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Abstract:
This manuscript offers valuable insights into how mulching and agronomic zinc fortification can enhance maize growth and yield under rainfed conditions by improving soil moisture conservation and nutrient availability. The study findings will provide practical recommendations for optimizing maize production through effective moisture and micronutrient management in the agro-climatic conditions of Central Uttar Pradesh. Maize is a key staple and industrial crop in India, but its productivity is often restricted by micronutrient deficiencies particularly zinc and moisture stress under rainfed farming. Techniques like mulching and agronomic zinc fortification help conserve soil moisture and boost nutrient availability, thereby enhancing crop growth and resilience. The field experiment was conducted during kharif season of 2023 and 2024 at Students’ Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur Uttar Pradesh, India, to evaluate the influence of mulching practices and agronomic zinc fortification on the growth behavior and yield of Kharif maize (Zea mays L.) under the agro-climatic conditions of Central Uttar Pradesh. The experiment was laid out in a Split Plot Design with 3 treatments of mulching practices in main plots and 7 treatments of agronomic zinc fortification assigned to the sub-plots, making a total of 21 treatment combinations, each replicated three times. The results showed that  Straw Mulch (M2) and Zinc treatment (Z5) at 45 days after sowing (DAS) demonstrated superior performance, producing the tallest plant, highest dry matter accumulation, maximum leaf area index and grain yield while plant population remain non significant across the all treatments. On the basis of two years finding, it is recommended that (M2) straw mulch and application of (Z5) RDF + Seed soaking with Zn + soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal + foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 %) at 45 days after sowing (DAS) is effective for higher yield and profit in Kharif maize under rainfed condition of central Uttar Pradesh. The interaction effect (A×B) between mulching and zinc fortification was found to be non-significant in both years and pooled data.
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1. Introduction
“Maize (Zea mays L.) is the world’s most important food crop grown in diverse seasons and different ecosystem. It is known as queen of cereals because of its maximum genetic yield potential among food grain. In India, maize occupies about 11.2 million hectares with an annual production of 42.28 million tonnes” (Anonymous, 2024–25). It serves as a multipurpose crop used for food, feed, fodder, and industrial raw material, thereby offering great potential for value addition. The grain is consumed by both humans and livestock, while the stover provides an important source of fodder. Presently, maize utilization in India is distributed as poultry-pig-fish feed (52%), human diet (24%), cattle feed (11%), and seed and brewery industry (1%). Nutritionally, maize contains 7.7–14.6% protein, 69.7–74.5% carbohydrates, 3.2–7.7% fat, 0.8–2.3% crude fiber, and 0.7–1.3% ash, making it a valuable source of energy and nutrients.
Human health depends on at least 22 essential mineral elements, which should be supplied through a balanced diet. However, over 60% of the world’s population suffers from deficiencies in key minerals such as iron, over 30% in zinc, 30% in iodine, and 15% in selenium. Calcium, magnesium, and copper deficiencies are also common globally, affecting both developed and developing countries. Mineral malnutrition poses a serious global challenge, contributing to impaired growth, immunity, and cognitive development. Fortunately, this crisis can be mitigated through dietary diversification, mineral supplementation, food fortification, and biofortification—enhancing mineral content in edible crops. Among these, iron and zinc deficiencies have garnered particular attention due to their widespread prevalence and adverse effects on both human health and agricultural productivity (Cakmak et al., 2010). Zinc (Zn) deficiency occurs widely in both crops and humans (White and Zasoski, 1999). In soil, Zn deficiency not only reduces grain yield but also decreases the nutritional quality of the produce, ultimately affecting human nutrition (Cakmak, 2008). Globally, zinc is recognized as the fifth major nutrient deficiency after protein-calorie, iron, vitamin A, and iodine (Prasad, 2003; Hotz and Brown, 2004), affecting millions of hectares of cropland and approximately one-third of the human population. In humans, zinc is essential for physical growth, immune function, reproductive health, sensory function, and neurobehavioral development (Hotz and Brown, 2004). In plants, Zn functions as a cofactor in several enzymes involved in carbohydrate metabolism, protein synthesis, auxin regulation, pollen formation, and maintaining cell membrane integrity (Marschner, 1995). It also plays a role in gene expression related to stress tolerance, including tolerance to high light intensity and temperature (Cakmak, 2000).
