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Intercomparison of Crop Establishment Methods and the Efficacy of ZnO Nanoparticles on Crop Growth and Plant Stand in Rice under the Rice–Wheat System in the Eastern Indo-Gangetic Plains

ABSTRACT
This two-year field study (2023 and 2024) carried during kharif season at BHU, Varanasi investigated the comparative effects of conservation agriculture-based versus conventional agriculture practices and zinc management strategies (ZnO nanoparticles versus conventional ZnSO4) on plant stand establishment and crop growth in rice under the rice-wheat system. The experiment was conducted in a split-plot design with three crop establishment (CE) methods: CE1: PTR–CTW; CE2: RT DSR –SSW + RR; CE3: ZT DSR+WR - ZTW+RR were tested in the main plots. Seven zinc management treatments were used: Z0: RDF + no zinc application; Z1: RDF + soil application of zinc as basal (Zn @5 kg ha-1) through ZnSO₄. H₂O; Z2: RDF + three foliar sprays of ZnSO₄. H₂O @ 0.3%; Z3: RDF + seed priming with ZnO NPs @ 200 mg L⁻¹; Z4: RDF + seed priming with ZnO NPs @ 400 mg L⁻¹; Z5: RDF + 3 foliar sprays of ZnO NPs @ 100 mg L⁻¹; and Z6: RDF + 3 foliar sprays of ZnO NPs @ 200 mg L⁻¹ were evaluated in the sub-plots. The results showed that CE3 significantly improved the initial plant stand compared to CE2 and CE1. Plant height, crop growth rate (CGR), relative growth rate (RGR), and net assimilation rate (NAR) were highest under CE1 in the first year but were comparable to those under CE3 in the second year. Zinc management practices involving the foliar spray of ZnO nanoparticles (NPs) at 200 mg L⁻¹ (Z6) and 100 mg L⁻¹ (Z5) consistently improved growth parameters, followed by the foliar spray of ZnSO₄ (Z2) and seed priming with ZnO NPs (Z3 and Z4). The effects of Zn management on crop growth were more pronounced during the early and mid-growth stages but diminished with crop maturity. Thus, conservation agriculture-based crop establishment (CE3) and efficient Zn management using ZnO NPs are potential alternatives for improving stand establishment and crop growth in rice under the rice-wheat system in the Eastern Indo-Gangetic Plain region.
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1. INTRODUCTION 
“The rice-wheat cropping system (RWCS) is the most extensive crop production system, covering almost 14 million hectares in the Indo-Gangetic Plains (IGP) of South Asia, with India accounting for 10 million hectares of this area” (Alam et al. 2016). The RWCS faces significant challenges, including deteriorating soil health (Mondal et al. 2019), terminal heat stress affecting wheat (Jain et al., 2017), inefficient use of inputs, and poor grain nutritional quality (Dapkekar et al. 2018). In the IGP, the predominant production system is rice-wheat-summer fallow, where rice is traditionally cultivated through manual transplanting, which demands a substantial amount of water. “The puddling process requires 200-250 mm of water” (Rashid et al. 2018) and is both labor and energy-intensive (Islam et al. 2020). Although “soil puddling has some benefits for rice, it also negatively impacts the soil's physico-chemical” (Mondal et al. 2019) and biological properties, hindering the growth and productivity of crops planted after rice (Kumar et al. 2018). The late harvesting of rice and extended turnaround time lead to delayed wheat sowing, resulting in reduced yield and quality due to terminal heat stress during grain filling (Jain et al. 2017). The increasing use of combined machines for harvesting rice and wheat in Eastern IGP leaves a large amount of crop residue in the fields. To ensure timely seeding of the subsequent wheat crop, farmers are compelled to burn the leftover rice residue, which poses a significant threat to the environment, soil health, and long-term sustainability.
The Conservation Agriculture (CA) approach offers a promising strategy to address current agricultural challenges. Adopting effective crop establishment system such as zero-till or reduced-till DSR followed by zero-till or surface-seeded wheat, while retaining residues from both crops, can enhance soil quality, significantly lower production costs, labor demands, water usage and contribute to climate change mitigation (Singh et al. 2009). Additionally, this practice enables earlier planting of wheat by accelerating the rice crop's maturity by approximately 7 to 10 days compared to traditional puddled transplanted rice systems. “Effectiveness of zero-tillage systems largely depends on both the amount and distribution of plant residues across the soil surface” Samal et al. (2017).

