Effect of Zinc Application Strategies on Growth, Productivity, Zinc Uptake by Rice and Residual Soil Zinc Status under Rice-Wheat Cropping System of Central India

Abstract
The rice–wheat cropping system in India, particularly in Madhya Pradesh, faces widespread zinc deficiency, which limits yield and grain quality. Foliar zinc application, nano-fertilizers, and zinc-solubilizing bacteria have proven effective in enhancing zinc uptake, crop growth, and soil nutrient status, offering sustainable strategies for improving productivity and nutrient use efficiency. In order to investigate the effects of various zinc management strategies on rice within a rice–wheat cropping sequence, a field experiment was carried out in the Zn-deficient Vertisols of Central India during the kharif seasons of 2022-23 and 2023-24 at the Research Field of the Department of Soil Science and Agricultural Chemistry, Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur, Madhya Pradesh. The study used a Randomized Block Design to assess twelve treatments, including soil-applied zinc, foliar sprays (ZnSO4 and Nano-Zn) and microbial bio-inoculants (ZSB) at different recommended doses of NPK fertilizers (RDF). The results demonstrated that crop performance was greatly enhanced by integrated nutrient management. In particular, growth, grain production (64.2 and 61.7 q ha-1) and total Zn uptake (298.0 and 320.2 g ha-1) by rice were optimized during the two seasons by the synergy of RDF + 5 kg Zn ha-1 + ZSB (T6). Interestingly, treatment T6 raised grain production by roughly 5–8% over RDF alone and by over 80% over the unfertilized control. Compared to foliar-only treatments, soil-applied zinc retained far higher residual DTPA-extractable zinc (0.66–0.71 mg kg-1) in terms of soil health, guaranteeing a better carry-over benefit for the subsequent wheat crop. While, Nano-Zn formulations showed similar efficacy to traditional zinc sulphate sprays. This study emphasizes the need to combine mineral and biological inputs to enable sustained Zn biofortification and long-term soil fertility in the rice–wheat systems of the region, even though Nano-Zn formulations shown comparable efficiency to conventional zinc sulphate sprays.
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1. Introduction
The rice-wheat cropping sequence represents one of India’s most intensive agricultural models, particularly within the Indo-Gangetic Plains and regions of Central India like Madhya Pradesh. While fundamental to national food security, the sustainability of this system is currently jeopardized by chronic monocropping and disproportionate fertilization, which have exhausted soil micronutrient reserves, most notably zinc (Behera et al., 2009). Globally, zinc (Zn) deficiency is a pervasive issue in cereal-based systems (Gibson, 2006); in India, nearly 50% of arable land is Zn-deficient, making it the most critical yield-limiting factor after nitrogen, phosphorus, and potassium (Shukla and Behera, 2019). Whereas, about 36.5, 23.2, 12.8, 7.1, and 4.2% soils were deficient in available Zn, B, Fe, Mn and Cu, respectively. However, the extent deficiencies of Zn, B, Fe, Mn and Cu were different in various states of the country (Behera et al., 2025). Given that Zn is a vital catalyst for enzyme activity, protein synthesis, and reproductive development, its depletion directly compromises both the quantity and nutritional integrity of harvests (Marschner, 2012; Cakmak and Kutman, 2018).
Zinc deficiency in rice is characterized by physiological symptoms such as chlorosis, restricted tillering, and suboptimal grain filling, which significantly diminish overall crop productivity (Cakmak, 2008). These issues are exacerbated in submerged environments where factors like elevated pH, bicarbonate levels, and redox fluctuations limit Zn bioavailability (Alloway, 2008). On a global scale, Zn ranks as the third most critical nutrient constraint in cereal production (Gibson, 2006). Within India, approximately 48–50% of arable land is Zn-deficient, positioning it as the fourth most yield-limiting factor after the primary macronutrients (Shukla and Behera, 2019). This deficit is particularly pronounced in the Vertisols of Madhya Pradesh, where high clay and calcium carbonate content facilitate the strong adsorption and fixation of Zn, reducing its extractability. To address zinc deficiency in rice, conventional soil application of zinc sulfate at prescribed amounts has long been used. However, a significant portion of applied zinc becomes fixed or changes into less soluble forms in calcareous and alkaline Vertisols, which reduces its effectiveness (Prasad et al., 2016; Shukla and Behera, 2020). Over time, Zn availability is further limited by complexation processes, adsorption, and precipitation. Because it avoids soil-related limitations and improves Zn uptake and grain enrichment, foliar application of Zn during critical growth phases has become more significant (Cakmak, 2008). In rice and other cereals, foliar treatments containing 0.5% to 1.0% zinc sulphate have been shown to enhance growth, yield characteristics, and nutrient uptake (Prasad et al., 2016). 
