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Introduction 

Rice (Oryza sativa L.) is a staple food for more than half of the global 

population, particularly in Asia (1), where it serves as a primary 

source of carbohydrates and livelihoods for millions of smallholder 

farmers (2). The cultivation of rice predominantly occurs in flooded 

conditions. This traditional method is effective for weed control and 

nutrient availability, but it is highly water-intensive, leading to 

concerns over water use efficiency and environmental sustainability 

(3). The productivity of rice in India has increased to 2.8 t ha-1, with 

increased water consumption (4). The future of rice cultivation in 

India hinges on efficient water management strategies like the 

Alternate wetting and drying (AWD) method, system of rice 

intensification, direct-seeded rice and precision irrigation that 

balance productivity with sustainability. By adopting innovative 

techniques, leveraging technology and implementing sound 

policies, India can secure rice production while conserving water 

resources for future generations. In response to efficient water 

management, direct-seeded rice (DSR) has emerged as one of the 

viable alternatives, offering benefits such as reduced labour, energy 

savings and decreased greenhouse gas emissions (5). 

Water scarcity is a growing concern in rice cultivation, particularly in 

regions heavily reliant on groundwater and surface water resources 

(6). Efficient irrigation scheduling is critical to optimise water use 

efficiency (WUE) while maintaining or enhancing crop productivity. 

However, the impact of different irrigation strategies on yield, 

profitability and nutrient uptake in DSR under puddled conditions 

has not been extensively studied. Moreover, the interaction between 

water stress and nutrient dynamics in DSR systems remains a 

significant research gap. Nutrient uptake in rice is closely linked to 

water availability, as water stress can alter root morphology, nutrient 

mobility and plant physiological processes, ultimately affecting yield 

and profitability. DSR eliminates the need for continuous flooding, 

reducing water consumption by 30 %–50 % compared to traditional 

methods (7). Transplanting rice requires significant manual labour, 

whereas DSR eliminates this step, leading to 20 %-40 % labour 

savings. Reduced dependency on manual labour also lowers 

production costs, making rice farming more economically viable (8). 

Studies show that DSR crops mature 7-10 days earlier than 

transplanted rice, allowing for better crop rotation (9). 
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Abstract  

A field study was carried out at V.O.C Agricultural College and Research Institute, Killikulam, during the early Kar season of 2021-2022 to 

assess how different irrigation schedules and water stress management strategies influence profitability and nutrient uptake in direct-
seeded rice (Oryza sativa L.) under puddled conditions. The experiment followed a split-plot design with three replications, where the 

main plots consisted of four irrigation treatments: Alternate wetting and drying (AWD), Irrigation based on the IW/CPE ratio, Water 

depletion of 15 cm using a field water tube (FWT) and Continuous flooding (Control). The subplots included four water stress management 

practices: Seed treatment with 1 % Pink pigmented facultative methylotrophs (PPFM) and 1 % foliar spray at critical growth stages, foliar 
application of paclobutrazol (50 ppm) at critical growth stages, seed treatment with arbuscular mycorrhizal (AM) fungi and soil application 

at 100 g m-2 and control. The findings revealed that continuous flooding combined with 1 % PPFM application resulted in the highest grain 

yield (7.6 t ha-1), straw yield (8.3 t ha-1), nitrogen uptake (110.3 kg ha-1), potassium uptake (125.7 kg ha-1), net profitability (₹87950 ha-1) and 

a benefit-cost ratio of 3.07, which was statistically comparable to the AWD method with 1 % PPFM application. These results suggest that 
AWD with 1 % PPFM application at critical stages is a viable alternative to continuous flooding for efficient water usage and managing 

water stress in direct-seeded rice. 
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 Water demand in future due to growing population and 

urbanisation leads to water scarcity in irrigation. Water scarcity is 

expected to affect approximately 20 % of irrigated rice by 2030 (10). 

Accordingly, some water saving techniques such as AWD, system of 

rice intensification, use of field water tubes and evapotranspiration 

irrigation have been implemented in various rice growing regions in 

order to make better use of water and increase water productivity, 

yield and profitability (11). An AWD irrigation could significantly 

improve water productivity in DSR without compromising yield (12). 

