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Abstract:
Application of mulch improves soil moisture, fertility, and crop growth, while zinc fortification enhances plant physiological functions, yield, and grain quality. The combined use of these practices can synergistically improve maize performance. The field experiment was conducted during the Kharif seasons of 2023 and 2024 at the Students’ Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, Uttar Pradesh, India. The study evaluated the influence of mulching practices and agronomic zinc fortification on the physio-chemical properties of soil after Kharif maize (Zea mays L.) cultivation. The experiment was laid out in Split Plot Design (SPD), with three treatments assigned to the main plots and seven treatments to the subplots, resulting in 21 treatment combinations. Each treatment combination was replicated three times. This design was adopted to efficiently manage treatments as mulching practices, where no mulch, straw mulch and dust mulch are assigned across larger plots, while zinc fortification levels are easier to apply to smaller subplots, facilitating precise comparison of treatment effects while optimizing experimental resources. Result revealed that treatment (M2) Straw Mulch (5 tonn/ha) in main plot demonstrated superior performance, maximum organic carbon (0.53 % pooled after maize harvest), available N, P2O5 (220 and 16.75 kg/ha pooled respectively) and Zn (0.81 mg/kg soil pooled after maize harvest), while Available K2O, Bulk Density, Particle Density, pH and EC remain non significant across the all main plot treatments and all sub plot treatments show non significant to all observed soil parameter except available zinc which is maximum (0.82 mg/kg soil) in (Z5) RDF + Seed soaking with Zn, soil application of ZnSO4 @ 25 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 days after sowing (DAS). Research showed that using the (M2) Straw mulch was the best treatment, greatly enhancing important aspects of chemical properties of soil viz. available soil organic carbon, nitrogen, phosphorus and zinc.
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1. Introduction
Maize (Zea mays L.) is the world’s most important food crop, cultivated across diverse seasons and ecosystems. It is popularly referred to as the “queen of cereals” due to its maximum genetic yield potential among food grains. Apart from being a staple food, maize also serves as a vital industrial raw material and offers immense scope for value addition. In India, it is cultivated over 11.2 million hectares with a production of 42.28 million tonnes (Anonymous, 2024-25). The grain is consumed by both humans and livestock, while the stover serves as a major source of fodder. Current consumption trends in India indicate that maize is primarily utilized for poultry–pig–fish feed (52%), followed by human diet (24%), cattle feed (11%), and seed and brewery industries (1%). Nutritionally, maize is rich, containing protein (7.7–14.6%), crude fiber (0.8–2.32%), carbohydrates (69.7–74.5%), fats (3.2–7.7%), and ash (0.7–1.3%). Human health requires at least 22 essential mineral elements, which are ideally supplied through a balanced diet. However, global statistics reveal that over 60% of the population is iron (Fe) deficient, more than 30% is zinc (Zn) and iodine (I) deficient, and around 15% faces selenium (Se) deficiency. Deficiencies of calcium (Ca), magnesium (Mg), and copper (Cu) are also common in both developed and developing nations. Mineral malnutrition is thus considered one of the most pressing global challenges, though it is largely preventable. Possible interventions include dietary diversification, mineral supplementation, food fortification, and biofortification (enhancing mineral concentrations in edible crops). Among these study iron and zinc deficiencies have received greater attention due to their adverse impacts on food production and human health. Zinc deficiency is widespread, affecting both crops and humans. In soils, Zn deficiency not only reduces grain yield but also diminishes nutritional quality, thereby lowering the dietary value of food crops. (Cakmak et al., 2010). Zn is an essential nutrient in many crops. It is responsible for many metabolic processes that promotes the phytomorphogenesis and yield in crops. This is an innovative study which seek not only to elucidate the trade-off of tedious cultural practices but also to bring out the ecophyhsiological impact of such practices.  Zinc deficiency is widespread, affecting both crops and humans (White & Zasoski, 1999). In soils, Zn deficiency not only reduces grain yield but also diminishes nutritional quality, thereby lowering the dietary value of food crops (Cakmak, 2008). Zn deficiency has now been recognized as the fifth major nutrient disorder after protein-calorie malnutrition, iron, vitamin A, and iodine deficiencies (Prasad, 2003; Hotz & Brown, 2004). Millions of hectares of agricultural land are Zn-deficient, and nearly one-third of the global human population suffers from inadequate Zn intake. Zinc plays a critical role in human physiology, being essential for growth, immune function, reproductive health, sensory perception, and neurobehavioral development (Hotz & Brown, 2004). In plants, Zn-dependent enzymes regulate carbohydrate metabolism, protein synthesis, membrane integrity, auxin synthesis, and pollen formation (Marschner, 1995). Furthermore, Zn contributes to the regulation of gene expression associated with stress tolerance under high light intensity and temperature conditions (Cakmak, 2000). Owing to its indispensable role in enzymatic functions, Zn is considered the most important micronutrient for crops. Under intensive cropping systems, its deficiency has become so severe that it now ranks second only to nitrogen deficiency (Choudhary et al., 2022). Continuous and imbalanced use of high-analysis fertilizers without adequate micronutrient supplementation, coupled with the neglect of organic inputs (manures, crop residues, etc.), has aggravated Zn deficiency in Indian soils. This is particularly pronounced in neutral to alkaline soils, resulting in significant yield losses. Zinc availability to crops is influenced by multiple soil factors such as pH, organic matter, and soil texture (Jangir et al., 2014). Among various agronomic strategies, ensuring balanced and adequate nutrient supply is crucial for maximizing crop productivity. Zinc can be applied through soil application, seed treatment, foliar spray, seed priming, or dipping seedlings in Zn solutions. Seed treatment with micronutrients offers multiple advantages: it ensures good crop establishment, improves growth and yield, enhances grain Zn concentration, and is economically feasible since Zn requirements for biofortification are minimal. Compared to soil application, seed treatment requires much lower nutrient quantities. Soil application is generally done through broadcasting or band placement below the seed, while foliar sprays are highly effective for enriching Zn content directly in grains (Ladumor et al., 2020).

