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Effect of precision nutrient management on growth indices of rice under different establishment methods

Abstract
Rice (Oryza sativa L.) is a semi-aquatic annual grass and one of the principal staple cereals consumed by more than half of the world’s population, thereby contributing to global food and nutritional security, including in India. Its cultivation is constrained by stagnating yields, blanket fertiliser application, and environmental concerns, indicating the need for strategic management approaches to improve physiological efficiency and resource use. Therefore, a field experiment was conducted to assess the effects of establishment methods and precision nutrient management approaches on the crop growth indices of rice at the Agricultural Research Farm, Faculty of Agriculture, Wadura, SKUAST-Kashmir, India, during the Kharif seasons of 2024 and 2025. The experiment comprised two main-plot establishment levels, viz., transplanting and direct-seeded rice, and eight sub-plot nutrient management levels, viz., absolute control, recommended dose of fertilisers, Soil Test Crop Response (STCR) approach (target yield 75 q ha-1), STCR approach (target yield 85 q ha-1), STCR approach (target yield 95 q ha-1), Nutrient-Expert (NE) (target yield 75 q ha-1), NE (target yield 85 q ha-1), and NE (target yield 95 q ha-1). Transplanting proved significantly superior to DSR in terms of the crop growth indices of rice. STCR (TY-95 q ha-1) recorded the highest LAI at all growth stages, attaining peak values at 85 DAS (4.29 and 4.42). During the 65–85 DAS interval, STCR (TY-95 q ha-1) recorded the highest CGR values (28.18 and 28.24 g m-2 day-1). RDF recorded the numerically highest RGR at 45–65 DAS (76.83 and 73.20 mg g-1 day-1) in both years. NE (TY-75 q ha-1) recorded significantly higher NAR (10.50 and 10.37 g m-2 day-1) at 45–65 DAS in the respective years.
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Introduction
Rice (Oryza sativa L.) is a key staple food consumed by more than half of the world’s population (Chauhan et al., 2015). Therefore, rice production systems must increase production to meet global food demand, as food security has become a fundamental issue owing to rapid population growth and rising food demand (Fikriyah et al., 2019; Ray et al., 2012). Paddy is a primary food crop in South, Southeast, and East Asia, which account for about 90% of global paddy production and consumption. India has exceeded earlier projections, recording a record 357.73 million metric tonnes (MMT) of total food-grain production during the 2024–2025 agricultural year and requiring an additional 92.27 million tonnes to meet the 2050 target of 450 million tonnes for food security. Rice remains a core component of this production, accounting for 150.18 million tonnes in 2024–2025, which constitutes 41.98% of the total food-grain basket (Ministry of Agriculture & Farmers Welfare [MoAFW], 2025a). In India, rice occupied 51.27 million hectares, with a production of 150.18 million tonnes and a productivity of 2.93 t ha-1 (MoAFW, 2025b). In Jammu and Kashmir, rice has been grown since time immemorial and remains the most important staple food crop of the Union Territory. The area under rice is distributed between the two regions: Jammu accounts for 53% of the area and 40% of production, whereas the Kashmir division accounts for 47% of the area and 60% of production (Shaheen et al., 2018). The total rice area of the Union Territory is approximately 0.3 million hectares, with production and productivity of 0.64 million tonnes and 2.1 tonnes per hectare, respectively (Directorate of Economics and Statistics, 2025). Rice is regarded as an energising and restorative food. It is a significant source of calories and contains various essential minerals (Swamy et al., 2021). Carbohydrates, mainly starch, account for approximately 80% of the grain dry matter, while proteins account for approximately 7%. The physicochemical properties of rice are influenced by its protein content (Mohidem et al., 2022). Rice typically has a low protein content compared with most cereals. Additionally, it contains little fibre and lipid. However, rice has the highest net protein utilisation and digestible energy among cereals such as wheat, maize, barley, millet, sorghum, rye, and oats (Hoogenkamp et al., 2017). The amino-acid profile of rice contains high levels of aspartic and glutamic acids, with lysine being the limiting amino acid (Carcea, 2021).