To address nutrient use efficiency challenges, nano-fertilizers have surfaced as a transformative technological advancement. Unlike traditional mineral sources, nano-zinc formulations offer a superior surface-area-to-volume ratio and regulated release kinetics, which minimize environmental runoff while maximizing plant uptake (Raliya et al., 2018; Dimkpa et al., 2017). Specifically, foliar treatments at 30 and 50 days post-transplanting have demonstrated significant improvements in biomass and Zn accumulation due to the superior penetrative capabilities of nanoparticles (Yadav et al., 2021). Complementing this chemical approach is the biological mobilization of zinc through zinc-solubilizing bacteria (ZSB). These microbes enhance bioavailability in the rhizosphere via organic acid secretion and chelation. Modern research suggests that integrating these microbial inoculants with inorganic fertilizers not only boosts nutrient use efficiency but also fosters long-term soil health and biological vitality. 
Zinc management becomes more important in the rice–wheat cropping sequence because zinc applied to rice may have lingering effects on the wheat crop that follows. Seasonal variations in Zn transformations, distribution, and availability are significantly influenced by the different soil environments such as submerged anaerobic conditions during rice and aerobic conditions during wheat. Therefore, to maximize crop development, yield, Zn uptake, and post-harvest soil Zn status, a comprehensive evaluation of various Zn administration strategies such as soil application, foliar spray, nano-formulations, microbial inoculation, and integrated approaches is necessary. Despite the established necessity of Zn for crop health, there is a lack of integrated research evaluating diverse Zn management protocols within the rice–wheat systems of Madhya Pradesh's Vertisols. Consequently, this study was designed to systematically compare various application methods including soil-based, foliar, nano-fertilizer, and bio-inoculant strategies under both control and recommended fertilization levels. The investigation aims to quantify their impacts on rice growth dynamics, yield components, Zn accumulation, and post-harvest soil nutrient status. By providing a comprehensive assessment, this research seeks to identify Zn management practices that are not only economically efficient but also environmentally sound, ensuring the long-term sustainability of Central Indian agriculture.
2. Materials and Methods
Field experiments were conducted during the kharif seasons of 2022-23 and 2023-24 at the Research Field of the Department of Soil Science and Agricultural Chemistry, JNKVV, Jabalpur, Madhya Pradesh. The study aimed to evaluate the impact of various zinc application methods on the growth, yield, zinc accumulation, and residual soil zinc status of rice. The featured of experimental soil was a medium black, clayey Vertisol, locally referred to as “black soil,” exhibiting characteristic shrink–swell behavior. Taxonomically, it belongs to the Kheri series of the fine, montmorillonitic, hyperthermic family of Typic Haplusterts. Prior to the experiment each year, composite surface soil samples (0–15 cm) were collected, processed and analyzed standard analytical procedures to determine their physico-chemical properties. The soil was clayey in texture with pH (7.31 and 7.37), electrical conductivity (0.21 and 0.22 dS m-1), organic carbon (5.51 and 5.62 g kg-1), available N (200.7 and 188.0 kg ha-1), available P (14.6 and 14.4 kg ha-1), available K (227.3 and 202.3 kg ha-1), and DTPA-extractable Zn (0.59 and 0.61 mg kg-1) during 2022 and 2023, respectively. 