This manuscript offers valuable insights into how mulching and agronomic zinc fortification can enhance maize growth and yield under rainfed conditions by improving soil moisture conservation and nutrient availability. The study findings will provide practical recommendations for optimizing maize production through effective moisture and micronutrient management in the agro-climatic conditions of Central Uttar Pradesh. Zinc deficiency has become widespread under intensive cropping systems, ranking next to nitrogen in terms of limiting crop productivity (Choudhary et al., 2022). Continuous use of high-analysis fertilizers without micronutrient supplementation, along with neglect of organic manures and crop residues particularly in neutral to alkaline soils has exacerbated Zn deficiency, leading to significant reductions in crop yield. The availability of zinc in soil is influenced by pH, organic matter content, and soil texture, highlighting the importance of proper zinc management for sustainable crop production (Jangir et al., 2014). Among the various agro-techniques, balanced and adequate supply of nutrients is major key factor for harnessing higher production per unit land area. “Agronomically, zinc can be applied via soil, seed treatment, foliar spray and seed priming or by dipping seedlings into a fertilizer solution. Micronutrient seed treatment helps to have good crop stand, improves crop growth, yield and enrich the grains with micronutrient. Seed treatment is advantageous because it is economically convenient as micronutrient requirement for biofortification is less. Seed treatment is a good option in comparison to soil application, as the requirement of nutrients is reduced. Zinc can be soil applied through broadcasting or banding below seed. Zinc foliar application is promising to enrich zinc in the seed” (Ladumor et al., 2020). The main objective of the study was to assess the effect of mulching and zinc fortification on growth and yield of maize (Zea mays L.) under Rainfed Conditions in Central Uttar Pradesh.
2. Materials and Methods
[bookmark: _Hlk211638890]During the Kharif season of 2023 and 2024, a field experiment was conducted at the Students’ Instructional Farm, Department of Agronomy, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur Uttar Pradesh, India, The soil of experimental plot was sandy loam, having a slightly alkaline soil reaction (initial pH- 7.8 in 2023 and 7.7 in 2024), electrical conductivity (initial 0.5 dSm-1in 2023 and 2024), low in available nitrogen (initial 190.40 kg ha⁻¹in 2023 and 194.25 in 2024), low in available phosphorus (initial 13.50 kg ha⁻¹in 2023 and 14.28 in 2024) and medium in available potassium (initial 209.45 kg ha⁻¹in 2023 and 211.25 kg ha⁻¹in 2024). The experimental field was ploughed followed by harrowing to create a fine seedbed and to ensure good seed to soil contact. Sowing of hybrid maize seeds variety Dekalb900 Gold were sown on 20th July 2023 and 18th July 2024 with a spacing of 50 cm × 20 cm. The experiment was laid out in a Split Plot Design with 3 treatments in main plot and 7 treatments in sub plot which make 21 treatments combinations and replicate 3 times. The treatments were (M1) No Mulch, (M2) Straw Mulch (Locally available straw @ 5 t ha-1) and Dust Mulch (M3) in main plot and (Z1) Control - 100 RDF @120:60:40 NPK kg/ha, (Z2) RDF + Soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 days after sowing (DAS), (Z3) RDF + Soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 day  after sowing (DAS), (Z4) RDF + Soil application of ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 day after sowing (DAS), (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 days after sowing (DAS), (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 days after sowing (DAS) and (Z7) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O) at 45 days after sowing (DAS) in sub plot of experimental field. In case of Straw