There is a substantial gap between potential and actual rice yields in farmers’ fields, which is attributed to poor crop management practices (Amgain & Timsina, 2005). Crop establishment methods, among other management practices, determine the productivity and profitability of rice farming. In India, rice is predominantly cultivated through manual transplanting in a random geometry. Direct-seeded rice (DSR) is another crop-establishment method that can be implemented either manually or mechanically under two soil conditions: dry and wet DSR. The choice of crop establishment method depends on biophysical and socioeconomic factors such as climatic and soil conditions, social structure, the availability of labour, agri-inputs and machinery, the farmer’s economic status, and other considerations. Different crop establishment methods have both positive and negative aspects (Poudel et al., 2020). Recent field evidence from a temperate environment further indicates that rice performance and water productivity vary with crop establishment and irrigation methods, supporting the location-specific evaluation of establishment options (Mubarak et al., 2025).
The traditional transplanting method involves replanting rice seedlings raised in nurseries into puddled soils (Xiao et al., 2015). The advantages of traditional transplanted puddled rice (TPR) include increased nutrient availability (e.g., iron, zinc, and phosphorus), weed suppression, and easy seedling establishment. However, repeated puddling adversely affects soil physical properties by dismantling soil aggregates, reducing permeability in subsurface layers, and forming hardpans at shallow depths (Sharma et al., 2003). Transplanted puddled rice leads to greater water losses through puddling, surface evaporation, and percolation (Farooq et al., 2011). It is a time-consuming, labour-intensive (about 30 man-days ha-1), and costly operation. Although transplanting has been found to be the best establishment method for attaining maximum rice productivity, it contributes to increasing water scarcity, higher labour costs, and greater energy consumption; therefore, alternative establishment methods such as aerobic rice, direct sowing, and the system of rice intensification need to be practised (Bhat et al., 2015; Poornima et al., 2020).
Direct seeding, an alternative rice-establishment method, refers to establishing the crop from seeds sown in the field rather than transplanting seedlings from a nursery (Farooq et al., 2011). Direct seeding avoids puddling, which compacts the soil to reduce water seepage, as well as transplanting and the maintenance of standing water. There are three principal methods of establishing direct-seeded rice: dry seeding (sowing dry seeds into dry soil), wet seeding (sowing pre-germinated seeds on wet puddled soil), and water seeding (sowing seeds into standing water). Wet DSR begins tillering earlier than transplanted rice because its growth proceeds without the setback caused by uprooting injury to seedling roots. However, high weed infestation is a major constraint to the wider adoption of DSR (Rao et al., 2007). Likewise, micronutrient deficiencies, such as those of Zn and Fe, resulting from imbalanced N fertilisation and high infiltration rates in DSR are major concerns (Gao et al., 2006). Yield under DSR is often lower than under TPR, principally because of poor crop establishment, high panicle sterility, and severe weed infestation (Singh et al., 2005). However, direct seeding helps reduce water consumption by about 30% (0.9 million litres acre-1) because it eliminates nursery raising, puddling, transplanting under puddled conditions, and the maintenance of 4–5 inches of water at the base of transplanted seedlings (Sangeetha et al., 2015). Evidence from basmati rice also indicates that zinc source and application method can influence micronutrient content and uptake, underscoring the importance of nutrient form and placement in rice nutrient management (Sardar et al., 2024).