AWD reduces irrigation water use by 25 %-50 % compared to 

continuous flooding (13). AWD reduces methane emissions by 30 %-

50 % due to periodic soil aeration, which limits anaerobic conditions 

favourable for methane production (14). The limitation includes that 

if drying periods are too long, it can cause moisture stress, leading to 

reduced grain filling and lower yields (15). Dry soil conditions 

promote weed emergence, increasing the need for herbicide 

application or manual weeding (16). Despite these advancements, 

there remains a research gap in understanding the combined effects 

of irrigation scheduling and water stress management on the yield, 

profitability and nutrient uptake of DSR under puddled conditions. 

This paper aims to address these gaps by systematically examining 

the impact of various irrigation schedules and water stress 

management strategies on the agronomic performance of DSR 

cultivated under puddled conditions. 

 

Materials and Methods 

Experimental site  

This research was carried out at V.O.C Agricultural College and 

Research Institute, located in Killikulam, Tamil Nadu. The study area 

is located at 8°46' N latitude and 77°42' E longitude, with an elevation 

of 40 m above mean sea level. The experiment was conducted 

during the early Kar season of 2021-2022. The soil in the 

experimental area was classified as sandy clay loam, with slight 

salinity. The soil had a pH of 7.7, an electrical conductivity (EC) of 0.19 

dS m-1 and an organic carbon content of 5.9 g kg-1. Pre-sowing soil 

analysis revealed the macronutrient contents of 238 kg ha-1 of 

nitrogen (N), 17 kg ha-1 of phosphorus (P) and 249 kg ha-1 of 

potassium (K). 

Experimental details and design  

The field experiment was conducted using a split plot design with 
three replications. The main plot treatments comprised irrigation 

schedules, viz. M1 - AWD, M2 - IW/CPE ratio, M3 - FWT and M4 - control 

(continuous flooding). The subplots consist of various stress 

management practices, viz. S1 - seed treatment with 1 % PPFM + 1 % 

foliar spray at critical stages, S2  - foliar spray of 50 ppm paclobutrazol 

at critical stages, S3 - seed treatment with AM fungi + soil application 

at 100 g m-2 and S4 - control. PPFM is known to produce 

osmoprotectants such as proline, trehalose and glycine betaine, 

which help in maintaining cellular water balance under drought 

conditions (17). 

Agronomic practices 

The rice variety selected for this study was ASD 16, which has a 

growth duration of 110-120 days. To improve drought tolerance, 

seed hardening was performed using 1 % potassium chloride (KCl), 

along with seed treatments involving PPFM and AM fungi. The 

treated seeds were directly sown using a drum seeder. A 

standardised fertiliser application rate of 150:50:50 NPK kg ha-1 was 

applied for all treatments. The fertilisers used included urea (46 % N), 

single super phosphate (16 % P₂O₅) and muriate of potash (60 % 

K₂O). Fertilisers were applied in four split doses: urea and potash 

were applied at the basal stage, active tillering, panicle initiation and 

heading stages, whereas single super phosphate (SSP) was applied 

as a basal dose only. Additionally, AM fungi are pre-mixed with 

farmyard manure (FYM) and are incorporated into the soil before 

sowing and during critical growth stages at respective treatment. 

 Water management practices included providing light 

irrigation for the first seven days after sowing (DAS), followed by 

maintaining a 2 cm water level until 21 DAS. After this period, 

irrigation was applied according to the specific treatment schedules. 

In the AWD method, water was supplied at a depth of 5 cm 

whenever hairline cracks appeared in the soil. For the FWT 

treatment, irrigation was provided at a 5 cm depth once water levels 

had depleted to 15 cm. Under the IW/CPE method, an irrigation ratio 

of 0.8 was maintained from 21 DAS until panicle initiation, increasing 

to 1.0 from panicle initiation to harvest. The conventional practice of 

continuous flooding were from 21 DAS. This study focused on 

managing moisture stress through different irrigation methods and 

stress mitigation during the cropping season to achieve improved 

and sustainable yield. Drought mitigation in various plots was 

supported by the application of 1 % PPFM spray, 50 ppm 

paclobutrazol and soil incorporation of AM fungi at a rate of 100 g m-2 

during critical stages. A control plot was also maintained to evaluate 

the performance of DSR in comparison to the drought management 

treatments. Weed control measures involved the application of a pre

-emergence herbicide, pretilachlor (0.75 kg ha-1), at 8 DAS, followed 

by a post-emergence herbicide, bispyribac sodium (200 mL ha-1), as 

per recommended guidelines. Once the crop reached physiological 

maturity, harvesting was carried out. The border rows were 

harvested first but were excluded from yield calculations.  