mulch locally available straw spread 5 cm height on soil, create a film of mulch and to Dust mulch, create a soil layer with the help of Khurpi. Two life saving irrigation is given in 2023 of experiment while in 2024 no need of irrigation due to sufficient rainfall. The crop was harvested at 105 to 110 DAS. Plant growth parameters viz. plant population (m2), plant height (cm), dry matter accumulation (g/plant) and leaf area index at 30, 60 and 90 DAS were measured at a regular interval from date of sowing to till the harvest. Five plants were randomly selected in each net plot and tagged. The plant height of these selected plants was measured with the help of meter scale from ground level to the tip of the newly emerged leaf before tasseling while after tasseling it was measured from ground level up to the ligule of the upper most fully opened leaf.  Average plant height at each growth stage (30, 60 and at 90 DAS) was worked out in cm. Leaf area index was measured directly with the help of plant canopy meter model no. LP-80 Accu PAR from each plot at three different places and then average were worked out at 30, 60 and 90 DAS. Total shoot dry matter accumulation was recorded at 30, 60 and 90 DAS. Samples were dried at 65 ± 2 oC to attain constant weight and average dry weight was calculated and expressed in grams per plant. After threshing and winnowing, weight of grain produce of each plot was done on pan balance and figures obtained were recorded as grain yield in kg plot-1 area. Yield tonnes hectare-1 was recorded with the help of multiplication factor. The observed data was statistically analyzed using analysis of variance (ANOVA) as applicable to Split Plot Design.
NOTE- Seed of maize are soaking with zinc (1% ZnSO₄•7H₂O •7H₂O solution) in the slurry of FYM for 24 hours.
3. Results and Discussion
3.1 Vegetative growth parameters
3.1.1 Plant Population (m2)
The result on maize plant population as influenced by different mulch and zinc fortification treatments at 20 DAS (initial) and at harvest (final) during 2023, 2024 and pooled basis are presented in Table 1.
Both initial and final plant populations were found to be statistically non-significant under different mulch and zinc fortification treatments, indicating uniform crop establishment and minimal plant mortality across treatments.
Among mulch treatments, straw mulch (M2) maintained the highest initial (10, 10 and 10 plants m⁻²) and final plant population (10, 9.95 and 9.98 plants m⁻² during 2023, 2024 and pooled, respectively), followed closely by dust mulch (M3: 9.95, 10 and 9.98; 9.90, 9.86 and 9.88) and no mulch (M1: 10, 9.86 and 9.93; 9.86, 9.76 and 9.81), which were statistically at par. The higher plant population under straw and dust mulch could be attributed to moderated soil temperature and reduced moisture stress during early crop growth, which helped in better seedling survival.
In case of zinc fortification, the initial and final plant population remained largely unaffected, with treatments such as Z2, Z5, Z6, and Z7 maintaining near-optimal plant stand (initial: 10, 10 and 10; final: 10, 9.89–10 and 9.94–10 plants m⁻²) and remaining statistically at par with each other and with the control (Z1). This indicated that zinc application, whether through soil, foliar, or seed treatment, did not influence plant population directly but primarily affected subsequent growth and physiological traits.
The interaction effect of mulch and zinc fortification on both initial and final plant population was also found non-significant in both years and pooled analysis, suggesting that independent contributions of mulch and zinc fortification did not interact to affect plant stand. Overall, the results indicate that uniform crop establishment was achieved across all treatments.
3.1.2 Plant Height (cm)
The results on plant height of maize as influenced by different mulch and zinc fortification treatments at 30, 60 and 90 DAS during 2023, 2024 and pooled basis are presented in Table 2. 
At 30 DAS, the effect of mulch and zinc fortification treatments remained non-significant across both the years and pooled data, indicating uniformity in crop establishment. However, significant variation was observed from 60 DAS onwards due to both mulch and zinc fortification practices.