Physiological growth parameters indicate increments in crop growth at various phenological stages. Growth components are important, and their stability governs dry matter production, which is a criterion for yield components. In this regard, leaf area index, crop growth rate, relative growth rate, and net assimilation rate are often used to evaluate crop productivity potential and environmental efficiency (Jamsheed et al., 2023b; Theerthana et al., 2021). Plant growth analysis is a quantitative method used to characterise and understand the performance of the entire plant system under natural, semi-natural, or managed conditions (Hoffmann et al., 2002). Growth analysis is the simplest and most accurate means of assessing the roles of various physiological processes in plant development. LAI is used in plant physiological studies as a growth indicator and to assess assimilation and estimate photosynthesis, transpiration rates, and dry matter accumulation (Lukeba et al., 2013). The degree of plant growth per unit area indicates the partitioning of dry matter within plants. The crop growth rate is directly affected by the amount of radiation intercepted and absorbed by the crop (Edwards et al., 2005). Leaf area and plant dry weight are measured to quantify growth, and further quantities are derived from these measurements. In dry direct-seeded rice, nitrogen rate and application timing have also been associated with crop performance, recovery efficiency, and physiological indices, indicating the value of assessing nutrient schedules together with growth responses (Rehman et al., 2023).
Precision nutrient management (PNM) is an advanced strategy aimed at aligning nutrient supply with crop demand in terms of amount, space, time, and source (Bhat et al., 2022). Unlike blanket fertiliser recommendations, which lead to nutrient imbalances and utilisation inefficiencies, PNM uses site-specific technologies to improve yield, nutrient-use efficiency, quality, profitability, and environmental sustainability (Jamsheed et al., 2023a; Miao, 2023; Nasiro & Mohammednur, 2024). PNM plays an important role in managing the spatial and temporal variability of soil fertility, especially in rice cultivation. Various PNM tools, such as Soil Test Crop Response (STCR) and Nutrient-Expert (NE), are comprehensive approaches that integrate soil-test data, crop nutrient requirements, and yield targets (Shubha et al., 2018) to recommend precise nutrient doses for the crop. NE is a computer-based software tool that simplifies SSNM implementation by providing tailored fertiliser recommendations based on local field conditions (Satyanarayana et al., 2014). These tools focus on timely, need-based fertiliser application to achieve higher yields. Site-specific nutrient management can be refined using measured yield responses to nitrogen, phosphorus, and potassium, together with fertiliser timing aligned with crop demand (Girsang et al., 2024). Field evidence further shows that crop establishment and nutrient management can jointly influence crop growth rate, relative growth rate, and net assimilation rate in rice (Verma et al., 2023).
Leaf area index (LAI), dry matter accumulation, crop growth rate (CGR), leaf area ratio (LAR), leaf weight ratio (LWR), net assimilation rate (NAR), and relative growth rate (RGR) are physiological growth indices influenced by cultivar genetics, plant population, climate, and soil fertility (Hokmalipour et al., 2011). Many studies compare TPR and DSR mainly on the basis of yield and economics, but few quantify their interaction with specific PNM approaches (STCR and NE) in relation to crop physiological indices. However, evidence remains limited regarding the physiological responses of transplanted and direct-seeded rice to STCR- and Nutrient-Expert-based target-yield recommendations under the temperate conditions of Kashmir. Therefore, the objective of this study was to evaluate the effects of establishment methods and precision nutrient management on the crop growth indices of rice.