2. Materials And Methods
[bookmark: _Hlk211622150]The field experiment was conducted during the Kharif seasons of 2023 and 2024 at the Students’ Instructional Farm, Department of Agronomy, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, Uttar Pradesh, India, to evaluate the effect of mulching practices and agronomic zinc fortification on maize Physio-Chemical Properties of Soil After Cultivation of Kharif Maize. The experimental soil was sandy loam with a slightly alkaline reaction (pH 7.8 in 2023 and 7.7 in 2024), electrical conductivity of 0.5 dS m⁻¹, low in available nitrogen (190.40 kg/ha in 2023; 194.25 kg/ha in 2024), low in available phosphorus (13.50 kg/ha in 2023; 14.28 kg/ha in 2024), and medium in available potassium (209.45 kg/ha in 2023; 211.25 kg/ha in 2024). One deep ploughing followed by harrowing was performed to create a fine seedbed and ensure good seed-to-soil contact. Hybrid maize seeds (variety Dekalb 900 Gold) were sown on 20th July 2023 and 18th July 2024 at a spacing of 50 × 20 cm. The experiment was laid out in a Split Plot Design (SPD) with three main plot treatments (mulching) and seven sub-plot treatments (zinc fortification), resulting in 21 treatment combinations, each replicated three times. The treatments were (M1) No Mulch, (M2) Straw Mulch (Locally available straw @ 5 tonn/ha) and Dust Mulch (M3) in main plot and (Z1) Control - 100 RDF @120:60:40 NPK kg/ha, (Z2) RDF + Soil application of ZnSO4 @ 25 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 days after sowing (DAS), (Z3) RDF + Soil application of ZnSO4 @ 20 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 day  after sowing (DAS), (Z4) RDF + Soil application of ZnSO4 @ 15 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 day after sowing (DAS), (Z5) RDF + Seed soaking with Zn, soil application of ZnSO4 @ 25 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 days after sowing (DAS), (Z6) RDF + Seed soaking with Zn, soil application of ZnSO4 @ 20 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) at 45 days after sowing (DAS) and (Z7) RDF + Seed soaking with Zn, soil application of ZnSO4 @ 15 kg/ha as basal and foliar spray of ZnSO4 (0.5 % ZnSO4) 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 Dust mulch refers to a thin, loose, and dry surface soil layer created by shallow cultivation using a Khurpi (hand hoe) or similar implement. This practice breaks the capillary continuity of the soil, thereby reducing evaporation losses from the soil surface. In this method, the top 5–7 cm of soil is lightly stirred after rainfall or irrigation to produce a fine, dry, and loose layer of soil particles. This “dust mulch” acts as an insulating barrier, minimizing direct contact between moist subsoil and the atmosphere. Consequently, it conserves soil moisture, improves aeration, and helps in maintaining favorable soil temperature for crop growth. A life-saving irrigation was applied at the flowering stage in both years. The crop was harvested at 105–110 DAS. After harvest, physico-chemical soil parameters including bulk density, particle density, pH, EC, organic carbon, available N, P, K, and Zn were measured. Bulk density was determined using the core-ring method (Blake, 1965). Soil samples were collected with a 5 cm × 5 cm core sampler, weighed as moist samples, oven-dried at 105°C for 24 hours, and re-weighed to determine dry bulk density.
The collected data were statistically analyzed using analysis of variance (ANOVA) appropriate for the Split Plot Design. Bulk density was measured using the core-ring method given by Blake (1965). Soil samples were collected using a core sampler (metal cylinder) of 5 cm height and diameter which was pressed into the soil. The cylinder was removed, extracting a sample of known volume of soil followed by recording of moist sample weight. Thereafter sample was dried in an oven at 105°C for 24 hr., till no further changes in weight occurred. Thereby, the oven dried samples were weighed.