Among mulch treatments, straw mulch (M2) recorded the tallest plants (178.34, 179.15 and 178.75 cm at 60 DAS; 198.82, 199.68 and 199.25 cm at 90 DAS during 2023, 2024 and pooled, respectively). It was significantly superior to no mulch (M1: 157.53, 158.27 and 157.90 cm at 60 DAS; 178.10, 177.97 and 177.54 cm at 90 DAS), but remained statistically at par with dust mulch (M3: 171.47, 172.33 and 171.90 cm at 60 DAS; 195.18, 196.00 and 195.59 cm at 90 DAS). The positive effect of straw mulch can be attributed to improved soil moisture conservation, reduced evaporation, moderated soil temperature, and favorable microclimate, which collectively enhanced plant growth. These finding supported by Din et al. (2013) found that “maximum plant height of maize was recorded under wheat mulch followed by berseem mulch and minimum in no-mulch”. “Paddy straw mulch recorded significantly higher plant height over the dust mulch and no mulch”, Rajput et al. (2014).
In case of zinc fortification, significant differences were observed from 60 DAS onwards. At 60 DAS, the maximum plant height was recorded under (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) (173.77, 174.64 and 174.21 cm during 2023, 2024 and pooled, respectively), followed closely by (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) (172.37, 173.13 and 172.75 cm). These treatments were statistically at par with each other, but significantly superior over the (Z1) Control - 100 RDF @120:60:40 NPK kg ha⁻¹ (156.84, 157.87 and 157.36 cm). At 90 DAS also, (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS)  (205.53, 206.44 and 205.99 cm) maintained its superiority and was at par with (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) (203.19, 204.08 and 203.64 cm), while both outperformed all other zinc treatments. This indicated the crucial role of zinc in promoting cell elongation, enzyme activation, and photosynthetic efficiency, thereby supporting better vegetative growth. These finding supported by Yasin et al. (2017) concluded that foliar spray of 1% zinc at eight leaf stage recorded significantly higher plant height (151.83 cm) which was statistically at par with 1.5% foliar spray of zinc. Begum et al. (2018) revealed that soil application of 10 kg ha-1 zinc recorded significantly highest plant height (175.69 cm) in fodder maize. Singh et al. (2019a) concluded that soil application of 25 kg ha-1 zinc + 0.5% foliar spray of zinc at knee high, tasseling and grain filling stage recorded significantly higher plant height (209.02 cm) which was at par with soil application of 25 kg ha-1 zinc + 0.5% foliar spray of zinc at tasseling and grain filling stage. Lone et al. (2022) concluded that soil application of 15 kg ha-1 zinc sulphate + 0.5% foliar spray of zinc sulphate at knee high stage recorded significantly highest plant height (218.99 cm) as compared to other treatments. Kathula et al. (2023) reported that soil application of 25 kg ha-1 ZnSO₄•7H₂O •7H₂O .7H2O recorded significantly highest plant height (253 cm) as compared to other treatments of zinc. 
The interaction effect of mulch and zinc fortification was found non-significant at all crop growth stages during both the years and pooled analysis, showing that the independent contribution of mulch and zinc fortification was more dominant in influencing plant height than their combined interaction.
3.1.3 Dry Matter Accumulation (g plant⁻¹)
The data on dry matter accumulation (g plant⁻¹) of maize as influenced by different mulch and zinc fortification treatments at 30, 60 and 90 DAS during 2023, 2024 and pooled basis are presented in Table 3.
At 30 DAS, the effect of both mulch and zinc fortification treatments was non-significant, indicating uniform crop establishment. However, from 60 DAS onwards, significant differences were observed due to both treatments, reflecting their role in promoting vegetative growth and biomass production.
Among mulch treatments, straw mulch (M2) recorded the highest dry matter accumulation at all growth stages (147.91, 154.65 and 151.28 g at 60 DAS; 260.27, 261.82 and 261.04 g at 90 DAS during 2023, 2024 and pooled, respectively), significantly surpassing no mulch (M1: 118.03, 123.42 and 120.73 g at 60 DAS; 217.88, 218.89 and 218.38 g at 90 DAS), but remaining statistically at par with dust mulch (M3: 139.08, 145.42 and 142.25 g at 60 DAS; 250.58, 252.34 and 251.46 g at 90 DAS). The superior DMA under straw mulch could be attributed to better soil moisture retention, moderated soil temperature, reduced weed competition, and improved nutrient availability, all of which favor enhanced photosynthetic efficiency and biomass accumulation. These finding supported by Bhatt et al. (2004) conducted a field experiment on maize and reported that “dry matter production with paddy straw mulch was higher by 138% than the dry matter production from no mulch plots”. “Paddy straw mulch recorded significantly higher dry matter accumulation plant-1 over the dust mulch and no mulch”, Rajput et al. (2014). 