Materials and Methods
The experiment was conducted at the Faculty of Agriculture, Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir, Wadura, during the Kharif seasons of 2024 and 2025 to study the influence of precision nutrient management and establishment methods on the physiological indices of rice. The experimental site was situated in the temperate zone of Jammu and Kashmir at 34°34′ N latitude and 74°40′ E longitude, at an altitude of 1584 m above mean sea level. The soil at the experimental site had a silty clay loam texture, neutral pH (6.8), normal EC (0.28 dS m-1), medium organic carbon (0.69%), normal bulk density (1.32 Mg m-3), and sufficient available nitrogen (304.20 kg ha-1), phosphorus (16.42 kg ha-1), and potassium (178.63 kg ha-1).

Experimental details
The experiment was laid out in a split-plot design with three replications and comprised two main-plot establishment levels, viz., transplanting and direct-seeded rice, and eight sub-plot nutrient management levels, viz., absolute control, recommended dose of fertilisers, Soil Test Crop Response (STCR) approach (target yield 75 q ha-1), STCR approach (target yield 85 q ha-1), STCR approach (target yield 95 q ha-1), Nutrient-Expert (NE) (target yield 75 q ha-1), NE (target yield 85 q ha-1), and NE (target yield 95 q ha-1).
The nutrient application rates varied between the two experimental years (2024 and 2025) according to the specific management strategies tested under transplanted and direct-seeded rice establishment methods. Under the recommended dose of fertilisers, a uniform blanket N:P:K application of 120:60:30 kg ha-1 was administered to both transplanted rice and DSR in 2024 and 2025.
For the Soil Test Crop Response and Nutrient-Expert treatments, nutrient rates were identical for both establishment methods but were scaled according to the target yields. Under STCR, the N:P:K rates (kg ha-1) for target yields of 75, 85, and 95 q ha-1 were 95.68:53.56:95.68, 130.25:63.96:59.06, and 164.75:76.09:79.06 in 2024, and 95.68:70.88:39.06, 130.25:83.05:59.06, and 164.75:95.51:79.06 in 2025, respectively. Under NE, the N:P:K rates (kg ha-1) for target yields of 75, 85, and 95 q ha-1 were 90:36:72, 110:41:81, and 118:45:89, respectively, in both years.
STCR based fertilizer adjustment equations for rice
	FN      = 3.45 T – 0.29 SN
	FP2O5   = 2.82 T – 1.70 SP2O5
   	FK2O   = 2.00 T – 0.24 SK2O
FN = Fertilizer nitrogen (kg ha-1)
FP2O5 = Fertilizer phosphorus (kg ha-1) 
FK2O = Fertilizer potassium (kg ha-1)
T = Target yield (q ha-1 )
SN = Available soil nitrogen (kg ha-1)
SP2O5 = Available soil phosphorus (kg ha-1)
SK2O = Available soil potassium (kg ha-1)
	Full doses of phosphorus and potassium and half of the nitrogen dose, as specified by the treatments, were applied as basal fertilisers. The remaining half of the nitrogen was top-dressed in
two split doses at the active tillering and panicle initiation stages. The plot size was 3.4 m × 2.4 m, and the variety Shalimar Rice-4 was used in the experiment. Transplanting and sowing were conducted at a row spacing of 20 cm. For uniform comparison between DSR and transplanted rice, crop growth stages were expressed as days after sowing (DAS). In transplanted rice, DAS was calculated from the date of nursery sowing so that observations under both establishment methods corresponded to comparable biological crop ages.
The following observations were recorded to analyse the morphological advancement of the rice crop.
Leaf area index
The periodic leaf area at 45, 65, 85, 105, and 125 DAS and at harvest was measured using an AccuPAR LP-80 canopy analyser (Decagon Devices, USA).

Crop growth rate (g m-2 day-1)
		The daily increment in biomass is termed CGR. Mean crop growth rate was calculated for the intervals 0–45, 45–65, 65–85, 85–105, 105–125 DAS, and 125 DAS–harvest using the following formula (Radford, 1967).
                                           CGR (g m-2 day-1) = 1/A x  
Where,
		W1= Dry weight per unit area (m2) at time T1
		W2 = Dry weight per unit area (m2) at time T2
		T2-T1 = Time interval of sampling in days
              A= Area (Spacing)

Relative growth rate (g g-1 day-1)
		Relative growth rate is the rate of increase in dry weight per unit of dry weight and is expressed in grams per gram per day. It was calculated using the formula proposed by Watson (1952):
		                                RGR (g g-1 day-1) = 
Where, 
		W1 and W2 are dry weight (g) of plants at time T1 and T2, respectively 
		T2-T1 = Time interval of sampling in days

Net assimilation rate (g m-2 day-1)
		Net assimilation rate is the rate of increase in whole-plant dry weight (net gain of assimilates) per unit leaf area per unit time and is expressed in grams per square centimetre per day. It was calculated using the formula proposed by Evans (1972).
			NAR (g m-2 day-1) =  + 
Where, 
		W1 and W2 = Total dry weight of plant at time t1 and t2, respectively.
		L1 and L2 = Total leaf area of plant at time t1 and t2, respectively. 

Statistical analysis 
The experimental data were subjected to analysis of variance (ANOVA) according to a split-plot design (SPD) to evaluate the main effects of establishment methods, the sub-plot effects of nutrient management treatments, and their interactions. Randomisation was conducted independently for the main plots within each replication, after which the sub-plot treatments were randomised within each main plot. The significance of treatment effects was determined using the F-test at the 5% (p < 0.05) probability level. When the F-test indicated a significant difference, a critical difference (CD) was calculated at the 5% level of significance to compare and separate treatment means. All statistical analyses and ANOVA tests were performed using R software version 4.3.1.