The experiment was laid out in a Randomized Block Design with twelve zinc management treatments replicated three times. The treatments comprised of T1 (absolute control), T2 (control + 5 kg Zn ha-1), T3 (control + nano-Zn spray at 30 and 50 days after transplanting, DAT), T4 (RDF-120:60:40 kg N, P205 and K2O ha-1), T5 (RDF + 5 kg Zn ha-1), T6 (RDF + 5 kg Zn ha-1 + Zinc Solubilizing Bacteria, ZSB), T7 (RDF + 0.75% ZnSO₄ spray at 30 and 50 DAT), T8 (RDF + nano-Zn spray at 30 and 50 DAT), T9 (RDF + 0.75% ZnSO₄ spray at 30 and 50 DAT + ZSB), T10 (RDF + nano-Zn spray at 30 and 50 DAT + ZSB), T11 (RDF + 0.75% ZnSO₄ spray at 30 DAT + ZSB), and T12 (RDF + nano-Zn spray at 30 DAT + ZSB). Before transplanting, the roots of twenty one days old seedlings of rice (cv. JR-206) were inoculated with ZSB and transplanted at row spacing of 20 cm in 4 × 4 m2 plots on 26 and 22 July in 2022 and 2023, respectively. The recommended fertilizer dose for rice was applied uniformly to the respective treatments as per university guidelines. Half dose of the nitrogen and the full dose of phosphorus and potassium were applied as basal at time of transplanting (T4-T12), while the remaining nitrogen was top-dressed in two equal splits at active tillering (25-30 DAT) and panicle initiation (50-60 DAT). Zinc was supplied according to treatment specifications either through soil application (5 kg Zn ha-1), foliar spray of 0.75% zinc sulphate solution, or nano-zinc formulation. Standard agronomic practices, including irrigation, weed control, and plant protection measures, were maintained uniformly across treatments to minimize experimental variation. The crop was harvested at physiological maturity on 16 and 24 November in 2022 and 2023. 
Growth parameters such as plant height and number of tillers hill-1 of rice were recorded at maturity. Grain and straw yields of rice were recorded after threshing and expressed in quintals per hectare (q ha-1). For zinc assessment, representative grain and straw samples from each treatment and replication were oven-dried, pulverized, and digested using a di-acid (HNO3: HClO4 in the ratio 9: 4 v/v) mixture. After digestion, samples were filtered and diluted to a fixed volume. Zinc concentrations in the di-acid digested aliquots were then quantified using an Atomic Absorption Spectrophotometer (AAS), following the protocol established by Bankaji et al., 2023. Zinc uptake was computed by multiplying zinc concentration (%) with the corresponding dry matter production. Residual soil zinc was measured in post-harvest samples using 0.005 M DTPA-extraction (Lindsay and Norvell, 1978). The resulting data for each parameter were tabulated and subjected to Analysis of Variance (ANOVA) for a Randomized Block Design (Gomez and Gomez, 1984). Significant differences among treatment means were identified using the Critical Difference (CD) test at a 5% level of probability (p = 0.05).
3. [bookmark: _GoBack]Results and Discussion
3.1 Growth Parameters
3.1.1 Plant Height
The results of plant height of rice were influenced significantly by different zinc application strategies during both 2022 and 2023 experimental years (Table 1). Plant height ranged from 84.3–99.3 cm in 2022 and 84.7–99.7 cm in 2023 across various treatments. The maximum plant height (99.3 and 99.7 cm) was achieved under treatment T6 (RDF + 5 kg Zn ha-1 + ZSB inoculation), which was significantly superior to the controls (T1-T3) in 2022, controls (T1-T3) and RDF alone (T4) in 2023, while remaining statistically at par with other integrated Zn treatments. The growth promotion in T6 may be attributed to the synergistic effect of Zn and ZSB, this combination improves zinc availability in the rhizosphere, enhances enzymatic activity, and stimulates auxin synthesis. As noted by Marschner (2012), Zn is vital for cell elongation, chlorophyll synthesis, and carbohydrate metabolism. Furthermore, ZSB facilitates the solubilization of both native and applied Zn, leading to improved nutrient uptake (Saravanan et al., 2007). Conversely, the control (T1) having no applied fertilizer consistently recorded the minimum (84.3 and 84.7 cm) plant height, reflecting restricted vegetative growth under nutrient-deficient conditions. Both soil application of RDF + 5 kg Zn ha-1 (T5) and foliar sprays (T7, T8) significantly improved plant height (94–95 cm). Notably, Nano-Zn treatments performed comparably to ZnSO4 sprays, suggesting enhanced absorption efficiency due to nano-scale properties. The positive impact of soil and foliar Zn on cereal growth aligns with established by (Cakmak, 2008; Prasad et al., 2016; Semenova et al., 2024). Recent findings by Dimkpa et al. (2017) and Yadav et al. (2021) also corroborate the efficacy of integrated and nano-zinc fertilization. 
3.1.2 Number of Tillers Hill-1