Soil pH is the measure of acidity or alkalinity in the soil solution and measured using glass electrode pH meter keeping soil: water in the ratio of 1: 2.5 as described by Jackson (1973). Soil sample (20 g) was weighed and transferred into 100 ml beaker. To this, 40 ml of distilled water was added and stirred with a glass rod. Thereafter the mixture was allowed to stand for half an hour with intermittent stirring.  The glass electrode was immersed in the   soil water suspension in a beaker and pH value was noted with digital pH meter display.
Electrical conductivity (EC) is a measure of the amount of salts present in the soil. Air-dried soil sample (10 g) was taken in a 50 ml beaker and 25 ml of distilled water was added to it. The suspension was stirred at regular interval of 20 to 30 minutes using magnetic stirrer. After one hour of standing soil suspension, E.C was measured with the help of conductivity meter and expressed as dSm-1 as presented by Jackson (1973).
The Organic carbon content of soil sample was determined by Walkely and Black (1934) wet oxidation method. Soil sample of 1 g was taken in a 500 ml Erlenmeyer flask followed by addition of 10 ml of 1 N potassium dichromate solution and 20 ml sulphuric acid. Sample was diluted with 200 ml deionized water and 10 ml of phosphoric acid; 0.2 g ammonium fluoride and 10 drops of diphenylamine indicator were added. Further, sample was titrated with 0.5 N ferrous ammonium sulphate solution until the colour changed from dull green to a turbid blue to brilliant green. Organic carbon content was computed as under.

                  Where, 
 		N = Normality of K2Cr2O7 solution 
		T = Volume of FeSO4 used in sample titration (ml) 
		S = Volume of FeSO4 used in blank titration (ml) 
		ODW = Oven-dry sample weight (g)
Available Nitrogen was estimated by alkaline potassium permanganate (KMnO4) method given by Subbiah and Asija (1956). The organic matter in soil was oxidized with hot alkaline KMnO4 solution followed by release of ammonia which is distilled and trapped in boric acid mixed indicator solution. The amount of NH3 trapped is estimated by titrating with standard acid. Soil sample of 5 g was taken and transferred to digestion tube. Sample was distilled with 0.32% KMnO4 and 2.5% NaOH followed by heating of sample by passing steady steam and collection of liberated ammonia in conical flask containing 20 ml of 2% boric acid with mixed indicator. Colour changed from pink to green. Thereby, distillate was titrated against 0.02 N sulphuric acid and colour changed to original pink.
   