Results
Leaf area index
	A significant effect of establishment methods and nutrient management on rice LAI was observed. Leaf area index increased progressively from the initial growth stages, reached a maximum at 85 DAS, and subsequently declined at 105 and 125 DAS in both 2024 and 2025 (Table 1). Among crop establishment methods, transplanting recorded significantly higher LAI at all growth stages, viz., 45 DAS (2.27 and 2.33), 65 DAS (2.95 and 3.04), 85 DAS (4.05 and 4.15), 105 DAS (3.24 and 3.27), and 125 DAS (1.51 and 1.55), than wet direct-seeded rice (DSR) in 2024 and 2025, respectively.
Among PNM treatments, STCR (TY-95 q ha-1) recorded significantly higher LAI values, viz., 45 DAS (2.60 and 2.71), 65 DAS (3.18 and 3.28), 85 DAS (4.29 and 4.42), 105 DAS (3.53 and 3.59), and 125 DAS (1.65 and 1.71), in 2024 and 2025, respectively. However, it was statistically at par with STCR (TY-85 q ha-1) at all stages. The absolute control consistently recorded the lowest LAI values. An increasing trend in LAI was observed with increasing target-yield levels under both STCR and Nutrient Expert approaches (75 < 85 < 95 q ha-1) in both years. The interaction effect of establishment methods and precision nutrient management treatments on LAI was non-significant.
Crop growth rate
The establishment methods and precision nutrient management approaches had a significant effect on crop growth rate, which increased with crop age up to 85 DAS and then declined (Figs. 1–4). Transplanted rice performed better than wet DSR, recording the highest CGR values during the 65–85 DAS interval (27.54 and 27.59 g m-2 day-1) in 2024 and 2025, respectively. Among the PNM treatments, STCR (TY-95 q ha-1) recorded the highest CGR throughout the crop growth stages. During the 65–85 DAS interval, STCR (TY-95 q ha-1) recorded the highest CGR values (28.18 and 28.24 g m-2 day-1) in 2024 and 2025, respectively. However, it was statistically at par with STCR (TY-85 q ha-1), followed by NE (TY-95 q ha-1), which was at par with NE (TY-85 q ha-1). The absolute control recorded the lowest CGR values throughout the crop growth period. The interaction effect of establishment methods and precision nutrient management treatments on CGR was significant during the 45–65 DAS interval in both years (Tables 2 and 3). The highest CGR (17.98 and 18.14 g m-2 day-1) was recorded under transplanting + STCR (TY-95 q ha-1), followed by transplanting + STCR (TY-85 q ha-1) (17.74 and 17.89 g m-2 day-1) in 2024 and 2025, respectively. The lowest CGR was recorded under DSR + control (3.94 and 4.01 g m-2 day-1) in both years.
Relative growth rate
	The highest RGR was attained during the 45–65 DAS interval in both years, after which it declined throughout the subsequent growth stages. Figures 5–8 show that, at 45–65 DAS, transplanted rice recorded significantly higher RGR (78.65 and 75.05 mg g-1 day-1 in 2024 and 2025, respectively) than DSR (68.54 and 64.45 mg g-1 day-1). However, during subsequent intervals, DSR recorded higher RGR values, viz., 65–85 DAS (57.43 and 56.39 mg g-1 day-1), 85–105 DAS (23.19 and 23.01 mg g-1 day-1), and 105–125 DAS (6.87 and 6.93 mg g-1 day-1) in 2024 and 2025, respectively. Among the PNM treatments, RDF recorded the numerically highest RGR at 45–65 DAS (76.83 and 73.20 mg g-1 day-1) in both years. However, it was statistically at par with STCR and NE at target yields of 75, 85, and 95 q ha-1. During subsequent intervals, NE (TY-75 q ha-1) recorded the highest RGR among the treatments, i.e., at 65–85 DAS (54.86 and 56.23 mg g-1 day-1), 85–105 DAS (23.72 and 24.47 mg g-1 day-1, at par with NE 75 q ha-1), and 105–125 DAS (7.82 and 7.88 mg g-1 day-1) in 2024 and 2025, respectively. The interaction effect of establishment methods and precision nutrient management treatments on RGR was non-significant.
Net assimilation rate
	Among crop establishment methods, transplanted rice recorded significantly higher NAR than DSR across all growth intervals, attaining the highest NAR at 45–65 DAS (9.54 and 9.34 g m-2 day-1) in 2024 and 2025, respectively (Figs. 9–12). Among the PNM treatments, NE (TY-75 q ha-1) recorded significantly higher NAR (10.50 and 10.37 g m-2 day-1) at 45–65 DAS in 2024 and 2025, respectively. NE (TY-75 q ha-1) and STCR (TY-75 q ha-1) were statistically at par from the 45–65 DAS interval through the 105–125 DAS interval in both years. However, at 125 DAS–harvest, STCR (TY-75 q ha-1) recorded the highest NAR (0.90 and 0.84 g m-2 day-1) in 2024 and 2025, respectively, and was at par with RDF and NE (TY-85 q ha-1). The interaction effect of establishment methods and precision nutrient management treatments on NAR was non-significant.