Zinc management strategies exerted a significant influence on the number of tillers hill⁻¹ in rice during both 2022 and 2023 (Table 1), following a trend consistent with plant height. Tiller counts ranged from 4.47–9.05 in 2022 and 4.51–9.11 in 2023. The maximum number of tillers (9.05 and 9.11 hill⁻¹) was recorded with the application of RDF + 5 kg Zn ha-1 + ZSB (T6), which was significantly superior to the controls (T1–T3) but statistically at par with other integrated Zn treatments. In contrast, the control (T1) consistently yielded minimum counts (4.47 and 4.51 hill⁻¹), confirming the adverse impact of nutrient omission on vegetative productivity. The substantial increase in tillering under integrated Zn and ZSB application may be attributed to enhanced Zn solubilization, improved root growth, and superior photosynthetic activity. Zinc is a critical regulator of auxin production and internodal elongation, which directly promotes tillering (Alloway, 2008). Furthermore, adequate Zn supply improves nitrogen uptake and protein synthesis, facilitating robust vegetative development (Marschner, 2012). The enhanced performance of Zn-supplemented RDF over RDF alone confirms that Zn deficiency can limit the expression of yield attributes even under optimal NPK fertilization. These results align with Behera et al. (2009), who observed increased growth parameters in rice with Zn fertilization in Vertisols. Recent studies by Nandy et al. (2023) similarly report enhanced tiller production through integrated zinc management. Application of RDF alone (T4) markedly increased tillers (8.67 and 8.59 hill⁻¹), underscoring the necessity of balanced NPK supply. However, dual foliar sprays (T7–T10) were significantly more effective than single spray treatments (T11, T12), highlighting the importance of stage-specific Zn supply.
3.2 Rice Yield
3.2.1 Grain Yield
Zinc application strategies significantly influenced rice grain yield during both 2022 and 2023 (Table 2). The grain yields ranged from a minimum of 34.5 q ha-1 to a maximum of 64.2 q ha-1 across the study period. The highest grain yield (64.2 and 61.7 q ha-1 in 2022 and 2023, respectively) was achieved with the integrated application of RDF + 5 kg Zn ha-1 + ZSB (T6). This treatment was significantly superior to the controls (T1-T3) and RDF alone (T4), while remaining statistically at par with other Zn-supplemented treatments. Conversely, the control (T1) recorded the lowest grain yields (35.3 and 34.5 q ha-1), highlighting the detrimental impact of nutrient omission on productivity. The significant yield improvement under integrated Zn treatments is attributed to enhanced Zn availability, higher photosynthetic efficiency, and improved translocation of assimilates from source to sink during the grain-filling stage (Marschner, 2012; Zulfiqar et al., 2021). The inclusion of ZSB further augmented these effects by increasing the solubilization of both native and applied Zn in the rhizosphere, thereby improving overall nutrient uptake and utilization efficiency (Saravanan et al., 2007). However, dual foliar sprays (30 & 50 DAT) outperformed single sprays, indicating that Zn supply during critical growth stages ensures sustained physiological activity and superior grain development. Nano-Zn treatments (T8 and T10) performed comparably to zinc sulphate sprays, likely due to the higher reactivity and superior absorption efficiency of nano-formulations (Raliya et al., 2018). The observed yield enhancement through integrated and nano-zinc fertilization aligns with findings reported by Dimkpa et al. (2017), Yadav et al. (2021) and Nandy et al. (2023) all of whom emphasized the importance of optimized Zn nutrition in maximizing rice productivity.
3.2.2 Straw Yield
Results of straw yield followed a trend similar to grain yield, with Zn management strategies exerting a significant influence during both years (Table 2). Total biomass production reached its peak at 76.7 q ha-1 in 2022 and 80.5 q ha-1 in 2023. In 2022, the maximum straw yield (76.7 q ha-1) was recorded under T10 (RDF + spray of Nano-Zn at 30 & 50 DAT + ZSB), while in 2023, T6 (RDF + 5 kg Zn ha-1 + ZSB) yielded the highest (80.5 q ha⁻¹) straw. These treatments were significantly superior to the controls (T1–T3) and RDF alone (T4) in both years, as well as single spray treatments (T11, T12) in 2022.  Enhanced biomass production under integrated Zn management may be attributed to improved vegetative growth, superior nutrient uptake, and heightened metabolic activity. As established by Marschner (2012), Zn is critical for protein synthesis and maintaining membrane integrity, which directly translates to enhanced plant vigor and dry matter production. Furthermore, ZSB inoculation likely facilitated a sustained nutrient supply throughout the crop cycle by improving Zn availability in the rhizosphere. In contrast, the control (T1) consistently produced the minimum straw yield (44.0 and 46.5 q ha-1), reflecting poor biomass accumulation under nutrient-deficient conditions. The integration of soil-applied Zn with either biological (ZSB) or foliar approaches proved most effective in maximizing total biomass. However, Nano-Zn treatments performed comparably to conventional zinc sulphate, confirming high nutrient use efficiency. The observed improvements in nutrient use efficiency and biomass through nano-formulations and integrated strategies align with recent studies by Dimkpa et al. (2017) and Semenova et al. (2024). These findings highlight the importance of multi-modal Zn application for optimizing crop physiological architecture.