Zinc (Zn) plays a vital role as a micronutrient in the growth and development of both plants and animals. However, its low natural presence and limited bioavailability in many soil types have resulted in widespread deficiencies, particularly affecting dietary intake. This issue is especially critical in developing nations where cereal crops like wheat and rice serve as major dietary sources of zinc (Gupta et al. 2015). To combat Zn deficiency, interest has grown in both agronomic and genetic biofortification strategies. While genetic biofortification offers a sustainable, long-term solution, applying zinc-based fertilizers provides an effective short-term remedy. Supplying Zn either through seed priming, soil amendment or foliar sprays can significantly boost Zn levels in crops and, consequently, support human health protection (Zhang et al. 2017). Basal soil application of Zn often shows poor availability due to its transformation into insoluble forms, its strong affinity for clay particles, or interactions in alkaline and phosphate-rich soils. As an alternative, foliar application offers a more efficient method by directly delivering nutrients to the leaf surface, thus avoiding negative soil interactions (Mahapatra et al. 2024). Traditionally, bulk Zn sulphate (ZnSO4) has been the primary method used to address Zn deficiencies. However, its application does not always result in significant increases in Zn content within plant tissues (Wang et al. 2016). This has prompted interest in exploring innovative Zn sources, particularly zinc oxide nanoparticles (ZnO NPs). With a particle size typically below 100 nm, ZnO NPs offer several advantages: long-term Zn supply, larger surface area, greater reactivity, enhanced nutrient uptake efficiency, reduced dosage requirement, and potential cost-effectiveness (Dimkpa et al. 2018). The absorption, movement, and build-up of ZnO nanoparticles within plants are influenced both by the unique physicochemical properties of the nanoparticles and by the physiological characteristics of the plant itself (Faizan et al. 2020). Nano-biofortification for enriching nutrient content can be done through seed priming, soil and foliar application in crops (Mazhar et al. 2023). While using nanotechnology, one important thing to consider is deciding its optimal dose so that it will not have any negative impact on plant health.

Most of the existing research on ZnO NPs has been conducted under laboratory conditions, with very few field-based studies available to comprehensively assess their effects on crop growth, productivity, and grain quality. Therefore, this study aims to conduct a comparative analysis between conventional agriculture and conservation agriculture-based crop establishment methods, along with to identify the most effective strategy for zinc management. Specifically, it compares the performance of ZnO NPs with conventional bulk ZnSO₄ in rice cultivated under a rice–wheat (R–W) system. The primary objective is to evaluate their impact on initial plant stand and crop growth parameters in rice.