A = Volume (ml) of standard sulphuric used for sample titration
B = Volume (ml) of standard sulphuric acid used blank titration
The available phosphorus content of the soil was determined by the method as described by Olsen et al. (1954). Dried soil sample (2.5 g) containing a pinch of Darco G- 60 was extracted with 50 ml of 0.5 M NaHCO3 (pH 8.5) for 30 minutes. Five ml of filtrate was taken in a 25 ml volumetric flask; 2-3 drops of p- nitrophenol indicator added which resulted in development of yellow color. After that 5N H2SO4 was added drop by drop until yellow color disappeared to acidify up to 5 pH. Ascorbic acid solution (4ml) was added to the flask and volume was made up. The blue color was obtained, the intensity of blue color which is proportional to phosphate was recorded on the spectrophotometer at a wavelength of 730 nm by using a red filter. The blank was also prepared by adding the entire chemical except for soil. The amount of available phosphorus in soil was expressed in kg ha-1as follows:
P in soil (ppm) = ppm P reading from standard curve × [(100/weight of soil in g) × (50/10 i.e. dilution factor)]
Available phosphorus (kg ha-1) = P(ppm) calculated from standard curve  dilution          factor   2.24
                     Where,     
          2.24 = factor to converted ppm into kg ha-1
          2.24 X 106   is weight of furrow slice  
The available potassium content of the soil was determined as described by Hanway and Heidel (1952). 5 grams of processed soil was taken in a 150 ml conical flask and extracted with 25 ml of neutral normal ammonium acetate solution. The filtrate was aspirated into the atomizer of the calibrated flame photometer and reading was noted. The amount of available potassium in the soil was calculated and expressed as kg ha-1 as under:
Available potassium (kg ha-1)
     Where,
               5 = dilution factor ( 5 g dissolved in 25 ml )
	2.24 = factor to converted ppm into kg ha-1
                 2.24 X 106 is weight of furrow slice
Available Zn in the soil was extracted by DTPA and Zn, in the extract were determined by Atomic Absorption Spectrophotometer as documented by Lindsay and Norvell (1978). Diethylene triamine penta acetic acid (DTPA), a chelating agent, combines with free metal ions in solution and forms soluble complexes.  DTPA extractant has the ability to chelate Zn in competition with Ca++. Buffering of extractant in a slightly alkaline pH range (7.3) by including soluble Ca ++, avoids the dissolution of CaCO3 with the release of occluded Zn. Soil sample of 12.5g was taken in a 100 ml iodine value flask followed by addition of 25 ml of the DTPA solution and shake for this mixture for 2 hours on shaker at 70 to 80 oscillation per minute, filter through acid washed distilled water rinsed, whatman No. 1 filter paper and collected the filtrate in plastic bottle.  Determined the content of zinc on AAS in ppm as follows.    

