄ and ZnSO₄
	Fe, Zn
	Ram et al., 2024

	1000-Grain Weight (g)
	Grain Size
	Enhanced with foliar application of NPK and micronutrients
	N, P, K, Zn, Fe
	Shivay, 2015; Das et al., 2016

	Leaf N Content (%)
	Protein Synthesis
	Increased with foliar application of urea and DAP
	N, P
	Karthika et al., 2017

	Leaf P Content (%)
	Energy Transfer
	Increased with DAP foliar spray
	P
	Ramesh et al., 2020

	Leaf K Content (%)
	Stomatal Regulation
	Increased with KCl foliar spray
	K
	Bahamonde et al., 2023

	Chlorophyll Content (SPAD)
	Photosynthetic Capacity
	Elevated with foliar sprays of FeSO₄ and ZnSO₄
	Fe, Zn
	Phuphong et al., 2018

	Chlorophyll Fluorescence (Fv/Fm)
	Photosystem Efficiency
	Increased with Fe + Zn foliar application
	Fe, Zn
	Roosta et al., 2018

	Soluble Protein (mg/g)
	Enzyme Synthesis
	Enhanced with foliar application of MAP and organic foliar extract
	N, P
	Karthika et al., 2017

	Nitrate Reductase Activity (µmol NO₃⁻ g⁻¹ h⁻¹)
	Nitrogen Metabolism
	Increased with foliar feeding of N and Fe during tillering
	N, Fe
	Singh et al., 2023

	Proline Content (µmol/g)
	Osmotic Adjustment
	Elevated under stress with foliar application of KCl
	K
	Hassanein et al., 2019

	Antioxidant Enzymes (SOD, CAT, POD)
	Stress Tolerance
	Increased under combined foliar sprays of ZnSO₄ and FeSO₄
	Zn, Fe
	Saleem et al., 2022

	Leaf Relative Water Content (RWC) (%)
	Drought Tolerance
	Increased with KCl + organic foliar application
	K, N
	Wasaya et al., 2021

	Soluble Sugars (mg/g)
	Energy Reserve
	Increased under foliar urea + KCl
	N, K
	Priyanka et al., 2019

	Grain Protein Content (%)
	Nutritional Quality
	Increased with N foliar spray
	N
	Baloch et al., 2019 

	Superoxide Dismutase (SOD)
	Oxidative Stress Mitigation
	Increased under Zn foliar spray
	Zn
	Anwar et al., 2021

	Catalase (CAT)
	Hydrogen Peroxide Detoxification
	Increased under Fe foliar spray
	Fe
	Anjum et al., 2016

	Peroxidase (POD)
	Reactive Oxygen Species Detoxification
	Increased under Zn + Fe foliar sprays
	Zn, Fe
	Sharma et al., 2019


Table 2. Impact of Drip Fertigation on Water Use and Water Use Efficiency (WUE) in aerobic rice

	Parameters
	Functions
	Outcomes
	Key Factors
	References

	Water Productivity (kg ha⁻¹ mm⁻¹)
	Efficiency of Water Use
	Increased to 3.65 kg ha⁻¹ mm⁻¹ with drip system, 80 cm lateral spacing and modified row geometry
	Drip fertigation, Row Geometry
	Grassi et al., 2009

	Root Depth (cm)
	Root Architecture
	Reduced to 29.7 cm under irrigation threshold of -10 kPa in raised bed aerobic rice
	Irrigation Management


	Maharajan et al., 2020



	Root Volume (cc)
	Root Development
	Increased to 32.8 cc under controlled irrigation
	
	

	Root Dry Weight (g plant⁻¹)
	Biomass Allocation
	Increased to 8.21 g plant⁻¹ under raised bed aerobic rice
	
	

	Root Length, Root-to-Shoot Ratio
	Root Architecture
	Enhanced with irrigation at 0.8 IW/CPE ratio until panicle initiation
	Irrigation Scheduling
	Saharawat et al., 2009;

	Total Water Requirement (mm)
	Water Consumption
	Reduced to 470-650 mm in aerobic systems vs. 1350-1400 mm in conventional lowland rice
	Aerobic Rice System
	Xiaoguang et al., 2002

	Water Use Efficiency (g l⁻¹)
	Water Productivity
	DSR systems achieved 0.33 g l⁻¹ vs. 0.29-0.32 g l⁻¹ under transplanted rice systems
	Direct-seeded Rice, Raised Bed System
	Jehangir et al., 2007


Table 3. Effect of Foliar Micronutrient and Nitrogen Applications on Nutrient Uptake and Grain Quality in Rice

	Nutrients
	Functions
	Response to Foliar Nutrition
	Key Nutrient / Input
	References

	Nitrogen Uptake (kg/ha)
	Nitrogen Assimilation
	Improved with basal NPK + FeSO₄/ZnSO₄ foliar sprays at 20, 40, 60 DAS
	N, Fe, Zn
	Goverdhan, 2017

	Nitrogen Concentration in Grain
	Nutritional Quality
	Higher in grain than straw under Zn and Fe foliar applications
	N, Zn, Fe
	Singh et al., 2019

	Nitrogen Concentration in Straw
	Nutritional Quality
	Increased with Zn foliar application
	N, Zn
	Tahir et al., 2023

	Iron Uptake (Fe, mg/kg)
	Micronutrient Assimilation
	Increased with 2% FeSO₄ foliar applications at tillering, pre-flowering, and flowering
	Fe
	Yadav et al., 2013