Regarding zinc fortification, the highest DMA was recorded under (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) (143.17, 149.70 and 146.44 g at 60 DAS; 273.43, 275.60 and 274.51 g at 90 DAS), followed closely by (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) : 141.47, 147.92 and 144.69 g at 60 DAS; 268.10, 269.96 and 269.03 g at 90 DAS), which were statistically at par with each other but significantly superior to the (Z1) Control - 100 RDF @120:60:40 NPK kg ha⁻¹(124.90, 130.60 and 127.75 g at 60 DAS; 206.04, 206.92 and 206.48 g at 90 DAS). The intermediate zinc treatments (Z2, Z3, Z4, Z7) also enhanced DMA compared to control but were less effective than Z5 and Z6. This indicates the critical role of zinc in enzymatic activity, chlorophyll synthesis, and cell elongation, which collectively enhance biomass accumulation. These finding supported by Patil et al. (2017) revealed that soil application of 15 kg ha-1 ZnSO₄•7H₂O •7H₂O  + 7.5 t ha-1 enriched maize residue compost recorded significantly higher dry matter (326.38 g plant-1) which was at par with soil application of 10 kg ha-1 ZnSO₄•7H₂O •7H₂O  + 7.5 t ha-1 enriched farmyard manure and soil application of 15 kg ha-1 ZnSO₄•7H₂O •7H₂O + 7.5 t ha-1 enriched maize compost. Singh et al. (2019a) concluded that soil application of 25 kg ha-1 zinc + 0.5% foliar spray of zinc at knee high, tasseling and grain filling stage recorded significantly higher dry matter accumulation (128.55 g plant-1) which was found to be at par with soil application of 25 kg ha-1 zinc + 0.5% foliar spray of zinc at tasseling and grain filling stage and soil application of 25 kg ha-1 zinc + 0.5% foliar spray of zinc at knee height and tasseling. Lone et al. (2022) concluded that soil application of 15 kg ha-1 zinc sulphate + foliar spray of 0.5% zinc sulphate at knee high stage recorded significantly higher dry matter (123.41 q ha-1) which was statistically at par with soil application of 20 kg ha-1 zinc sulphate. Kathula et al. (2023) reported that soil application of 25 kg ha-1 ZnSO₄•7H₂O •7H₂O .7H2O recorded significantly highest dry matter accumulation (1679 g m-2) as compared to other treatments of zinc.
The interaction effect of mulch and zinc fortification on DMA was non-significant at all stages during both years and pooled analysis, suggesting that their independent contributions were more influential in enhancing plant biomass than their combined effect. Overall, the application of straw mulch and seed-soaked zinc treatments significantly improved dry matter accumulation, supporting better crop growth and productivity.
3.1.4 Leaf Area Index
The data on leaf area index (LAI) of maize as influenced by different mulch and zinc fortification treatments at 30, 60 and 90 DAS during 2023, 2024 and pooled basis are presented in Table 4.
At 30 DAS, the effect of both mulch and zinc fortification treatments remained non-significant, indicating uniformity in early crop canopy development. However, significant variation was observed from 60 DAS onwards.
Among mulch treatments, straw mulch (M2) recorded the highest LAI (3.22, 3.24 and 3.23 at 60 DAS; 2.20, 2.21 and 2.21 at 90 DAS during 2023, 2024 and pooled, respectively), which was significantly superior to no mulch (M1: 2.85, 2.86 and 2.86 at 60 DAS; 1.94, 1.95 and 1.94 at 90 DAS) but remained statistically at par with dust mulch (M3: 3.04, 3.05 and 3.04 at 60 DAS; 2.10, 2.11 and 2.10 at 90 DAS). The improved LAI under straw and dust mulch can be attributed to better soil moisture conservation, moderated soil temperature, and improved nutrient availability, which collectively enhanced leaf expansion and canopy development. These finding supported by Ram et al. (2013) reported that “application of rice straw @ 6 t ha-1 recorded significantly highest leaf area index, effective tillers m-2, spike length (cm), grains spike-1, 1000-grain weight (g) of wheat as compared to rice straw @ 4 t ha-1, rice straw @ 2 t ha-1and no mulch”. “Paddy straw mulch recorded significantly higher number of leave plant-1 over the dust mulch and no mulch”, Rajput et al. (2014). (143.17, 149.70 and 146.44 g at 60 DAS; 273.43, 275.60 and 274.51 g at 90 DAS), followed closely by (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) : 141.47, 147.92 and 144.69 g at 60 DAS; 268.10, 269.96 and 269.03 g at 90 DAS), which were statistically at par with each other but significantly superior to the (Z1) Control - 100 RDF @120:60:40 NPK kg/ha