    Where,
A = Concentration in aliquot as read from X-axis of standard curve against the sample    
        reading   or sample reading obtained from AAS
B = Volume of DTPA extractant in ml
C = Weight of soil sample in g
3. Results and Discussion
3.1 Available Bulk Density, Particle Density, pH and EC
Mulching treatments had no significant influence on soil bulk density, particle density, pH, or EC. Bulk density remained constant at 1.36 Mg m⁻³ across all mulching treatments (M₁, M₂, M₃). Particle density values were also stable (M₁: 2.53; M₂: 2.54–2.55; M₃: 2.55 Mg m⁻³). Soil pH varied slightly, with the lowest values under straw mulch (M₂: 7.75–7.81) compared to no mulch (M₁: 7.87–7.90), likely due to partial decomposition of organic residues releasing weak organic acids. Electrical conductivity remained uniform across treatments (0.55 dS m⁻¹), suggesting that mulching did not lead to salt accumulation or leaching losses. These results indicate that short-term mulching practices primarily improve moisture and nutrient dynamics rather than altering basic soil physical-chemical properties. These finding supported by Jordan et al. (2011) reported that mulching improves the soil physical properties, such as bulk density, porosity, and aggregate stability, while increasing infiltration and decreasing runoff rates, as well as reducing soil- moisture loss from evaporation. Jordan et al. (2010) observed that application of wheat straw mulch significantly improved soil fertility and physical properties with mulching rate.
Zinc fortification also showed negligible effects on these soil properties. Bulk density values were nearly uniform (1.36–1.37 Mg m⁻³), while particle density ranged narrowly between 2.51 (Z₁) and 2.57 Mg m⁻³ (Z₇). Soil pH values were slightly lower under Z₆ (7.69) and Z₇ (7.73), indicating possible localized rhizosphere acidification due to enhanced root activity, whereas the highest pH was noted under control and Z₃ (7.93). Electrical conductivity remained almost constant across treatments (5.50–5.51 dS m⁻¹), reflecting that zinc addition, whether through seed soaking, soil application, or foliar spray, did not affect soil salinity. These findings suggest that zinc primarily influences biological and nutrient processes rather than basic soil physicochemical properties.
The interaction between mulching and zinc fortification was non-significant for bulk density, particle density, pH, and EC. This indicates that their effects were additive and independent rather than synergistic. While mulching conserved soil moisture and organic matter, zinc application enhanced plant metabolic activity, but neither treatment induced measurable short-term changes in fundamental soil physical or chemical parameters.