3.3 Zinc Uptake 
Zinc uptake by rice grain, straw, and total biomass varied significantly across treatments during both 2022 and 2023 (Table 3). The integration of mineral and biological inputs fundamentally enhanced the accumulation of this micronutrient. The maximum Zn uptake was consistently recorded with RDF + 5 kg Zn ha-1 + ZSB (T6), with grain uptake reaching 116.9–120.5 g ha-1, straw uptake at 181.1–199.7 g ha-1, and total uptake totaling 298.0–320.2 g ha-1 across 2022 and 2023. This treatment remained statistically at par with RDF + 5 kg Zn ha-1 (T5) and integrated foliar/ nano-Zn treatments (T9 and T10). The combination of soil-applied Zn and microbial agents creates a sustained supply chain of nutrients throughout the crop growth stages, whereas ZSB inoculation improves the solubility of Zn in the rhizosphere, making it more available for root interception. Higher uptake under integrated treatments may be attributed to improved Zn solubility, enhanced root activity, and better translocation of Zn to aerial parts. Similar improvements in Zn uptake with combined soil, foliar, nano-Zn and microbial approaches have been reported by Dimkpa et al. (2017), Yadav et al. (2021) and Zulfiqar et al. (2021). Conversely, the minimum uptake values were observed in the control, while the application of RDF alone markedly increased uptake relative to the control, primarily due to higher overall biomass production.
3.4  DTPA-Extractable Zinc
The results of DTPA-extractable Zn content in the post-harvest soil of rice exhibited significant variation across different treatments of Zn application strategies during both 2022 and 2023 in given Table 3. The treatment T2 having control + 5 kg Zn ha-1 had the highest DTPA-Zn levels, which were 0.66 mg kg-1 in 2022 and 0.71 mg kg-1 in 2023. With the exception of treatments T5 and T6, which were noticeably on par, this treatment was noticeably better than the others. The findings show that, in contrast to foliar sprays, zinc applied to the soil greatly increases the pool of accessible zinc. The advantage of T2 implies that the soil's nutrient storage is immediately increased by basal application. ZSB's addition to T6 shown a synergistic impact with both soil-applied Zn and RDF. ZSB converts insoluble Zn fractions into forms that plants may use by secreting chelators and producing. In contrast, treatments T1 and T4 in 2022 and T4 in 2023 had the lowest values of DTPA-extractable Zn (0.57 mg kg-1) and (0.58 mg kg-1), respectively. Foliar sprays (Nano-Zn or ZnSO4) add very little to the soil matrix and are mostly absorbed by the plant canopy (Nandy et al., 2023). Compared to bulk ZnSO4 applications, foliar Nano-Zn (T3, T8, T10) demonstrated a marginally significant increase in soil zinc. Due to their high surface-to-volume ratio, nano-fertilizers provide improved nutrient utilization efficiency; nevertheless, when applied foliarly, their effect on soil extractable zinc is restricted since the delivery mechanism avoids the soil-root contact.
 Conclusion 
Based on the findings of a two-year field study on Vertisols in Central India, it is concluded that integrated zinc management significantly enhances rice growth, productivity, and nutritional quality in rice under rice–wheat cropping sequence. Grain yield and total zinc uptake by rice were maximized while soil fertility was successfully maintained through the synergistic application of RDF supplemented with 5 kg Zn ha-1 and ZSB. Additionally, Nano-Zn foliar compositions proved to be just as effective as conventional zinc sulphate sprays, providing a very effective substitute for plant enrichment. Overall, the study shows that although foliar and nano-applications are great for biofortifying crops right away, basal soil applications integrated with microbial inoculants are indispensable for sustaining residual DTPA-extractable zinc levels and ensuring long-term agricultural sustainability in the region. 
Acknowledgement
The authors express their sincere gratitude to the ICAR, New Delhi, and the Project Coordinator, AICRP on MSPE, IISS, Bhopal for providing the necessary funding and technical support required for this investigation. We also want to express sincere gratitude to Department of Soil Science and Agricultural Chemistry, JNKVV, Jabalpur, Madhya Pradesh for providing the laboratory and field facilities required to complete this study. Their collaboration and the university resources were crucial to this project's successful completion. 