Discussion
Leaf area index is an important agricultural metric that quantifies canopy coverage per unit ground area and therefore serves as a direct measure of plant health and development. It provides information about the capacity of the canopy to absorb solar radiation for biomass production, quantifies transpiration rates, and describes the effects of crop management strategies on crop growth. LAI measures proportional canopy coverage over the ground. Incident radiation and crop net photosynthesis are largely dependent on LAI and canopy structure. The higher LAI recorded under transplanted rice than under DSR was attributed to improved canopy development and leaf expansion, reduced weed competition, and greater tiller production (Singh et al., 2022). Improved soil moisture and root growth facilitated greater nutrient availability and utilisation and lower nutrient losses under puddled conditions, thereby enhancing the photosynthetic rate and overall LAI and, subsequently, the CGR, RGR, and NAR of the crop through greater assimilate production and DMA. These results agree with those of Samant et al. (2022) and Vishnu et al. (2020). Among nutrient management treatments, STCR (TY-95 q ha-1) recorded significantly higher LAI values at all growth stages and was statistically at par with STCR (TY-85 q ha-1) because of the highest nutrient inputs and improved synchronisation of nutrient availability with crop demand, which enhanced vegetative growth and canopy expansion.
Adequate nitrogen supply promotes cell division, elongation, and chlorophyll synthesis, resulting in larger leaves, increased tiller and leaf numbers, and delayed senescence, which contributed to enhanced LAI. LAI, CGR, RGR, and NAR were higher during the early growth stages and subsequently declined during the later stages; this decline may be attributed to leaf senescence, within-canopy shading, reduced LAI, and the remobilisation of assimilates from vegetative to reproductive parts (Choudhary et al., 2020). Paikara and Pandey (2018) also reported similar results. A pronounced increase in CGR was observed during 65–85 DAS, after which it declined until harvest. This may be attributed to improved nutrient availability, soil aeration, and reduced competition, which favoured greater root growth and photosynthetic activity (Theerthana et al., 2021). In contrast, RGR and NAR showed a declining trend from the beginning of crop growth until maturity. Leaves are the predominant photosynthetic organs and are therefore important targets for maximising carbon assimilation through improved morphological traits (Zhu et al., 2010). The enhanced crop growth indices under SSNM at higher target yields might be due to improved vegetative crop growth. Similar results were reported by Raj et al. (2018).


Table 1: Effect of crop establishment methods and nutrient management on Leaf area index of rice.