	Zinc Uptake (Zn, mg/kg)
	Micronutrient Assimilation
	Increased with foliar and combined soil-foliar Zn application
	Zn
	Shivay, 2015

	Potassium Uptake (K, mg/kg)
	Nutrient Assimilation
	K concentration lower in grains than straw; improved with Zn fertilization
	K, Zn
	Ahmad et al., 2012; Sharma et al., 2019


Table 4. Comparative Impact of Drip Fertigation vs Conventional Rice Systems

	Parameters
	Conventional Flooded Rice
	Drip-Fertigated Aerobic Rice
	Advantages
	References

	Total water use (mm season⁻¹)
	1300-2000
	450-650
	60-75 % reduction
	Bouman et al., 2005



	Water productivity (kg m⁻³)
	0.15
	0.30-0.45
	100-200 % increase
	

	N-use efficiency (%)
	25-35
	45-55
	50 % improvement
	Padmaja and Reddy, 2018



	Grain yield (t ha⁻¹)
	3.5-4.0
	4.5-5.5
	20-25 % increase
	

	B:C ratio
	1.5-1.8
	2.1-2.6
	30-40 % increase
	


Table 5. Summary of Key Findings Across Studies

	Location
	Crop
	Treatments
	Yield Increase (%)
	Water Saving (%)
	Key Observations
	References

	Karnataka
	Rice
	Drip fertigation (NPK @ 100%)
	25
	60
	Improved water and nutrient use efficiency (WUE and NUE).
	Rekha et al., (2015)

	Tamil Nadu
	Rice
	Drip fertigation + foliar Zn
	28
	50
	Enhanced tillering, chlorophyll content, and overall yield performance.
	Soman, (2018)

	Coimbatore
	Rice
	Drip fertigation with MAP spray
	22
	65
	Improved grain yield and benefit–cost (B:C) ratio.
	Parthasarathi et al. (2018)

	Andhra Pradesh
	Rice
	Foliar N + K spray at 60 DAT
	18
	55
	Enhanced grain filling and yield under reduced irrigation.
	Ramesh et al. (2020)

	Tamil Nadu
	Rice
	Organic foliar extract (1%)
	15
	40
	Increased leaf area index (LAI), chlorophyll, and grain yield.
	Karthika et al. (2017)

	Tamil Nadu 
	Aerobic Rice
	Drip fertigation levels × varieties
	20
	55
	Significant physiological and biochemical improvement under optimum fertigation.
	Patil, 2019

	Punjab 
	Rice–Wheat
	Subsurface drip fertigation + conservation practices
	Stable yield
	48-53
	Maintained yield with nearly half the irrigation water requirement.
	Sidhu et al. (2019)

	Burkina Faso
	Rice
	Drip fertigation with treated wastewater
	25
	25-30
	Achieved higher grain yield and improved water productivity.
	Ouoba et al. (2022)

	Bangladesh
	Rice
	Foliar vs. soil urea comparison
	23.7
	-
	Foliar urea reduced total nitrogen input while maintaining equivalent yield.
	Alim et al. (2023)

	Global Review
	Cereals (incl. Rice)
	Foliar Zn/Fe with N combination
	23
	-
	Meta-analysis indicated consistent Zn/Fe biofortification and yield enhancement.
	Hui et al. (2025)

	Global Meta-analysis
	Rice
	Water-saving irrigation (AWD, drip, SDI)
	24
	30-70
	Meta-analysis showed improved WUE without significant yield reduction.
	Yu et al. (2024)

	India 
	Rice–Wheat
	Subsurface drip fertigation with CA
	25
	60
	Combined CA and SDI achieved higher WUE and energy efficiency.
	Rana et al. (2023)
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Figure 1. A PRISMA guided systematic review on the impact of foliar nutrition and drip fertigation on yield, nutrient uptake and water use efficiency in aerobic rice
[image: image2.png]Response Parameter

Tillering

Panicle_number

Spikelet fertility

Grain filling

Grain weight

Grain Zn

Yield

Chlorophyll

Grain Fe

LAI

Bubble Plot of Nutrient Effects by Authors

N

Nutrient

Qe -

Effect Level

Low Effect (1)
Medium Effect (2)
High Effect (3)




Figure 2. Summary of Effective Foliar Nutrient Treatments in Aerobic Rice
[image: image3.png]<
8
=
&

Tamil Nadu

Karnataka

Andhra Pradesh

Punjab

Bangladesh average
West Africa (Burkina Faso)
Global review

Global meta analysis
India average

Global average

Yield Increase and Water Saving Across Regions

Illlllllll

o
=
1S5
N
S

30
Percentage (%)

IS
S

50

@ Yield Increase (%) ©  Water Saving (%)

60




Figure 3. Yield increase and water saving percent under aerobic conditions across regions

CONCLUSION
Drip fertigation and foliar nutrition offer synergistic benefits in aerobic rice systems by improving water productivity, nutrient-use efficiency and yield sustainability. Drip irrigation ensures uniform moisture distribution and targeted nutrient supply, while foliar applications address transient nutrient deficiencies and stimulate physiological growth processes. The combined approach enhances photosynthetic efficiency, dry matter production and nutrient uptake of N, P, K, Fe and Zn, resulting in superior grain yield and quality. Economically, drip fertigation systems yield higher returns and benefit-cost ratios compared with traditional flooded rice cultivation. These findings underscore the potential of integrating advanced irrigation and nutrient delivery technologies to achieve sustainable rice production under water-scarce conditions.                    
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