Yield analysis 

Grain yield from each net plot was measured after threshing, 

cleaning and drying, with a moisture content of 14 %. The final grain 

weight was expressed in t ha-1. Straw yield was recorded after being 

sun-dried for three days and was also expressed in t ha-1. 

Nutrient analysis 

The nutrient content in plant samples was analysed using standard 

procedures and expressed as a percentage (Table 1). Total nutrient 

uptake was determined by multiplying the nutrient content (%) by 

the dry matter yield of each treatment. The final uptake values were 

recorded in kg ha-1 at the harvest stage. 

Post-harvest soil available nutrients  

The soil samples were collected after harvest from each plot, which 

aided in the analysis of available soil nitrogen (19), phosphorous (20) 

and potassium (21). 

Economics  

The gross returns, net returns and benefit-cost (B:C) ratio were 

calculated for all plots. The economic analysis considered expenses 

related to input procurement, labour costs and the prevailing 

market prices of the harvested produce. The formulas used to 

determine gross return, net return and the B:C ratio are provided 

below. 

Gross income (₹ ha-1) =  

  Yield (t ha-1) x market value of produce  (Eqn. 1) 
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Net income (₹ ha-1) = Gross income - Cost of cultivation       (Eqn. 2) 

 

 

   

Statistical analysis  

The collected data were analysed statistically using AGRES software 

version 7.0. When treatment differences were found to be significant 

(S), critical differences (CD) were calculated at a 5 % probability level. 

Non-significant treatment differences were indicated as NS. 

 

Results  

Grain yield  

The study findings indicate that the highest grain yield of 6.7 t ha-1 

was recorded under the conventional continuous flooding method, 

which was statistically comparable to the AWD method with a yield 

of 6.3 t ha-1 (Table 2). In contrast, irrigation based on the IW/CPE ratio 

resulted in the lowest grain yield of 4.3 t ha-1. Among the various 

stress mitigation strategies, the highest grain yield of 6.3 t ha-1 was 

achieved with the application of PPFM through 1 % seed treatment 

combined with a 1 % foliar spray at critical growth stages, which was 

statistically on par with seed treatment and soil application of AM 

fungi that produced 6.0 t ha-1. The lowest grain yield (4.8 t ha-1) was 

observed in the control plot. Regarding interaction effects, the 

combination of continuous flooding with PPFM application resulted 

in the highest grain yield of 7.6 t ha-1, which was statistically similar to 

AWD combined with the same PPFM treatment, yielding 7.1 t ha-1. 

Table 2 also shows that the lowest grain yield (3.4 t ha-1) was 

recorded under irrigation based on the IW/CPE ratio in combination 

with the control treatment. 

Straw yield  

The results of the irrigation scheduling methods revealed that the 

highest straw yield was obtained under continuous flooding (7.3 t   

ha-1), which was statistically similar to the AWD method, producing 

7.1 t ha-1 of straw (Table 2). In contrast, the lowest straw yield (4.9 t   

ha-1) was recorded under irrigation based on the IW/CPE ratio. 

Among the different stress mitigation techniques, the highest straw 

yield (7.1 t ha-1) was observed with the application of PPFM. The next 

best treatment was seed treatment and soil application of AM fungi, 

which produced a straw yield of 6.8 t ha-1, a value statistically 

comparable to the PPFM treatment. The control resulted in a 

significantly lower straw yield of 5.5 t ha-1. Regarding the interaction 

between irrigation and stress mitigation strategies, the combination 

of continuous flooding with PPFM application (1 % seed treatment + 

1 % foliar spray at critical stages) produced the highest straw yield of 

8.3 t ha-1 (Table 2). This was statistically on par with AWD with the 

same PPFM treatment, which yielded 8.0 t ha-1. The lowest straw 

yield (3.8 t ha-1) was recorded in the IW/CPE ratio treatment 

combined with the control. 