2. METHODOLOGY 
Over the course of two consecutive years, 2023 and 2024, an experiment was carried out at the Agricultural Research Farm of the Institute of Agricultural Sciences, Banaras Hindu University, located in Varanasi at 25°18'N latitude and 82°36'E longitude, with an elevation of 76 meters above mean sea level (AMSL). This study took place during the Kharif season within a rice-wheat cropping system. The recorded total rainfall was 602 mm in 2023 and 471 mm in 2024. The mean maximum temperatures were 42.7°C and 44.8°C, while the mean minimum temperatures were 31°C and 32.4°C for the respective years, resulting in average temperatures of 32.5°C in 2023 and 31.6°C in 2024. The soil at the experimental site was characterized as clay loam, with low levels of organic carbon and nitrogen, medium levels of available phosphorus and potassium, and a slightly alkaline pH. The experiment was carried out in a split-plot design with three replications. Three crop establishment methods i.e. CE1: puddled transplanted rice (PTR) - conventional till wheat (CTW); CE2: reduced-till DSR (RT DSR) - surface seeding wheat with anchored rice residues (30 cm) along with 3 t ha-1 spreading of chopped rice straw (SSW + RR) ; CE3: zero-till DSR with anchored wheat residues (45 cm) (ZT DSR+WR) - zero-till wheat with anchored rice residues (45 cm) (ZTW+RR) were tested in the main plots. Whereas, seven zinc management treatments viz. Z0: RDF + No zinc application; Z1: RDF + soil application of zinc as basal (Zn @5 kg ha-1) through ZnSO₄. H₂O; Z2: RDF + 3 foliar sprays of ZnSO₄. H₂O @ 0.3%; Z3: RDF + seed priming with ZnO NPs @ 200 mg L⁻¹; Z4: RDF + seed priming with ZnO NPs @ 400 mg L⁻¹; Z5: RDF + 3 foliar sprays of ZnO NPs @ 100 mg L⁻¹; and Z6: RDF + 3 foliar sprays of ZnO NPs @ 200 mg L⁻¹ were evaluated in the sub-plots.
The recommended dose of fertilizer for rice: 150-60-60 kg ha⁻¹ of N-P₂O₅-K₂O was applied during the growing season. The rice variety used was HUR-105 (Malviya Sugandh-105). Initially, half of the nitrogen and full doses of phosphorus and potassium were applied as basal, with the remaining nitrogen divided into two equal portions applied at the tillering and panicle initiation stages. In the ZT DSR plots, glyphosate at 1 kg a.i ha-1 was sprayed 10 days before sowing to eliminate existing weeds. Pre-sowing irrigation was applied in both ZT DSR and RT DSR fields. ZT DSR required no tillage, while RT DSR involved two passes with a cultivator. For PTR, the field was plowed 2–3 times, followed by puddling with a cage wheel while the field was flooded. During the experiment, anchored wheat crop residue (45 cm) was retained in zero till DSR. In RT DSR and ZT DSR, sowing was performed using a tractor-drawn zero-till seed-cum-fertilizer drill with 20 cm row spacing and a seed rate of 40 kg ha-1 in the second week of June, just before the rains began. In puddled transplanted rice (PTR), seedlings aged 25–30 days were manually transplanted, with 2–3 seedlings per hill, in the second week of July each year. The PTR nursery was prepared on the same day as the sowing of RT DSR and ZT DSR. Weed control, irrigation, and other agronomic practices were managed as needed.
In the context of zinc management, three foliar applications were applied at active tillering, early booting, and post-anthesis stages for the Z2, Z5, and Z6 treatments. ZnO NPs were synthesized in the lab through the co-precipitation technique. Prior to applying ZnO NPs, the solution was evenly dispersed using ultrasonic vibration (100 W, 40 kHz) with a sonicator for 30 minutes. The characterization of ZnO NPs was performed using TEM (Transmission Electron Microscopy), EDX (Energy Dispersive X-ray Spectroscopy), and FTIR (Fourier Transform Infrared Spectroscopy). For the Z3 and Z4 treatments, the required quantity of seeds was primed with the ZnO NPs solution according to the treatment details, one day before planting. The initial plant stand was recorded at 10 DAS/DAT by placing a one-meter square quadrat at five random locations. Plant height was measured every 30 days until harvest, using a standard meter scale, from the plant's base at the ground to the tip of the tallest leaf. Dry matter accumulation was tracked at 30-day intervals. To record dry matter accumulation, destructive sampling was conducted by cutting the entire plant from the base in the border rows of the field. After air drying, these plants were placed in a hot air oven set to 60 ± 2°C until a constant weight was reached. The leaf surface area was measured by detaching the leaves from the plant, washing them with deionized water, and drying them on paper towels. A leaf area meter was used to determine the leaf area. To determine the crop growth rate (CGR), relative growth rate (RGR) and net assimilation rate (NAR), the following formula (Watson, 1952) was used: 
CGR (g m– 2 day– 1) = (W2 – W1) / (T2 – T1) × (land area) 
RGR (mg g-1 day-1) = (ln W2−ln W1) / 
NAR (g m-2 day-1) = (W2−W1) (ln LA2−ln LA1) / (T2 – T1) (LA2 – LA1)
where W1 and W2 are the dry weight values and LA1 and LA2 are the leaf area values recorded at times T1 and T2, respectively. T1 and T2 are times in days after sowing. where ln is the natural logarithm.
Data were analyzed statistically for each year separately using multivariate statistical analysis tool SPSS, following the base procedure given by Gomez and Gomez (1984). The F value was determined based on the analysis of variance (ANOVA) for the split plot (3×7) design. Fisher’s least significant difference (LSD) at P=0.05 was used as a post–hoc analysis for multiple comparisons of treatment means.
3. RESULTS
3.1 Initial plant stand (no. m-2)
The initial plant stand recorded at 10 DAS/DAT in rice is presented in Fig.1.Comparing conventional and conservation agriculture-based crop establishment methods,  maximum plant density (102 and 110 ) was reported under CE3: zero-till DSR with wheat residues (ZT DSR+WR) - zero-till wheat with rice residues (ZTW+RR), which was significantly superior to the rest, followed by CE2: reduced-till DSR (RT DSR) - surface seeding wheat with rice residues (SSW + RR) during both years of study. The lowest plant stand was observed under CE1: puddled transplanted rice (PTR)-conventional till wheat (CTW).The results further indicated that zinc management significantly influenced the initial plant stand, the numerical value was higher in Z4: RDF + seed priming with ZnO NPs @ 400 mg L-1 (89 and 94 ) and Z3: RDF + seed priming with ZnO NPs @ 200 mg L-1 (86 and 91), followed by Z1: RDF+ Soil 
application of zinc as basal through ZnSO4.H2O (82 and 89).
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Fig. 1. Effect of crop establishment and zinc management on initial plant stand for respective years 2023 (A) and 2024 (B). Boxplot of different letter(s) indicate significant difference (P=0.05)
3.2 Plant height (cm)
[bookmark: _GoBack]Plant height often rose as crop growth stages progressed; at first, the growth rate was quick, but it eventually stabilised at 90 DAS and harvest.  In general, plant height increased with advancement in crop growth stages; initially, the growth rate was rapid, and later, it reached a steady state at 90 DAS and at harvest. The maximum plant height was recorded at 90 DAS. Compared to the first year, there was a slight increase in plant height at all crop growth stages in the second year (Table 1). CE1: PTR-CTW was found to be significantly superior to CE3: ZT DSR + WR - ZTW + RR, followed by CE2: RT DSR - SSW + RR at 30 DAS for both years and at 60 and 90 DAS during the first year. However, CE1 remained statistically at par with CE3 in the second year at 60 and 90 DAS, and at harvest during both years of investigation under crop establishment methods.
Among the Zinc management practices, maximum plant height was recorded with the application of Z6: RDF+ 3 foliar sprays of ZnO NPs @ 200 mg L-1, which was statistically at par with Z5: RDF+ 3 foliar sprays of ZnO NPs @ 100 mg L-1, followed by the application of  Z2: RDF+ 3 foliar sprays of ZnSO4.H2O @ 0.3% and significantly superior to all other treatments at all crop growth stages (60, 90 DAS, and at harvest), except at 30 DAS, where the highest plant height was observed under Z4: RDF + seed priming with ZnO NPs @ 400 mg L-1.This was statistically similar to Z3: RDF + seed priming with ZnO NPs @ 200 mg L-1.
Table 1. Effect of crop establishment and zinc management on plant height in rice
	Treatments
	Plant height (cm)