In case of zinc fortification, (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS)  produced the maximum LAI (3.18, 3.20 and 3.19 at 60 DAS; 2.23, 2.24 and 2.24 at 90 DAS), followed closely by (Z6) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) (3.16, 3.18 and 3.17; 2.21, 2.22 and 2.21 respectively). These treatments were statistically at par with each other but significantly superior to the (Z1) Control - 100 RDF @120:60:40 NPK kg ha⁻¹(2.74, 2.75 and 2.74; 1.85, 1.86 and 1.85). Intermediate treatments (Z2, Z3, Z4, Z7) recorded moderate LAI values, reflecting the positive role of zinc in promoting leaf expansion, chlorophyll synthesis, and photosynthetic activity, thereby supporting better canopy development. These finding supported by Palai et al. (2017) revealed that soil application with 6 kg ha-1 zinc along with 0.05% foliar spray of zinc at 25 DAS recorded significantly higher leaf area index (4.00) which was found to be at par with seed treatment with 0.6% zinc along + foliar spray of 0.05% zinc at 25 days after sowing. Lone et al. (2022) concluded that soil application with 15 kg ha-1 zinc sulphate+ foliar spray of 0.5% zinc sulphate at knee high stage recorded significantly higher leaf area index (5.52) at 75DAS which was statistically at par with soil application of 20 kg ha- 1 zinc. Chatta et al. (2017) performed a field experiment to study the influence of Zinc on growth and yield of maize hybrid under skipping irrigations at different growth stages and showed that that application of Zinc @ 27 kg ha-1 gave maximum leaf area index (5.16), crop growth rate (20.26 g m-2 day-1), 1000-grain weight (255.03 g), grain yield (5.64 t ha-1 ) and harvest index (34.5%) than lower doses of Zinc viz 9, 18 kg ha-1 and minimum was recorded for control treatment.
The interaction effect of mulch and zinc fortification was found non-significant at all growth stages during both the years and pooled analysis, indicating that the independent contributions of mulch and zinc fortification were more influential in increasing LAI than their combined effect.
3.2 Grain Yield (t ha-1)
Grain yield was significantly influenced by both mulching and zinc fortification practices presented in (depicted in Fig. 1).
[bookmark: _GoBack]Among the mulching treatments, the highest grain yield was observed under M₂: Straw Mulch (pooled 7.135 t ha⁻¹). This was statistically at par with M₃: Dust Mulch (pooled 6.96 t ha⁻¹), but both were significantly superior to M₁: No Mulch (pooled 6.15 t ha⁻¹). This indicates that mulching with straw or dust effectively conserved soil moisture and nutrients, resulting in higher grain yield compared to no mulch, while the difference between straw and dust mulch was not statistically significant. Rajput et al. (2014) was recorded “highest grain yield with the application of paddy straw mulching and followed by green weed mulch and dust mulch. All the mulching treatments produced significantly higher grain yield than control, however dust mulch and no mulch at par with each other”.
With respect to zinc fortification, the maximum grain yield was recorded under Z₅: RDF + Seed Soaking with Zn + ZnSO₄•7H₂O  @ 25 kg ha⁻¹soil application + foliar spray of 0.5% ZnSO₄•7H₂O  (pooled 7.49 t ha⁻¹), which was statistically at par with Z₆: RDF + Seed Soaking with Zn + ZnSO₄•7H₂O  @ 20 kg ha⁻¹(pooled 7.42 t ha⁻¹) and Z₂: RDF + ZnSO₄•7H₂O  @ 25 kg ha⁻¹soil application + foliar spray (pooled 7.12 t ha⁻¹). These three treatments were significantly superior to Z₇ (pooled 6.85 t ha⁻¹), Z₃ (pooled 6.76 t ha⁻¹) and Z₄ (pooled 6.36 t ha⁻¹), while the lowest yield was obtained under Z₁: Control (pooled 5.23 t ha⁻¹). This clearly shows that seed soaking combined with higher ZnSO₄•7H₂O  application (Z₅ and Z₆) maximized grain yield, while simple RDF without zinc supplementation produced the lowest yield. These findings, supported by Singh et al. (2019a) revealed that soil application with 25 kg ha-1 zinc + 0.5% foliar spray of zinc at knee high, tasseling and grain filling stage recorded significantly higher grain yield (52.78 q ha-1) which was statistically at par with soil application with 25 kg ha-1 zinc + 0.5% foliar spray of zinc at knee high and tasseling stage.
The interaction effect (A×B) between mulching and zinc fortification was found to be non-significant in both years and pooled data, indicating that the beneficial effect of zinc fortification on grain yield remained consistent across all mulching practices.