Nitrogen uptake 

The highest N uptake of 100.9 kg ha-1 was recorded under 

continuous flooding, followed by AWD, which had a N uptake of 96.1 

kg ha-1 at harvest (Table 3). The lowest N uptake (67.8 kg ha-1) was 

observed under irrigation based on the IW/CPE ratio. Among the 

different stress mitigation strategies, the application of PPFM 

through 1 % seed treatment combined with a 1 % foliar spray at 

critical stages resulted in the highest N uptake of 94.2 kg ha-1 at 

harvest. Similarly, seed treatment and soil application of AM showed 

an N uptake of 92.7 kg ha-1, which was statistically comparable to the 

PPFM treatment. The lowest N uptake (75.2 kg ha-1) was recorded in 

the control treatment. Regarding the interaction between irrigation 

and stress management techniques, the highest N uptake (110.3 kg 

ha-1) was found in continuous flooding combined with PPFM 

application. This was statistically similar to AWD with PPFM 

treatment, which resulted in an N uptake of 108.4 kg ha-1 (Table 3). 

The lowest N uptake at harvest (57.3 kg ha-1) was recorded under the 

IW/CPE ratio treatment combined with the control. 

Phosphorous uptake 

In terms of irrigation scheduling, continuous flooding resulted in the 

highest phosphorus (P) uptake at harvest, recording 30.3 kg ha-1. 

However, the AWD showed a statistically similar P uptake of 29.2 kg 

ha-1 (Table 3). The lowest P uptake of 22.9 kg ha-1 was observed in the 

IW/CPE ratio treatment. Among the various stress mitigation 

strategies, seed treatment and soil application of AM fungi led to the 

highest P uptake of 32.8 kg ha-1 at harvest. This was statistically 

comparable to the PPFM application at critical growth stages, which 

recorded a P uptake of 30.8 kg ha-1. The lowest P uptake at harvest 

(18.0 kg ha-1) was found in the control treatment. Regarding the 

interaction between irrigation methods and stress management 

practices, the highest P uptake at harvest (37.3 kg ha-1) was recorded 

in continuous flooding combined with application of AM fungi. This 

was statistically on par with AWD irrigation combined with the AM 

B:C ratio = 
Gross income 

Cost of cultivation (Eqn. 3) 

Table 1. Methods used for the determination of nutrient contents  

Parameters Methods References 

Nitrogen Micro Kjeldahl method (18) 

Phosphorous Triple acid digestion with calorimetric estimation (21) 

Potassium Triple acid digestion with the flame photometric technique (21) 

Grain yield 
(t ha-1) 

Straw yield 
(t ha-1) 

  S1 S2 S3 S4 Mean   S1 S2 S3 S4 Mean 
M1 7.1 6.1 6.4 5.7 6.3 M1 8.0 6.9 7.4 6.1 7.1 
M2 4.8 4.3 4.8 3.4 4.3 M2 5.4 5.3 5.3 3.8 4.9 
M3 5.6 5.3 5.6 4.4 5.3 M3 6.9 6.1 6.5 5.5 6.3 
M4 7.6 6.3 7.1 5.8 6.7 M4 8.3 6.3 8.0 6.5 7.3 

Mean 6.3 5.5 6.0 4.8   Mean 7.1 6.2 6.8 5.5   
  M S M at S S at M     M S M at S S at M   

SEd 0.23 0.23 0.23 0.23   SEd 0.26 0.26 0.26 0.26   

CD (p= 0.05) 0.50 0.50 0.51 0.50   CD (p= 0.05) 0.55 0.56 0.56 0.57   

Table 2.  Effect of irrigation scheduling and moisture stress mitigation techniques on grain yield and straw yield 
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fungi treatment, which resulted in a P uptake of 35.7 kg ha-1 (Table 3). 

The lowest P uptake (16.8 kg ha-1) was observed in the IW/CPE ratio 

treatment combined with the control. 

Potassium uptake  

Different irrigation methods significantly influenced potassium (K) 

uptake; continuous flooding resulted in the highest uptake of 112.4 

kg ha-1, which was statistically comparable to the AWD method with 

108.2 kg ha-1 at harvest (Table 3). The lowest K uptake (82.4 kg ha-1) 

was recorded in the IW/CPE ratio treatment. Among stress 

mitigation strategies, the application of PPFM at critical stages led to 

the highest K uptake of 108.1 kg ha-1. Soil application of AM fungi 

showed a comparable K uptake of 105.0 kg ha-1. The control 

recorded the lowest uptake of 84.1 kg ha-1. A significant interaction 

effect was observed between irrigation scheduling and stress 

mitigation practices in DSR. Table 3 showed that the highest K 

uptake of 125.7 kg ha-1 at harvest was recorded in continuous 

flooding combined with PPFM application. This was statistically 

similar to the AWD with PPFM application, which recorded a K 

uptake of 123.8 kg ha-1. The lowest uptake of 73.6 kg ha-1 was noted 

in the IW/CPE ratio + control. 