[bookmark: _Hlk198031404]Disclaimer (Artificial intelligence)

Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 




Table 1.  Effect of zinc application strategies on plant height and number of tillers hill-1 of rice under rice-wheat cropping system
	Treatments
	Plant height 
(cm)
	Tillers hill-1 
(No.)

	
	2022
	2023
	2022
	2023

	T1: Control (No fertilizer) 
	84.3
	84.7
	4.47
	4.51

	T2: Control + 5 kg Zn ha-1
	87.9
	88.5
	4.71
	4.83

	T3: Control + Spray of Nano-Zn (30 & 50 DAT) 
	85.8
	86.2
	4.63
	4.67

	T4: Recommended Dose of Fertilizers (RDF) 
	91.7
	91.1
	8.67
	8.59

	T5: RDF + 5 kg Zn ha-1
	95.2
	95.5
	8.93
	8.97

	T6: RDF + 5 kg Zn ha-1 + Zn Solubilizing Bacteria (ZSB) 
	99.3
	99.7
	9.05
	9.11

	T7: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) 
	95.1
	95.4 
	8.83
	8.90

	T8: RDF + Spray of Nano-Zn (30 & 50 DAT) 
	94.4
	94.2
	8.87
	8.79

	T9: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) + ZSB 
	96.1 
	95.8
	8.81 
	8.93

	T10: RDF + Spray of Nano-Zn (30 & 50 DAT) + ZSB 
	96.3
	96.5
	8.90
	8.94

	T11: RDF + Spray of 0.75% ZnSO4 (30 DAT) + ZSB 
	92.7 
	93.4 
	8.74
	8.77

	T12: RDF + Spray of Nano-Zn (30 DAT) + ZSB 
	93.4
	93.9
	8.77
	8.83

	SE m+
	2.65
	2.59
	0.24
	0.22

	CD (p=0.05) 
	7.88
	7.62
	0.69
	0.67






Table 2. Effect of zinc application strategies on grain and straw yields of rice under rice-wheat cropping system
	Treatments
	Rice yield (q ha-1)