	
	30 DAS
	60 DAS
	90 DAS
	At harvest

	
	2023
	2024
	2023
	2024
	2023
	2024
	2023
	2024

	Crop Establishment Methods (CE) 
	
	
	
	
	
	
	
	

	CE1: PTR-CTW
	42.23ᵃ
	44.21ᵃ
	77.54ᵃ
	80.33ᵃ
	95.23ᵃ
	99.17ᵃ
	93.52ᵃ
	96.23ᵃ

	CE2: –RT DSR-SSW+RR
	36.72ᶜ
	39.12ᶜ
	67.99ᶜ
	70.81ᵇ
	83.95ᶜ
	86.80ᵇ
	81.86ᵇ
	85.73ᵇ

	CE3: ZT DSR+WR-ZTW+RR
	39.75ᵇ
	42.41ᵇ
	74.39ᵇ
	77.81ᵃ
	92.24ᵇ
	97.04ᵃ
	91.47ᵃ
	94.05ᵃ

	SEm±
	0.42
	0.55
	0.68
	0.86
	0.59
	0.77
	0.83
	0.69

	LSD (P=0.05)
	1.38
	1.69
	2.34
	2.58
	2.73
	2.81
	2.47
	2.53

	Zinc Management (Z)
	
	
	
	
	
	
	
	

	Z0:RDF+ No zinc application
	36.52ᵈ
	39.84ᵈ
	67.08ᵈ
	70.52ᵈ
	84.33ᶜ
	87.27ᵈ
	82.50ᵈ
	84.22ᵈ

	Z1: RDF+ Soil application of zinc as basal (Zn @5 kg ha-1) through ZnSO4.H2O
	37.76ᶜ
	41.18ᶜ
	68.03ᶜ
	72.23ᵈ
	86.42ᶜ
	89.87ᶜ
	84.96ᶜ
	86.73ᶜ

	Z2: RDF+ 3 *foliar spray of ZnSO4.H2O @ 0.3%
	38.91ᵇ
	41.84ᵇ
	70.69ᶜ
	75.72ᵇ
	88.86ᵇ
	92.83ᵇ
	87.76ᵇ
	90.43ᵇ