Post-harvest soil nutrient availability  

Soil available nitrogen 

Among the different irrigation scheduling methods, the IW/CPE ratio 

resulted in the highest soil N availability at harvest with a value of 

192.6 kg ha-1 (Table 4). This was statistically similar to irrigation at 15 

cm water depletion using FWT, which recorded 183.0 kg ha-1 of 

available soil N. In contrast, continuous flooding had the lowest soil 

N availability (141.6 kg ha-1). Regarding stress mitigation strategies, 

the highest soil N availability at harvest (186.1 kg ha-1) was observed 

with PPFM application at critical stages. A comparable result was 

noted for the application of AM fungi, which recorded 179.9 kg ha-1. 

The lowest N availability of 149.2 kg ha-1 was found in the control 

(Table 4).  In terms of interaction effects, the highest soil N availability 

of 220.4 kg ha-1 was recorded in the treatment irrigated using the IW/

CPE ratio with PPFM application (Table 4). This was followed by the 

IW/CPE ratio with application of AM fungi, which had an available soil 

N of 201.5 kg ha-1. The lowest soil N availability (120.4 kg ha-1) was 

observed in the continuous flooding treatment with the control. 

Available phosphorus 

The method of irrigation scheduling had a significant impact on soil 
P availability. As shown in Table 4, the highest soil P availability of 

16.3 kg ha-1 was recorded under irrigation based on the IW/CPE ratio, 

which was statistically comparable to the 15 cm water depletion 

treatment using a FWT, where P availability was 15.4 kg ha-1. In 

contrast, continuous flooding resulted in the lowest soil P availability 

of 12.9 kg ha-1.  Among the different stress mitigation techniques, soil 

application of AM fungi led to the highest soil P availability of 17.2 kg 

ha-1. This was followed by PPFM at critical stages, which recorded a P 

availability of 16.3 kg ha-1 (Table 4). The lowest P availability in the soil 

(10.8 kg ha-1) was observed in the control treatment (S4). Both 

irrigation scheduling and stress mitigation techniques influenced soil 

P availability. The highest soil P availability of 18.2 kg ha-1 was 

recorded in the IW/CPE ratio irrigation method with soil application 

of AM fungi. Conversely, the lowest soil P availability of 9.2 kg ha-1 was 

found in the continuous flooding control treatment. 

Potassium availability 

Different irrigation scheduling methods significantly influenced soil K 
availability at the harvest stage of DSR. The highest soil K availability 

of 186.8 kg ha-1 was observed under the IW/CPE ratio. This was 

statistically comparable to the irrigation treatment with 15 cm water 

depletion using an FWT, which recorded a soil K availability of 178.9 

kg ha-1. Table 4 shows that the continuous flooding resulted in the 

lowest soil K availability of 137.9 kg ha-1. Regarding stress mitigation 

techniques, the application of PPFM recorded the highest soil K 

availability of 197.4 kg ha-1. This was statistically similar to the soil 

application of AM fungi, which observed 187.7 kg ha-1 of available 

potassium at harvest. The lowest available soil K of 120.2 kg ha-1 was 

found in the control treatment. The interaction between irrigation 

Table 3. Effect of irrigation scheduling and moisture stress mitigation techniques on plant N, P and K uptake 

N 
(kg ha-1) 

P 
(kg ha-1) 

K 
(kg ha-1) 