3.2 Available Organic Carbon and Available Nitrogen 
Mulching showed a clear improvement in soil organic carbon and available nitrogen status. The maximum OC content was recorded under straw mulch (M₂: 0.53%), followed by dust mulch (M₃: 0.51%) and the minimum in no mulch (M₁: 0.49%). Similarly, available N was highest in M₂ (220 kg ha⁻¹), at par with M₃ (215 kg ha⁻¹), while M₁ had the lowest value (213 kg ha⁻¹). The superiority of straw mulch can be attributed to multiple mechanisms: (i) the addition of crop residues increased soil organic matter input, (ii) partial decomposition of straw provided a continuous supply of labile carbon that stimulated microbial biomass, enhancing mineralization–immobilization turnover, and (iii) improved soil aggregation and moisture retention reduced volatilization and leaching losses of nitrogen. Dust mulch, though lacking organic matter input, conserved soil moisture and moderated soil temperature, which in turn reduced oxidative losses and sustained microbial activity, thereby maintaining intermediate levels of OC and N compared to straw mulch. In contrast, the no mulch treatment exposed soil to higher evaporation, surface crusting, and temperature fluctuations, which suppressed microbial turnover and accelerated organic matter oxidation, leading to lower OC and N availability. Zhang et al. (2013) reported that “in an arid environment, the application of straw mulch significantly increased soil organic matter to the top soil layers (0– 15cm), and the stratification ratio of soil organic matter also increased”. These finding supported by Karunakaran et al. (2015) concluded that “residue management recorded significantly highest soil organic carbon and available NPK in soil as compared to no residue management”. Choudhary (2015) reported that “SOC was recorded higher with maize straw mulch followed by paddy straw mulch; while no mulch treatment resulted in reduction of SOC. Mulching with thatch grass resulted in more soil moisture content followed by paddy straw mulch”. Ram et al. (2013) stated that “application of rice straw @ 6 t ha-1 recorded significantly highest soil organic carbon and lowest bulk density as compared to rice straw @ 4 t ha-1, rice straw @ 2 t ha-1 and no mulch in surface soil (0-15 cm) layer”. Shashidhar et al. (2009) reported that “higher organic carbon content of soil was recorded with sunhemp mulch (0.71%) followed by silk worm bed waste (0.68%), paddy straw (0.66%) mulched plots and least organic carbon content (0.48%) in non-mulched plot”. Singh et al. (2009) reported that “residue application improved the soil physio-chemical and biological environment in the soil through addition of nutrients, enhanced microbial activity”.
The zinc fortification treatments did not exert a statistically significant effect on soil OC and N, with OC values ranging from 0.50–0.52% and N from 211–220 kg ha⁻¹. This can be explained by the fact that zinc primarily influences plant physiological and enzymatic processes rather than directly altering soil carbon pools within a short cropping cycle. Zinc application improves nitrogen assimilation in plants through activation of enzymes such as nitrate reductase and glutamine synthetase, but these effects are more evident in plant uptake and biomass quality than in residual soil N. The absence of significant variation in soil OC also indicates that zinc fortification does not directly contribute organic inputs or significantly influence decomposition rates at the soil level. Nevertheless, slightly higher OC in Z₆ (0.52%) and marginally higher N in Z₁ and Z₄ (219–220 kg ha⁻¹) suggest that long-term zinc management may gradually enhance soil fertility through indirect effects on crop residue quality and rhizosphere activity.
The interaction between mulching and zinc fortification was found to be non-significant for both OC and N. This indicates that mulching and zinc operate through distinct pathways: mulching modifies the soil physical–chemical environment by conserving moisture, moderating temperature, and adding organic residues, while zinc application influences nutrient use efficiency within the plant system. Therefore, the beneficial effect of mulching on soil OC and N is independent of zinc fortification, and no synergistic effect was observed at the soil level within the timeframe of the study.
3.3 Available Phosphorus, Potassium and Zinc 
Among the mulching treatments, straw mulch (M₂) recorded the highest available phosphorus (16.75 kg ha⁻¹ pooled), which was significantly superior to no mulch (M₁: 16.09 kg ha⁻¹), while dust mulch (M₃: 16.56 kg ha⁻¹) remained intermediate. The enhanced P availability in mulched plots may be attributed to the decomposition of crop residues that released organic acids, which mobilized bound phosphorus and reduced fixation, along with improved soil moisture that supported microbial activity and phosphatase enzyme action. Available K was not significantly influenced by mulching, though numerically higher values were obtained under dust mulch (M₃: 220.07 kg ha⁻¹), followed by straw mulch (M₂: 219.82 kg ha⁻¹), while the lowest was recorded under no mulch (M₁: 218.39 kg ha⁻¹). This improvement can be ascribed to better soil structure, reduced leaching losses, and enhanced cation exchange capacity under mulched soils. Zinc availability, however, was significantly affected, with straw mulch (M₂: 0.81 mg kg⁻¹) and dust mulch (M₃: 0.80 mg kg⁻¹) showing higher Zn levels compared to no mulch (M₁: 0.77 mg kg⁻¹), due to organic matter-induced Zn solubility and prevention of its conversion to unavailable forms. These finding supported by Kadera et al. (2017) reported that mulching improved soil hydrologic characteristics that affect the soil physical and chemical properties. The mulches also reduces deterioration of soil quality by preventing runoff and reducing soil loss that improves soil aeration, soil structure, organic matter content and physical properties of the soil. Karunakaran et al. (2015) concluded that “residue management recorded significantly highest soil organic carbon and available NPK in soil as compared to no residue management”. “Straw mulching significantly influenced the soil moisture content and concentration of nitrate-N, K, Ca and Mg in the soil solution”, Stagnari et al. (2014). Mitra and Mandal (2012) reported that “incorporation of paddy straw improved available NPK and soil physico-chemical properties as compared with non-mulched plots”. Jordan et al. (2010) observed that “application of wheat straw mulch significantly improved soil fertility and physical properties with mulching rate”. Singh et al. (2009) reported that “residue application improved the soil physio-chemical and biological environment in the soil through addition of nutrients, enhanced microbial activity”.
Zinc fortification treatments did not significantly affect available P and K, though minor variations were observed. The pooled available P ranged between 15.80 kg ha⁻¹ in Z₅ (RDF + seed soaking with Zn + ZnSO₄ @ 25 kg ha⁻¹ + foliar spray) and 16.99 kg ha⁻¹ in control Z₁, indicating a possible antagonistic Zn–P interaction wherein excess Zn slightly reduced P availability through precipitation or adsorption. Similarly, available K ranged from 217.87 kg ha⁻¹ in Z₁ to 220.72 kg ha⁻¹ in Z₅, with non-significant differences, suggesting that Zn application has little direct influence on soil K status. In contrast, available Zn was significantly improved by zinc fortification, with maximum pooled values under Z₂ (0.82 mg kg⁻¹) and Z₅ (0.82 mg kg⁻¹), closely followed by Z₃ (0.81 mg kg⁻¹), while the lowest was in control Z₁ (0.75 mg kg⁻¹). The increase was due to direct ZnSO₄ application, seed soaking, and foliar sprays, which enhanced Zn solubility, maintained higher residual Zn, and ensured uniform distribution in the rhizosphere.
[bookmark: _GoBack]The interaction between mulching and zinc fortification was found non-significant for P, K, and Zn, indicating that their effects were additive rather than synergistic. Mulching primarily enhanced nutrient retention and mobilization through organic matter dynamics, while zinc fortification improved soil Zn concentration and availability through direct supplementation and priming effects.