	Z3: RDF + Seed priming with ZnO NPs @ 200mgL-1
	39.41ᵇ
	42.37ᵇ
	68.93ᶜ
	73.25ᶜ
	87.59ᵇ
	90.64ᵇ
	85.69ᶜ
	88.06ᶜ

	Z4: RDF + Seed priming with ZnO NPs @ 400mgL-1
	40.52ᵃ
	43.52ᵃ
	69.40ᶜ
	73.66ᶜ
	88.09ᵇ
	91.16ᵇ
	86.18ᵇ
	88.81ᵇ

	Z5: RDF+ 3 *foliar spray of ZnO NPs @ 100mgL-1
	39.03ᵇ
	42.01ᵇ
	72.84ᵇ
	77.99ᵃ
	92.41ᵃ
	94.76ᵃ
	89.58ᵃ
	91.45ᵃ

	Z6: RDF+ 3 *foliar spray of ZnO NPs @ 200mgL-1
	39.25ᵇ
	42.25ᵇ
	74.62ᵃ
	79.15ᵃ
	92.96ᵃ
	95.33ᵃ
	90.12ᵃ
	92.84ᵃ

	SEm±
	0.36
	0.41
	0.65
	0.72
	0.46
	0.63
	0.90
	0.71

	LSD (P=0.05)
	1.09
	1.02
	1.68
	1.54
	2.14
	2.32
	1.94
	2.05


{*N. B –3 Foliar sprays at active tillering stage + early booting stage + post-anthesis stage, Different lowercase letters within continuous columns indicate significant difference (P=0.05)}
3.3 Crop Growth Rate (g m-2 day-1)
The effect of crop establishment methods on crop growth rate (CGR) was significant during the early (0–30 DAS), mid vegetative (30–60 DAS), and reproductive (60–90 DAS) phases in both years, and the highest value was reached at the maximum tillering to flowering stage (Fig. 2). At (0–30 DAS) conservation agriculture-based CE3: ZT DSR+WR - ZTW+RR recorded the maximum value, but at later stages, CE1: PTR- CTW maintained the significantly highest CGR in the first year, but was statistically at par with CE3 during the second year. In both years, the lowest growth rate was recorded with CE2: RT DSR - SSW + RR at all stages. However, by maturity (90 DAS–harvest), differences among establishment methods became statistically non-significant, indicating that the initial growth advantages under PTR and ZT DSR evened out by crop maturity.
For zinc management, CGR differences were statistically significant from 0–30 DAS to 60–90 DAS in both years. Initially at  0–30 DAS , Z4 : RDF + seed priming with ZnO NPs @ 400 mg L-1 growth rate was highest but during 30–60 and 60–90 DAS foliar sprays of Z6: RDF+ 3 foliar spray of ZnO NPs @ 200 mg L-1 and Z5: RDF+ 3 foliar sprays of ZnO NPs @ 100 mg L-1 produced the highest CGR values , followed by Z2: RDF+ 3 foliar sprays of ZnSO4.H2O @ 0.3% . It significantly outperformed no zinc application (Z0) and basal soil application of ZnSO4.H2O (Z1). Nano seed priming treatments (Z3 and Z4) and foliar ZnSO4 application (Z2) were intermediate and often statistically similar to the best treatments, particularly in the reproductive stage. However, at 90 DAS–harvest, the effect of zinc management was non-significant, and all treatments were statistically comparable. Thus, zinc application mainly influenced CGR during the early and mid-growth stages but had little effect on physiological maturity.















Fig. 2. Effect of crop establishment and zinc management on crop growth rate for respective years 2023 and 2024. Boxplot of different letter(s) indicate significant difference (P=0.05)





3.4 Relative Growth Rate (mg g-1 day-1)
The relative growth rate of rice was significantly influenced by crop establishment methods during all growth stages in both the years (Table 2.). CE1: PTR- CTW consistently recorded the highest RGR values, statistically at par with CE3: ZT DSR+WR - ZTW+RR at 30–60 DAS during both years and at 60–90 DAS and at harvest during the second year. CE2: RT DSR - SSW + RR lagged behind with a consistently lower RGR.
Zinc management had a marked influence on plant performance up to 90 DAS; however, this effect diminished and became statistically insignificant by harvest. The foliar application of ZnO NPs at concentrations of 200 mg L⁻¹ (Z6) followed by 100 mg L⁻¹ (Z5) resulted in the highest RGR during both the 30–60 and 60–90 DAS intervals, clearly outperforming the control (Z0) and basal soil-applied ZnSO₄·H₂O (Z1). Intermediate RGR values were observed for treatments involving foliar ZnSO₄·H₂O (Z2) and seed priming with ZnO NPs (Z3, Z4), which were frequently statistically at par with higher foliar nanoparticle doses (Z5). However, by the time of crop maturity, the differences among all zinc treatments were not statistically significant.
Table 2. Effect of crop establishment and zinc management on relative growth rate in rice
	Treatments
	Relative growth rate (mg g-1 day-1)