	Treatments
	45 DAS
	65 DAS
	85 DAS
	105 DAS
	125 DAS 

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	Factor A: Crop Establishment Methods

	Transplanting
	2.27
	2.33
	2.95
	3.04
	4.05
	4.15
	3.24
	3.27
	1.51
	1.55

	DSR
	1.97
	2.04
	2.64
	2.73
	3.65
	3.73
	2.93
	2.96
	1.35
	1.38

	SeM±
	0.06
	0.07
	0.06
	0.05
	0.05
	0.05
	0.04
	0.05
	0.03
	0.02

	CD (p≤0.05)
	0.18
	0.19
	0.17
	0.16
	0.15
	0.14
	0.13
	0.14
	0.08
	0.07

	Factor B: Nutrient Management

	Control 
	1.17
	1.25
	1.94
	2.04
	2.79
	2.90
	2.05
	2.11
	0.84
	0.87

	RDF (N120P60K30)
	2.10
	2.16
	2.79
	2.88
	3.86
	3.96
	3.09
	3.11
	1.44
	1.45

	STCR (TY =75 q ha-1)
	2.12
	2.17
	2.85
	2.92
	3.92
	3.99
	3.15
	3.13
	1.48
	1.49

	STCR (TY =85 q ha-1)
	2.53
	2.62
	3.13
	3.21
	4.23
	4.37
	3.47
	3.53
	1.63
	1.67

	STCR (TY =95 q ha-1)
	2.60
	2.71
	3.18
	3.28
	4.29
	4.42
	3.53
	3.59
	1.65
	1.71

	NE (TY =75 q ha-1)
	1.74
	1.78
	2.50
	2.55
	3.50
	3.56
	2.75
	2.77
	1.22
	1.26

	NE (TY =85 q ha-1)
	2.33
	2.39
	2.97
	3.08
	4.07
	4.15
	3.31
	3.33
	1.57
	1.61

	NE (TY =95 q ha-1)
	2.36
	2.44
	3.04
	3.13
	4.12
	4.21
	3.36
	3.39
	1.60
	1.63

	SeM±
	0.09
	0.09
	0.09
	0.08
	0.09
	0.09
	0.08
	0.10
	0.06
	0.07

	CD (p≤0.05)
	0.27
	0.28
	0.26
	0.25
	0.27
	0.26
	0.25
	0.29
	0.17
	0.20

	Interaction
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS



Table 2: Interaction effect of crop establishment methods and nutrient management on crop growth rate at 45-65 DAS of rice (2024).
	
	Control
	RDF
(N120P60K30)
	STCR
(TY =75 q ha-1)
	STCR
(TY =85 q ha-1)
	STCR
(TY =95 q ha-1)
	NE
(TY =75 q ha-1)
	NE (TY =85 q ha-1)
	NE (TY =95 q ha-1)
	Mean

	Transplanting
	6.27
	16.35
	16.38
	17.74
	17.98
	15.12
	16.49
	16.58
	15.36

	DSR
	3.94
	9.46
	9.54
	10.96
	10.98
	8.13
	9.64
	9.73
	9.04

	Mean
	5.10
	12.90
	12.96
	14.35
	14.48
	11.63
	13.07
	13.15
	



Factor B at the same level of factor A				Factor A at the same level of factor B
SeM±			   0.99									   1.26
CD (p≤0.05)		   3.01									   3.69
Table 3: Interaction effect of crop establishment methods and nutrient management on crop growth rate at 45-65 DAS of rice (2025).
	
	Control
	RDF
	STCR
(TY =75 q ha-1)
	STCR
(TY =85 q ha-1)
	STCR
(TY =95 q ha-1)
	NE
(TY =75 q ha-1)
	NE (TY =85 q ha-1)
	NE (TY =95 q ha-1)
	Mean

	Transplanting
	6.34
	16.44
	16.49
	17.89
	18.14
	15.20
	16.62
	16.74
	15.48

	DSR
	4.01
	9.55
	9.67
	11.08
	11.11
	7.88
	9.45
	9.89
	9.08

	Mean
	5.17
	12.99
	13.08
	14.48
	14.63
	11.54
	13.04
	13.31
	



Factor B at the same level of factor A				Factor A at the same level of factor B
SeM±			   1.06									    1.75
CD (p≤0.05)		   3.19								               4.23




Fig. 1: Effect of crop establishment methods on Crop growth rate of rice in 2024.


Fig. 2: Effect of crop establishment methods on Crop growth rate of rice in 2025.


Fig. 3: Effect of nutrient management on Crop growth rate of rice in 2024.

Fig. 4: Effect of nutrient management on Crop growth rate of rice in 2025.