Table:1 Effect of treatments on Physico-chemical properties of kharif Maize
	Treatments
	Available Bulk Density
(Mg m- 3)
	Available Particle Density
(Mg m-³)
	Available Ph
	Available EC (dS m-1)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	1.36
	1.36
	1.36
	2.53
	2.53
	2.53
	7.90
	7.87
	7.89
	0.55
	0.55
	0.55

	M2 Straw Mulch
	1.36
	1.36
	1.36
	2.54
	2.55
	2.55
	7.81
	7.75
	7.78
	0.55
	0.55
	0.55

	M3 Dust Mulch
	1.36
	1.36
	1.36
	2.55
	2.55
	2.55
	7.86
	7.75
	7.81
	0.55
	0.55
	0.55

	SE(m) ±
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.05
	0.04
	0.05
	0.003
	0.003
	0.003

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

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	1.36
	1.36
	1.36
	2.51
	2.51
	2.51
	7.93
	7.86
	7.90
	0.55
	0.55
	0.55

	Z2 RDF + ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.36
	1.36
	1.36
	2.53
	2.53
	2.53
	7.83
	7.83
	7.83
	0.55
	0.55
	0.55

	Z3 RDF + ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.36
	1.36
	1.36
	2.54
	2.54
	2.54
	7.93
	7.83
	7.88
	0.55
	0.55
	0.55

	Z4 RDF + ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.36
	1.36
	1.36
	2.54
	2.54
	2.54
	7.86
	7.79
	7.83
	0.55
	0.55
	0.55

	Z5 RDF + Seed Soaking with Zn, ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.36
	1.36
	1.36
	2.54
	2.55
	2.55
	7.86
	7.83
	7.85
	0.55
	0.55
	0.55

	Z6 RDF + Seed Soaking with Zn, ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.36
	1.37
	1.37
	2.56
	2.56
	2.56
	7.79
	7.69
	7.74
	0.55
	0.55
	0.55

	Z7 RDF + Seed Soaking with Zn, ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	1.37
	1.37
	1.37
	2.56
	2.57
	2.56
	7.79
	7.73
	7.76
	0.55
	0.55
	0.55

	SE(m) ±
	0.03
	0.03
	0.03
	0.05
	0.05
	0.05
	0.16
	0.16
	0.16
	0.012
	0.012
	0.012

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

	Interaction (A x B)

	SE(m) ±
	0.05
	0.05
	0.05
	0.09
	0.09
	0.09
	0.29
	0.28
	0.28
	0.02
	0.02
	0.02

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








[bookmark: _Hlk177386660]Table:2 Effect of treatments on Available Soil Nutrient in kharif Maize

	Treatment
	Available OC (%)
	Available N (Kg ha-1)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	0.49
	0.49
	0.49
	210
	215
	213