	
	30-60 DAS
	60-90 DAS
	90 DAS-At harvest

	
	2023
	2024
	2023
	2024
	2023
	2024

	Crop Establishment Methods (CE)
	
	
	
	
	
	

	CE1: PTR-CTW
	40.83ᵃ
	41.92ᵃ
	25.37ᵃ
	24.91ᵃ
	5.13ᵃ
	5.24ᵃ

	CE2: –RT DSR-SSW+RR
	32.19ᵇ
	34.40ᵇ
	21.24ᶜ
	22.13ᵇ
	3.94ᶜ
	4.07ᵇ

	CE3: ZT DSR+WR-ZTW+RR
	37.96ᵃ
	39.81ᵃ
	23.14ᵇ
	23.76ᵃ
	4.81ᵇ
	5.12ᵃ

	SEm±
	0.86
	0.89
	0.46
	0.42
	0.04
	0.03

	LSD (P=0.05)
	2.97
	2.68
	1.67
	1.45
	0.17
	0.16

	Zinc Management (Z)
	
	
	
	
	
	

	Z0 – RDF+ No zinc application
	30.96ᵈ
	34.68ᶜ
	20.72ᶜ
	21.61ᶜ
	4.21ᵃ
	4.15ᵃ

	Z1 – RDF+ Soil application of zinc as basal (Zn @5 kg ha-1) through ZnSO4.H2O
	33.54ᶜ
	35.36ᶜ
	20.99ᶜ
	22.31ᵇᶜ
	4.31ᵃ
	4.21ᵃ

	Z2 – RDF+ 3 *foliar spray of ZnSO4.H2O @ 0.3%
	36.24ᵇ
	37.05ᵇᶜ
	23.65ᵇ
	23.48ᵇ
	4.67ᵃ
	4.76ᵃ

	Z3 - RDF + Seed priming with ZnO NPs @ 200mgL-1
	35.91ᵇ
	37.37ᵇᶜ
	22.58ᵇ
	22.65ᵇᶜ
	4.38ᵃ
	4.59ᵃ

	Z4 – RDF + Seed priming with ZnO NPs @ 400mgL-1
	37.82ᵇ
	39.21ᵇ
	22.92ᵇ
	22.91ᵇᶜ
	4.51ᵃ
	4.65ᵃ

	Z5 – RDF+ 3 *foliar spray of ZnO NPs @ 100mgL-1
	40.71ᵃ
	40.33ᵃᵇ
	25.13ᵃ
	24.07ᵃᵇ
	4.69ᵃ
	4.81ᵃ

	Z6– RDF+ 3 *foliar spray of ZnO NPs @ 200mgL-1
	42.77ᵃ
	41.79ᵃ
	26.19ᵃ
	25.25ᵃ
	4.78ᵃ
	4.92ᵃ

	SEm±
	0.81
	0.73
	0.35
	0.41
	0.03
	0.05

	LSD (P=0.05)
	2.12
	2.23
	1.21
	1.34
	NS
	NS


{*N. B –3 Foliar sprays at active tillering stage + early booting stage + post-anthesis stage, Different lowercase letters within continuous columns indicate significant difference (P=0.05)}
3.5 Net Assimilation Rate (g m-2 day-1)
NAR reflects the efficiency of dry matter gain per unit of leaf area over time. At 30–60 DAS, the crop establishment effects were significant in both years (Table.3). CE1: PTR- CTW had a higher NAR in both years but was statistically comparable to CE3: ZT DSR+WR - ZTW+RR during the second year. The CE2: RT DSR - SSW + RR value was the lowest during both years of investigation. From 60–90 DAS, establishment effects were non-significant in both years.
Zinc management strategies demonstrated a consistent trend of improved NAR with ZnO nanoparticle (NP) application. Foliar spray of ZnO NPs at 200 mg L⁻¹ (Z6) resulted in the highest NAR, followed by Z5 (100 mg L⁻¹ ZnO NP foliar spray) and Z4 (seed priming at 400 mg L⁻¹ with ZnO NP), indicating the potential of nano-zinc over conventional forms (Z2: foliar spray of ZnSO₄·H₂O and Z1: basal soil-applied ZnSO₄·H₂O). By 60–90 DAS, all the zinc treatments were statistically similar.
Table 3. Effect of crop establishment and zinc management on net assimilation rate (g m-2 day-1) in rice
	Treatments
	Net assimilation rate (g m-2 day-1)