	
	Grain
	Straw

	
	2022
	2023
	2022
	2023

	T1: Control (No fertilizer) 
	35.3
	34.5
	44.0
	46.5

	T2: Control + 5 kg Zn ha-1
	39.6
	38.3
	42.6
	51.1

	T3: Control + Spray of Nano-Zn (30 & 50 DAT) 
	38.6
	36.1
	43.1
	48.3

	T4: Recommended Dose of Fertilizers (RDF) 
	59.3
	53.9
	70.4
	71.0

	T5: RDF + 5 kg Zn ha-1
	64.1
	61.1
	74.6
	79.8

	T6: RDF + 5 kg Zn ha-1 + Zn Solubilizing Bacteria (ZSB) 
	64.2
	61.7
	75.1
	80.5

	T7: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) 
	62.0
	59.1
	75.4
	77.7

	T8: RDF + Spray of Nano-Zn (30 & 50 DAT) 
	62.9
	60.3
	74.6
	79.0

	T9: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) + ZSB 
	62.8 
	59.7
	76.2
	78.3

	T10: RDF + Spray of Nano-Zn (30 & 50 DAT) + ZSB 
	63.0
	60.9
	76.7
	79.5

	T11: RDF + Spray of 0.75% ZnSO4 (30 DAT) + ZSB 
	61.0
	58.1
	70.1
	76.5

	T12: RDF + Spray of Nano-Zn (30 DAT) + ZSB 
	61.6
	59.3
	70.4
	77.9

	SE m+
	1.28
	2.61
	0.97
	2.69

	CD (p=0.05) 
	3.74
	7.59
	2.85
	7.97






Table 3: Effect of zinc application strategies on Zn uptake by rice and residual soil Zn status under rice-wheat cropping system
	Treatments
	Zinc uptake (g ha-1)
	DTPA-Extractable-Zn 
(mg kg-1)

	
	Grain
	Straw
	Total
	

	
	2022
	2023
	2022
	2023
	2022
	2023
	2022
	2023

	T1: Control (No fertilizer) 
	42.0
	41.7
	64.8
	71.4
	106.8
	113.1
	0.57
	0.59

	T2: Control + 5 kg Zn ha-1
	76.6
	79.4
	109.4
	135.8
	186.1
	215.2
	0.66
	0.71

	T3: Control + Spray of Nano-Zn (30 & 50 DAT) 
	57.6
	55.2
	79.6
	91.4
	137.2
	146.6
	0.58
	0.62

	T4: Recommended Dose of Fertilizers (RDF) 
	85.2
	73.4
	124.3
	119.9
	209.5
	193.3
	0.57
	0.58

	T5: RDF + 5 kg Zn ha-1
	113.8
	115.9
	174.3
	194.9
	288.1
	310.8
	0.62
	0.67

	T6: RDF + 5 kg Zn ha-1 + Zn Solubilizing Bacteria (ZSB) 
	116.9
	120.5
	181.1
	199.7
	298.0
	320.2
	0.64
	0.68

	T7: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) 
	105.1
	101.7
	162.2
	174.0
	267.3
	275.7
	0.58
	0.61

	T8: RDF + Spray of Nano-Zn (30 & 50 DAT) 
	108.4
	106.9
	165.4
	182.3
	273.8
	289.2
	0.59
	0.62

	T9: RDF + Spray of 0.75% ZnSO4 (30 & 50 DAT) + ZSB 
	107.8
	106.3
	167.3
	180.7
	275.1
	287.0
	0.59
	0.62

	T10: RDF + Spray of Nano-Zn (30 & 50 DAT) + ZSB 
	109.2
	108.5
	172.3
	184.8
	281.6
	293.3
	0.60
	0.63

	T11: RDF + Spray of 0.75% ZnSO4 (30 DAT) + ZSB 
	96.1
	95.8
	139.4
	156.0
	235.5
	251.8
	0.57
	0.59

	T12: RDF + Spray of Nano-Zn (30 DAT) + ZSB 
	97.8
	98.9
	141.7
	161.5
	239.5
	260.3
	0.58
	0.60

	SE m+
	3.89
	3.71
	5.97
	6.39
	10.61
	10.75
	0.017
	0.014

	CD (p=0.05) 
	11.26
	10.77
	17.52
	18.68
	30.55
	31.29
	0.051
	0.042
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