Fig. 5: Effect of crop establishment methods on Relative growth rate of rice in 2024


Fig. 6: Effect of crop establishment methods on Relative growth rate of rice in 2025


Fig. 7: Effect of nutrient management on Relative growth rate of rice in 2024


Fig. 8: Effect of nutrient management on Relative growth rate of rice in 2025.



Fig. 9: Effect of crop establishment methods on Net assimilation rate of rice in 2024


Fig. 10:  Effect of crop establishment methods on Net assimilation rate of rice in 2025


Fig. 11: Effect of nutrient management on Net assimilation rate of rice in 2024.


Fig. 12: Effect of nutrient management on Net assimilation rate of rice in 2025.

Conclusion
The study demonstrated that rice establishment method and precision nutrient management significantly influenced leaf area index, crop growth rate, relative growth rate and net assimilation rate during the 2024 and 2025 Kharif seasons. Transplanted rice generally recorded higher physiological growth indices than direct-seeded rice, particularly during the earlier and intermediate growth stages. Among the nutrient-management treatments, the Soil Test Crop Response approach targeting 95 q ha⁻¹ produced the highest leaf area index and crop growth rate, although it was statistically comparable with the 85 q ha⁻¹ target at several stages. The recommended fertiliser dose recorded the numerically highest relative growth rate during 45–65 days after sowing, whereas Nutrient Expert targeting 75 q ha⁻¹ produced higher relative growth rates at subsequent stages and the highest net assimilation rate during 45–65 days after sowing. The significant interaction for crop growth rate during 45–65 days after sowing further indicated that nutrient response varied with establishment method. Overall, the results support the careful selection of establishment and target-yield-based nutrient-management practices to improve physiological growth performance under the tested temperate conditions.

Limitation
The experiment was conducted at a single temperate location using one rice variety during two Kharif seasons. Consequently, the observed responses may be specific to the tested soil, climatic conditions, establishment methods and nutrient-management treatments. The study focused on physiological growth indices; therefore, interpretation should remain confined to leaf area index, crop growth rate, relative growth rate and net assimilation rate under the stated experimental conditions. Validation across additional locations, varieties and seasons is required before broader application.
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Net assimilation rate (g m-2 day-1)




Control 	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	6.73	4.28	3.69	3.17	0.55000000000000004	RDF (N120P60K30)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.56	6.14	6.01	2.83	0.71	STCR (TY =75 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.75	6.21	6.05	2.85	0.84	STCR (TY =85 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	8.92	5.6	5.57	2.56	0.47	STCR (TY =95 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	8.8000000000000007	5.53	5.51	2.54	0.62	NE (TY =75 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	10.37	6.57	6.2	2.91	0.69	NE (TY =85 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.1999999999999993	5.75	5.41	2.76	0.74	NE (TY =95 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.0299999999999994	5.71	5.39	2.66	0.8	Days after sowing


Net assimilation rate (g m-2 day-1)




Transplanting	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	15.36	27.54	23.53	8.6199999999999992	1.35	DSR	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.0399999999999991	24.74	21.5	8.27	0.75	Days after sowing


Crop growth rate (g m-2 day-1)




Transplanting	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	15.48	27.59	23.7	8.75	1.33	DSR	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	9.08	24.85	21.6	8.44	0.68	Days after sowing


Crop growth rate (g m-2 day-1)




Control 	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	5.0999999999999996	15.36	13.17	7.25	0.68	RDF (N120P60K30)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	12.9	27.42	23.87	8.61	1.2	STCR (TY =75 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	12.95	27.57	23.9	8.57	1.25	STCR (TY =85 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	14.34	28.06	23.97	8.7100000000000009	0.86	STCR (TY =95 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	14.48	28.18	23.98	8.76	1.0900000000000001	NE (TY =75 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	11.62	26.95	23.71	8.02	0.75	NE (TY =85 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	13.06	27.7	23.68	8.91	1.28	NE (TY =95 q ha-1)	45-65 DAS	65-85 DAS	105-85 DAS	125-105 DAS	Harvest-125 DAS	13.15	27.87	23.85	8.76	1.29	Days after sowing


Crop growth rate (g m-2 day-1)