	
	30-60 DAS
	60-90 DAS

	
	2023
	2024
	2023
	2024

	Crop Establishment Methods (CE) 
	
	
	
	

	CE1: PTR-CTW
	3.64ᵃ
	3.58ᵃ
	3.14ᵃ
	3.27ᵃ

	CE2: –RT DSR-SSW+RR
	2.97ᵇ
	2.95ᵇ
	2.79ᵃ
	2.81ᵃ

	CE3: ZT DSR+WR-ZTW+RR
	3.09ᵇ
	3.17ᵃ
	2.85ᵃ
	3.08ᵃ

	SEm±
	0.18
	0.15
	0.18
	0.16

	LSD (P=0.05)
	0.52
	0.48
	NS
	NS

	Zinc Management (Z)
	
	
	
	

	Z0 – RDF+ No zinc application
	3.08ᵇ
	2.98ᵇ
	2.84ᵃ
	2.82ᵃ

	Z1 – RDF+ Soil application of zinc as basal (Zn @5 kg ha-1) through ZnSO4.H2O
	3.11ᵇ
	3.07ᵇ
	2.91ᵃ
	2.94ᵃ

	Z2 – RDF+ 3 *foliar spray of ZnSO4.H2O @ 0.3%
	3.14ᵇ
	3.18ᵇ
	2.98ᵃ
	3.15ᵃ

	Z3 - RDF + Seed priming with ZnO NPs @ 200mgL-1
	3.32ᵃᵇ
	3.35ᵃᵇ
	3.09ᵃ
	3.17ᵃ

	Z4 – RDF + Seed priming with ZnO NPs @ 400mgL-1
	3.39ᵃᵇ
	3.51ᵃᵇ
	3.07ᵃ
	3.25ᵃ

	Z5 – RDF+ 3 *foliar spray of ZnO NPs @ 100mgL-1
	3.48ᵃᵇ
	3.57ᵃ
	3.13ᵃ
	3.31ᵃ

	Z6– RDF+ 3 *foliar spray of ZnO NPs @ 200mgL-1
	3.72ᵃ
	3.61ᵃ
	3.16ᵃ
	3.33ᵃ

	SEm±
	0.13
	0.11
	0.14
	0.12

	LSD (P=0.05)
	0.45
	0.39
	NS
	NS


{*N. B –3 Foliar sprays at active tillering stage + early booting stage + post-anthesis stage, Different lowercase letters within continuous columns indicate significant difference (P=0.05)}