  S1 S2 S3 S4 Mean   S1 S2 S3 S4 Mean   S1 S2 S3 S4 Mean 

M1 108.4 90.3 99.4 86.3 96.1 M1 34.0 29.2 35.7 18.0 29.2 M1 123.8 113.0 116.0 80.0 108.2 

M2 67.6 72.1 74.1 57.3 67.8 M2 24.8 23.8 26.1 16.8 22.9 M2 85.8 81.8 88.4 73.6 82.4 

M3 90.4 82.5 88.9 68.9 82.7 M3 29.7 21.4 29.9 18.7 24.9 M3 96.9 85.4 96.2 88.7 91.8 

M4 110.3 96.3 108.4 88.4 100.9 M4 34.6 31.0 37.3 18.4 30.3 M4 125.7 110.1 119.4 94.3 112.4 

Mean 94.2 85.3 92.7 75.2   Mean 30.8 26.4 32.3 18.0   Mean 108.1 97.6 105.0 84.1   

  M S M at S S at M     M S M at S S at M     M S M at S S at M   

SEd 2.00 1.86 2.08 1.98   SEd 0.78 0.73 1.06 1.02   SEd 3.21 3.46 3.57 3.39   

CD (p= 
0.05) 4.32 4.01 4.48 4.25   

CD (p= 
0.05) 1.73 1.62 2.30 2.20   

CD (p= 
0.05) 6.93 7.21 7.54 7.18   

N 
(kg ha-1) 

P 
(kg ha-1) 

K 
(kg ha-1) 

  S1 S2 S3 S4 Mean   S1 S2 S3 S4 Mean   S1 S2 S3 S4 Mean 

M1 173.5 157.4 172.4 156.4 164.9 M1 15.9 13.8 17.8 9.8 14.3 M1 184.7 153.9 173.7 114.8 156.8 
M2 220.4 186.3 210.5 153.1 192.6 M2 17.6 16.7 18.2 12.6 16.3 M2 227.2 167.1 220.3 132.6 186.8 
M3 198.3 178.2 188.8 166.8 183.0 M3 17.2 15.3 17.5 11.6 15.4 M3 211.8 156.8 218.5 128.6 178.9 
M4 152.3 145.7 147.9 120.4 141.6 M4 14.3 12.8 15.3 9.2 12.9 M4 165.8 142.7 138.3 104.8 137.9 

Mean 186.1 166.9 179.9 149.2   Mean 16.3 14.7 17.2 10.8   Mean 197.4 155.1 187.7 120.2   

  M S M at S S at M     M S M at S S at M     M S M at S S at M   
SEd 5.0 5.0 5.2 5.1   SEd 0.44 0.42 0.45 0.47   SEd 5.6 5.3 6.2 5.9   
CD                

(p= 0.05) 10.8 10.9 11.1 11.0   CD  0.94 0.90 1.0 1.0   
CD             

(p= 0.05) 12.1 11.4 13.3 12.8   

Table 4. Effect of irrigation scheduling and moisture stress mitigation techniques on available soil NPK at harvest  
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methods and stress mitigation strategies also influenced soil K 

availability. The highest available soil K at harvest (227.2 kg ha-1) was 

recorded in the IW/CPE ratio irrigation with PPFM application. This 

was statistically comparable to the IW/CPE ratio irrigation with soil 

application of AM fungi, which had an available soil K of 220.3 kg ha-1. 

Conversely, the lowest soil K availability (104.8 kg ha-1) was recorded 

in the continuous flooding with the control. 

Profitability  

Table 5 revealed that the irrigation scheduling and water stress 

mitigation methods show a significant difference in profitability. The 

highest gross return was recorded under continuous flooding with 

PPFM application at critical growth stages, generated ₹130436 ha-1. 

This was statistically similar to the AWD with PPFM application, 

which yielded a gross return of ₹124684 ha-1. In contrast, the lowest 

gross return of ₹80224 ha-1 was observed under the IW/CPE ratio 

irrigation method with the control treatment. The maximum net 

return of ₹87950 ha-1  was also achieved in the continuous flooding 

system combined with PPFM application, followed closely by AWD 

with the same PPFM application, which generated ₹82832 ha-1 in net 

returns. The lowest net return was recorded in the IW/CPE ratio with 

the control treatment, accounting for ₹41804 ha-1. Regarding the 

benefit-cost (B:C) ratio, the highest value of 3.07 was observed in 

continuous flooding combined with PPFM application. This was 

comparable to the AWD method with PPFM application, which had a 

B:C ratio of 2.98. The lowest B:C ratio of 2.09 was noted under the IW/

CPE ratio with the control treatment. 

 

Discussion 

Yield   

Crop yield serves as a crucial measure of productivity, influenced by 

various agronomic, environmental and management factors. This 

study examined yield performance under different treatments to 

evaluate the effects of irrigation and water stress management 

strategies.  Continuous flooding resulted in the highest grain and 

straw yield, which was statistically comparable to the AWD irrigation 

method. These methods produced 35.1 % and 31.8 % higher grain 

yield and 30.6 % and 29.7 % higher straw yield, respectively, 

compared to the IW/CPE ratio irrigation method. The increased yield 

under continuous flooding and AWD could be attributed to 

improved spikelet m-1, a higher percentage of filled grains and 

greater 1000-grain weight. These factors, along with better root 

development and enhanced nutrient (NPK) absorption, contributed 

to overall plant growth, ultimately leading to improved yield (23). 