	M2 Straw Mulch
	0.53
	0.54
	0.53
	218
	222
	220

	M3 Dust Mulch
	0.51
	0.51
	0.51
	212
	218
	215

	SE(m) ±
	0.003
	0.004
	0.004
	1.29
	1.34
	1.31

	CD (P=0.05)
	0.012
	0.012
	0.012
	5.06
	5.26
	5.16

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	0.50
	0.50
	0.50
	216
	224
	220

	Z2 RDF + ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.51
	0.52
	0.51
	212.
	215
	213

	Z3 RDF + ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.50
	0.51
	0.51
	214
	218
	216

	Z4 RDF + ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.51
	0.51
	0.51
	215
	223
	219

	Z5 RDF + Seed Soaking with Zn, ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.51
	0.52
	0.52
	209
	213
	211

	Z6 RDF + Seed Soaking with Zn, ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.52
	0.52
	0.52
	213
	217
	215

	Z7 RDF + Seed Soaking with Zn, ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	0.50
	0.51
	0.51
	214
	221
	218

	SE(m) ±
	0.014
	0.014
	0.014
	4.49
	3.23
	4.54

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

	Interaction (A x B)

	SE(m) ±
	0.023
	0.024
	0.023
	7.78
	7.96
	7.87

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




Table:3 Effect of treatments on Available Soil Nutrient in kharif Maize (contd)
	Treatment
	Available P (Kg ha-1)
	Available K (Kg ha-1)
	Available Zn (mg kg-1)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	Mulch (Main plot)

	M1 No Mulch
	16.09
	16.10
	16.09
	217.74
	219.04
	218.39
	0.77
	0.77
	0.77

	M2 Straw Mulch
	16.67
	16.82
	16.75
	219.41
	220.24
	219.82
	0.80
	0.82
	0.81

	M3 Dust Mulch
	16.59
	16.54
	16.56
	219.62
	220.51
	220.07
	0.79
	0.81
	0.80

	SE(m) ±
	0.10
	0.10
	0.10
	1.30
	1.30
	1.80
	0.01
	0.01
	0.01

	CD (P=0.05)
	0.40
	0.41
	0.40
	NS
	NS
	NS
	0.03
	0.03
	0.03

	Zinc Fortification (Sub plot)

	Z1 Control (100 RDF @120:60:40 NPK kg/ha)
	16.85
	17.13
	16.99
	217.19
	218.55
	217.87
	0.74
	0.75
	0.75

	Z2 RDF + ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	16.26
	16.27
	16.27
	219.36
	220.04
	219.70
	0.82
	0.83
	0.82

	Z3 RDF + ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	16.42
	16.34
	16.38
	218.87
	219.91
	219.39
	0.80
	0.82
	0.81

	Z4 RDF + ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	16.80
	16.94
	16.87
	218.10
	218.78
	218.44
	0.78
	0.80
	0.79

	Z5 RDF + Seed Soaking with Zn, ZnSO4 @ 25 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	15.80
	15.80
	15.80
	220.00
	221.44
	220.72
	0.81
	0.82
	0.82

	Z6 RDF + Seed Soaking with Zn, ZnSO4 @ 20 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	16.39
	16.28
	16.34
	219.96
	220.86
	220.41
	0.79
	0.80
	0.80

	Z7 RDF + Seed Soaking with Zn, ZnSO4 @ 15 kg/ha soil application and foliar spray of 0.5 % ZnSO4 at 45 DAS
	16.63
	16.63
	16.63
	218.96
	219.95
	219.45
	0.78
	0.79
	0.79

	SE(m) ±
	0.35
	0.35
	0.35
	4.60
	4.62
	4.61
	0.01
	0.01
	0.01

	CD (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	0.02
	0.02
	0.02

	Interaction (A x B)

	SE(m) ±
	0.60
	0.60
	0.60
	7.97
	8.01
	7.99
	0.01
	0.01
	0.01

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











4. Conclusion
[bookmark: _Hlk211620996]Research showed that using the (M2) Straw mulch was the best treatment, greatly enhancing important aspects of chemical properties of soil viz. available soil organic carbon, nitrogen, phosphorus and zinc. This combined method successfully increased the plant health and productivity, outperforming the other tested options.
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