4. DISCUSSION 
Our study compared conventional practices (puddled transplanted rice-conventional till wheat) with conservation-agriculture (CA) establishments (zero-till DSR with wheat residues - zero-till wheat with rice residues and reduced-till DSR - surface seeding wheat with rice residues). Initial plant stand was generally higher in ZT DSR and RT DSR because seeding with a zero-till drill does not enforce strict plant-to-plant spacing and typically places more viable seeds per unit area, leading to greater plant density at emergence. In contrast, PTR, with line transplanting at 20 × 15 cm and 2–3 seedlings per hill, maintained a more controlled and agronomically optimal stand. These results agree with earlier reports of Singh et al. (2020) and Ahmed et al. (2025). In terms of growth, PTR showed taller plants and higher growth rates in the first year but by the second year, growth performance under PTR became comparable to ZT DSR with residue retention. The initial slow growth rate observed in puddled transplanted rice is likely due to increased competition among plants in the nursery for nutrients and water, as they are planted closely together, and the subsequent transplanting shock. However, as the rice develops, it benefits from improved soil conditions that facilitate quicker seedling establishment, uniform spacing and the presence of standing water helps suppress weeds during critical growth phases by acting as a natural barrier, reducing water percolation, and enhancing nutrient solubilization (Mishra et al. 2021). After overcoming transplanting shock, the rice typically shows increased growth due to greater photosynthate accumulation and more vigorous tillering. In contrast, conservation agriculture (CA) methods like zero-tillage direct-seeded rice (ZT DSR) require a transitional period for soil stabilization, during which soil structure, aggregate stability, and organic carbon content gradually improve (Somasundaram et al. 2020). In the first year, ZT DSR experiences more weed problems and management issues, resulting in slower growth compared to puddled transplanted rice (PTR). The second-year improvement is likely due to the cumulative benefits of CA practices, such as the buildup of organic matter and nutrients from decomposing residues, and “the mulching effect of residues that helps retain soil moisture and moderate soil temperature, and suppress weeds” (Rashid et al. 2019). “Zero tillage reduces soil disturbance, preserving soil structure and enhancing moisture retention, which is crucial for healthy root growth and efficient nutrient absorption” (Ren et al. 2023). Additionally, unlike transplanted rice, ZT-DSR avoids transplanting shock, allowing for better early vigor and continuous growth, which facilitates more efficient photosynthetic assimilation and distribution to various plant parts. RT-DSR leaves the soil surface exposed to rapid drying, faces heavy weed pressure at initial growth stages and uneven crop stand establishment affects crop growth and development (Sandhu et al. 2021). 
Among the Zn management practices, foliar application of ZnO nanoparticles (ZnO NPs) was more effective in improving growth parameters than seed priming with ZnO NPs, soil, and foliar application with conventional Zn sources (ZnSO4.H2O). All these treatments were significantly higher than the control (no Zn application). Zn is a vital micronutrient that plays a crucial role in the synthesis of auxin and the activity of cytokinin, both of which are essential for regulating cell division and elongation. It aids in the elongation of internodes, expansion of leaves, synthesis of chlorophyll, and various enzymatic activities, all of which contribute to plant growth (Cakmok et al. 2010). At the initial growth stages, seed priming with ZnO NPs (Z4 and Z3) resulted in higher plant stand and improved growth rate because Zn acts as a cofactor for enzymes and stabilizes antioxidant systems, which promotes faster seed emergence with uniform plant stand. Stronger seedlings establish larger early root–shoot systems and leaf areas, boosting light capture and photosynthesis, which translates into a higher crop growth rate during the initial stages. However, at later growth stages, the foliar application of ZnO NPs (Z6 and Z5) at three stages (active tillering stage + early booting stage + post-anthesis stage) improved growth parameters more efficiently. “ZnO NPs are more efficient than traditional bulk Zn sources due to their smaller particle size and high surface area to volume ratio, which allows for a gradual release of nutrients over an extended period, minimizing nutrient loss” (Duhan et al. 2017; Chen and Yada 2011). Its effectiveness surpasses other sources because of its enhanced uptake and translocation within plant tissues, thereby supporting various growth parameters (Mazhar et al. 2023). The results align with those of Rameshraddy et al. (2017), who found that “combining seed priming with foliar application of ZnO NPs enhanced plant growth more effectively than applying ZnSO4 to the soil in rice”. While ZnSO₄ spray did improve growth compared to the control, it was less effective than ZnO NP spray, possibly due to its quicker solubility but lower efficiency compared to the controlled-release properties and higher surface reactivity of nanoparticles (Baral et al. 2023). The use of Nano ZnO led to an increase in chlorophyll content, which may enhance photosynthetic rates. Foliar-applied ZnO NPs easily penetrate the leaf cuticle and stomata, ensuring direct delivery of Zn to metabolic sites without the losses associated with soil fixation, thereby facilitating easy absorption and assimilation (Sheoran et al. 2021).
5. CONCLUSION
This two-year field study demonstrates zero tillage direct-seeded rice with wheat residue retention emerged as a promising alternative to conventional puddled transplanted rice, particularly in enhancing initial plant stand and improving crop growth. While traditional methods initially showed superior growth parameters, conservation practices caught up by the second year, indicating their long-term viability. Zinc management through foliar application of ZnO nanoparticles at 200 mg L⁻¹ and 100 mg L⁻¹ consistently outperformed conventional bulk Zn source, significantly improving growth parameters, especially during early and mid-growth stages followed by foliar ZnSO₄ and seed priming with ZnO NPs. These findings suggest that adopting conservation agriculture-based practices with advanced zinc management strategies using nanoparticles could offer a sustainable approach to enhance rice growth in the Eastern Indo-Gangetic Plain region, potentially addressing the challenges of resource conservation and crop nutrition simultaneously.
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