Adequate water and nutrient supply facilitated optimal plant 

growth, enhancing yield-related attributes such as the number of 

filled grains and grain weight (24). The increased straw yield may be 

linked to a higher number of tillers per unit area (25). Conversely, the 

lowest grain and straw yield were observed under the IW/CPE ratio 

method, likely due to water deficit-induced senescence, which 

negatively impacted grain filling, like chaffy grains and test weight, 

resulting in lower yield (26).   

 Regarding stress mitigation techniques, the highest grain 

and straw yield was recorded with the application of PPFM. The 

enhanced yield could be attributed to the role of Methylotrophs in 

increasing the polysaccharide fraction of the cell wall, which, in the 

presence of adequate soil moisture, contributed to better growth 

and yield attributes (27).  Among the interaction effects, the 

combination of continuous flooding and PPFM application resulted 

in the highest grain and straw yield, which was statistically 

comparable to AWD with PPFM application. The improved yield in 

these treatments can be linked to enhanced plant growth due to 

sufficient moisture and nutrient availability, which facilitated better 

translocation of nutrients and increased photosynthetic efficiency 

(28). In contrast, the lowest grain and straw yield was recorded under 

the IW/CPE ratio combined with the control treatment due to limited 

moisture availability, which led to poor plant growth and reduced 

yield parameters, ultimately affecting both economic and biological 

yield (29).  

Nutrient uptake  

Nutrient uptake plays a crucial role in crop productivity as it directly 

influences biomass production and nutrient accumulation. In this 

study, nutrient uptake was assessed at the harvest stage. Among the 

irrigation treatments, continuous flooding resulted in the highest N, 

P and K uptake. This can be attributed to the availability of adequate 

water, which creates a favourable lowland environment for nutrient 

absorption, enhancing biomass accumulation and nutrient 

assimilation (30). Similarly, the AWD method showed comparable 

nutrient uptake to continuous flooding. This could be due to 

improved root development and better oxygen availability, which 

enhances nutrient absorption under intermittent irrigation (31). 

Furthermore, AWD supports microbial activity and aeration, 

facilitating nutrient transformation (32). In contrast, irrigation based 

on the IW/CPE ratio exhibited the lowest N, P and K uptake. The 

Table 5. Effect of irrigation scheduling and moisture stress mitigation techniques on profitability 

Treatment 
Gross returns 

(₹ ha-1) 
Net returns 

(₹ ha-1) 
B:C ratio 

M₁S₁ 124684 82832 2.98 

M₁S₂ 111367 69830 2.68 

M₁S₃ 116488 74814 2.80 

M₁S₄ 92665 51489 2.25 

M₂S₁ 98472 57694 2.41 

M₂S₂ 90365 49809 2.23 

M₂S₃ 96780 56133 2.38 

M₂S₄ 80224 41804 2.09 

M₃S₁ 100265 59208 2.44 

M₃S₂ 92468 51706 2.27 

M₃S₃ 97610 56680 2.38 

M₃S₄ 84710 44925 2.13 

M₄S₁ 130436 87950 3.07 

M₄S₂ 114786 72802 2.73 

M₄S₃ 119248 76892 2.82 

M₄S₄ 95782 54001 2.29 
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limited soil moisture in this treatment likely restricted root growth 

and reduced nitrogen diffusion and transformation, negatively 

affecting nutrient uptake (33).   

 Regarding stress management strategies, the highest N and 

K uptake was recorded with the application of PPFM, which was 

statistically similar to the soil application of AM fungi. This could be 

due to enhanced carbohydrate allocation to roots under optimal 

conditions, reducing nitrogen dilution in grains and improving 

nutrient absorption (34). Meanwhile, the highest P uptake was 

observed in the soil application of AM fungi due to improved 

phosphorus mineralisation and translocation from the soil to plant 

shoots under favourable conditions (35). The interaction between 

irrigation and stress mitigation methods showed that continuous 

flooding combined with PPFM application led to the highest N and K 

uptake at harvest. This could be attributed to increased urease 

activity in paddy soil, which enhances nitrogen metabolism, leading 

to higher nutrient concentrations in leaves. Additionally, previous 

studies have shown that Methylotrophs stimulate indole acetic acid 

(IAA) production, promoting root growth and nitrogen uptake under 

flooded conditions (36, 37). Similarly, AWD combined with PPFM 

application resulted in comparable N and K uptake, which may be 

due to improved root volume and moisture availability (38). The 

lowest nutrient uptake was recorded in the IW/CPE ratio method 

combined with the control treatment. This could be due to reduced 

shoot growth and root development caused by water deficit. 