[bookmark: _Hlk178359000]Table: 1 Effect of treatments on plant population (m2) of kharif Maize
	Treatments
	Initial Plant Population at 20 DAS (m2)
	Final Plant Population (m2)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	[bookmark: _Hlk178184997]M1 No Mulch
	10
	9.86
	9.93
	9.86
	9.76
	9.81

	M2 Straw Mulch
	10
	10
	10
	10
	9.95
	9.98

	M3 Dust Mulch
	9.95
	10
	9.98
	9.90
	9.86
	9.88

	SE(m) ±
	0.03
	0.05
	0.03
	0.07
	0.08
	0.05

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	9.89
	9.78
	9.83
	9.78
	9.56
	9.67

	Z2 RDF + ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	10.00
	10.00
	10.00
	10.00
	10.00
	10.00

	Z3 RDF + ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	10.00
	10.00
	10.00
	9.89
	9.78
	9.83

	Z4 RDF + ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	10.00
	9.89
	9.94
	9.78
	9.78
	9.78

	Z5 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	10.00
	10.00
	10.00
	10.00
	9.89
	9.94

	Z6 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	10.00
	10.00
	10.00
	10.00
	10.00
	10.00

	Z7 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	10.00
	10.00
	10.00
	10.00
	10.00
	10.00

	SE(m) ±
	0.04
	0.10
	0.05
	0.08
	0.14
	0.09

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS

	Interaction (A x B)

	SE(m) ±
	0.07
	0.17
	0.09
	0.14
	0.25
	0.16

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS






Table: 2 Effect of treatments on Plant Height (cm) of kharif Maize
	
Treatments
	Plant Height (cm)

	
	30 DAS
	60 DAS
	90 DAS

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	65.67
	65.83
	65.75
	157.53
	158.27
	157.90
	178.10
	177.97
	177.54

	M2 Straw Mulch
	67.02
	67.17
	67.09
	178.34
	179.15
	178.75
	198.82
	199.68
	199.25

	M3 Dust Mulch
	66.74
	66.88
	66.81
	171.47
	172.33
	171.90
	195.18
	196.00
	195.59

	SE(m) ±
	1.78
	1.79
	1.79
	3.85
	3.84
	3.84
	4.26
	4.32
	4.29

	CD (P=0.05)
	NS
	NS
	NS
	15.11
	15.09
	15.10
	16.73
	16.98
	16.85

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	64.84
	64.97
	64.91
	156.84
	157.87
	157.36
	162.39
	163.42
	162.90

	Z2 RDF + ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	66.86
	66.99
	66.92
	171.34
	172.09
	171.71
	196.99
	197.83
	197.41

	Z3 RDF + ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	66.32
	66.48
	66.40
	170.23
	170.92
	170.57
	190.00
	190.77
	190.39

	Z4 RDF + ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	65.87
	66.00
	65.94
	168.86
	169.59
	169.23
	182.29
	182.97
	182.63

	Z5 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	67.50
	67.64
	67.57
	173.77
	174.64
	174.21
	205.53
	206.44
	205.99

	Z6 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	67.29
	67.45
	67.37
	172.37
	173.13
	172.75
	203.19
	204.08
	203.64

	Z7 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	66.64
	66.80
	66.72
	170.39
	171.17
	170.78
	192.18
	192.98
	192.58

	SE(m) ±
	1.40
	1.40
	1.40
	3.48
	3.50
	3.49
	4.10
	4.10
	4.10

	CD (P=0.05)
	NS
	NS
	NS
	9.99
	10.05
	10.02
	11.77
	11.77
	11.77

	Interaction (A x B)

	SE(m) ±
	2.42
	2.42
	2.42
	6.03
	6.07
	6.05
	7.11
	7.11
	7.11

	[bookmark: _Hlk176256098]CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS





Table:3 Effect of treatments on Dry Matter Accumulation (g plant-1) of kharif Maize
	
Treatments
	Dry Matter Accumulation
(g plant-1)

	
	30 DAS
	60 DAS
	90 DAS

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	12.16
	12.20
	12.18
	118.03
	123.42
	120.73
	217.88
	218.89
	218.38

	M2 Straw Mulch
	13.69
	13.74
	13.71
	147.91
	154.65
	151.28
	260.27
	261.82
	261.04

	M3 Dust Mulch
	13.49
	13.57
	13.53
	139.08
	145.42
	142.25
	250.58
	252.34
	251.46

	SE(m) ±
	0.29
	0.30
	0.30
	3.24
	3.39
	3.31
	5.48
	5.50
	5.49

	CD (P=0.05)
	1.16
	1.16
	1.16
	12.72
	13.30
	13.01
	21.50
	21.60
	21.55

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	12.09
	12.13
	12.11
	124.90
	130.60
	127.75
	206.04
	206.92
	206.48

	Z2 RDF + ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	13.44
	13.53
	13.48
	138.65
	144.97
	141.81
	253.32
	254.97
	254.15

	Z3 RDF + ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	12.89
	12.95
	12.92
	131.92
	137.93
	134.92
	236.77
	238.29
	237.53

	Z4 RDF + ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	12.46
	12.48
	12.47
	129.16
	135.05
	132.11
	221.61
	222.71
	222.16