However, continuous flooding with soil application of AM fungi 

exhibited the highest P uptake. This was likely due to adequate soil 

moisture, which improved phosphorus absorption, uptake and 

translocation to plant shoots and other rice plant components (39). 

Soil available nutrients 

The availability of soil N, P and K after harvest is significantly 

influenced by irrigation scheduling and drought management 

strategies. Table 4 revealed that the highest levels of available NPK 

were observed under the IW/CPE ratio irrigation method. This 

increased nutrient availability could be due to lower soil moisture 

levels, which may have restricted plant uptake of both applied and 

naturally present nutrients, resulting in higher residual nutrient 

content in the soil. In contrast, continuous flooding led to the lowest 

levels of available NPK, likely because excessive moisture interfered 

with nutrient absorption and mineralisation (40). Regarding 

phosphorus availability, the highest levels were found in the 

treatment involving soil application of AM fungi. This could be 

attributed to the fungi’s ability to produce extracellular phosphate 

enzymes and organic acids, which enhance phosphorus 

solubilization and increase its availability in the soil. In terms of 

interaction effects, the combination of the IW/CPE ratio irrigation 

method with the control treatment resulted in the highest residual 

NPK levels. This outcome is due to reduced nutrient uptake under 

unfavourable moisture conditions, leaving more nutrients unutilized 

in the soil after harvest (41). 

Profitability  

Profitability plays a crucial role in determining the economic viability 

of agricultural practices. In this study, key financial indicators such as 

gross returns, net returns and the benefit-cost ratio were evaluated 

under different treatments. The continuous flooding system, PPFM 

application recorded the highest economic returns, with a gross 

return of ₹130436 ha-1, net return of ₹87950 ha-1 and a B:C ratio of 

3.07.  Similarly, the AWD method, coupled with  PPFM application, 

resulted in comparable outcomes, recording a gross return of 

₹124684 ha-1, net return of ₹82832 ha-1 and a B:C ratio of 2.98. The 

higher profitability of these treatments can be attributed to 

increased yield potential, efficient water utilisation and reduced 

labour and irrigation time, which contributed to greater economic 

benefits compared to the control (42).  On the other hand, the 

irrigation method based on the IW/CPE ratio combined with the 

control treatment recorded the lowest gross return, net return and 

B:C ratio. This reduction in profitability was likely due to water 

scarcity during critical growth stages, leading to lower grain yield and 

consequently, reduced economic returns (43).  

 

Conclusion  

The study revealed a significant variation in rice grain and straw 

yields, nutrient uptake and post-harvest soil nutrient availability due 

to different irrigation scheduling methods and stress mitigation 

strategies. Among the irrigation methods, continuous flooding 

consistently resulted in the highest yields, followed closely by AWD. 

The application of PPFM through 1 % seed treatment and 1 % foliar 

spray at critical stages significantly enhanced both yield and nutrient 

absorption across all treatments. Regarding post-harvest soil 

nutrient availability, irrigation based on the IW/CPE ratio led to the 

highest soil nitrogen, phosphorus and potassium levels, particularly 

when combined with AM fungi (S3). However, nutrient uptake was 

maximised under continuous flooding and AWD, especially with 

PPFM application. In terms of economic viability, continuous 

flooding with PPFM application resulted in the highest net returns 

and B:C ratio, followed by AWD with PPFM application. Thus, this 

study confirms that AWD, when integrated with the PPFM 

application, is the optimal strategy for maximising rice yield, nutrient 

uptake and profitability. Therefore, adopting DSR offers significant 

socio-economic benefits, including reduced labour costs, lower 

input expenses and higher profitability, making it a sustainable 

alternative to traditional rice cultivation. Its role in water 

conservation, reduced greenhouse gas emissions and improved 

farm efficiency enhances long-term agricultural resilience. 
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