	Z5 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	13.98
	14.02
	14.00
	143.17
	149.70
	146.44
	273.43
	275.60
	274.51

	Z6 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS 
	13.88
	13.96
	13.92
	141.47
	147.92
	144.69
	268.10
	269.96
	269.03

	Z7 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	13.05
	13.10
	13.08
	135.78
	141.97
	138.87
	241.09
	241.98
	241.54

	SE(m) ±
	0.28
	0.28
	0.28
	2.79
	2.92
	2.85
	5.22
	5.25
	5.23

	CD (P=0.05)
	0.80
	0.80
	0.80
	8.00
	8.36
	8.18
	14.96
	15.06
	15.01

	Interaction (A x B)

	SE(m) ±
	0.49
	0.49
	0.49
	4.83
	5.05
	4.94
	9.03
	9.09
	9.06

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS





Table:4 Effect of treatments on Leaf Area Index of kharif Maize
	
Treatment
	Leaf Area Index

	
	30 DAS
	60 DAS
	90 DAS

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	1.09
	1.09
	1.09
	2.85
	2.86
	2.86
	1.94
	1.95
	1.94

	M2 Straw Mulch
	1.14
	1.14
	1.14
	3.22
	3.24
	3.23
	2.20
	2.21
	2.21

	M3 Dust Mulch
	1.13
	1.13
	1.13
	3.04
	3.05
	3.04
	2.10
	2.11
	2.10

	SE(m) ±
	0.03
	0.03
	0.03
	0.07
	0.07
	0.07
	0.05
	0.05
	0.05

	CD (P=0.05)
	NS
	NS
	NS
	0.27
	0.27
	0.27
	0.19
	0.19
	0.19

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	1.06
	1.06
	1.06
	2.74
	2.75
	2.74
	1.85
	1.86
	1.85

	Z2 RDF + ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.13
	1.14
	1.13
	3.10
	3.12
	3.11
	2.14
	2.15
	2.14

	Z3 RDF + ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.11
	1.12
	1.11
	3.04
	3.05
	3.05
	2.06
	2.07
	2.07

	Z4 RDF + ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.09
	1.10
	1.09
	2.97
	2.98
	2.97
	1.98
	1.98
	1.98

	Z5 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.16
	1.16
	1.16
	3.18
	3.20
	3.19
	2.23
	2.24
	2.24

	Z6 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 20 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.15
	1.15
	1.15
	3.16
	3.18
	3.17
	2.21
	2.22
	2.21

	Z7 RDF + Seed Soaking with Zn, ZnSO₄•7H₂O •7H₂O  @ 15 kg ha⁻¹soil application and foliar spray of 0.5 % ZnSO₄•7H₂O •7H₂O  at 45 DAS
	1.12
	1.12
	1.12
	3.06
	3.07
	3.07
	2.09
	2.09
	2.09

	SE(m) ±
	0.02
	0.02
	0.02
	0.06
	0.06
	0.06
	0.04
	0.04
	0.04

	CD (P=0.05)
	NS
	NS
	NS
	0.18
	0.18
	0.18
	0.13
	0.13
	0.13

	Interaction (A x B)

	SE(m) ±
	0.04
	0.04
	0.04
	0.11
	0.11
	0.11
	0.08
	0.08
	0.08

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS





Fig.1 Effect of mulching practices and agronomic zinc fortification on grain yield (pooled) in kharif maize.

4. Conclusion
Research showed that using the (M2) Straw mulch and (Z5) RDF + Seed soaking with Zn, soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal and foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 % ZnSO₄•7H₂O •7H₂O ) at 45 days after sowing (DAS) were the best treatments, greatly enhancing important aspects of plant growth viz. plant height, dry matter accumulation, leaf area index and similar observation is also recorded for yield that shows positive correlation between growth parameters and yield performance, suggesting that enhanced vegetative growth contributes directly to increased productivity. This combined method successfully increased the plant health and productivity, outperforming the other tested options. On the basis of two years finding, it is recommended that (M2) straw mulch and application of (Z5) RDF + Seed soaking with Zn + soil application of ZnSO₄•7H₂O •7H₂O  @ 25 kg ha⁻¹as basal + foliar spray of ZnSO₄•7H₂O •7H₂O  (0.5 %) at 45 days after sowing (DAS) is effective for higher yield and profit in Kharif maize under condition of central Uttar Pradesh.
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