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Abstract

:

The deficiencies of nutrient elements and inappropriate nutrient management practices in agricultural soils of the world is one of the reasons for low crop productivity, reduced nutritional quality of agricultural produce, and animal/human malnutrition. We carried out the present study to evaluate the single and multi-nutrient deficiencies of sulfur (S) and micronutrients (zinc (Zn), boron (B), iron (Fe), copper (Cu) and manganese (Mn)) in agricultural soils of India for their effective management to achieve sustainable crop production, improved nutritional quality in crops and better animal/human health. Altogether, 24,2827 surface soil samples (0 to 15 cm depth) were collected from the agriculture fields of 615 districts in 28 states of India and were analyzed for available S and micronutrient concentration. The concentration of available S and micronutrients varied widely. There were variable and widespread deficiencies of S and micronutrients in different states. The deficiencies of S, Zn and B were higher compared to the deficiencies of Fe, Cu and Mn. There were occurrences of two-nutrient (namely S + Zn, Zn + B, S + B, Zn + Fe Zn + Mn, S + Fe, Zn + Cu and Fe + B), three-nutrient (namely S + Zn + B, S + Zn + B and Zn + Fe + B) and four-nutrient (namely Zn + Fe + Cu + Mn and Zn + Fe + Cu + Mn + B) deficiencies in different extents. This information could be used by various stakeholders for production, supply and application of the right kind of fertilizers in different districts, states and agro-ecological regions of India for better crop production, crop nutritional quality, nutrient use efficiency and soil and environmental health. This will also help in a greater way to address the issue of malnutrition in human/animals.
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1. Introduction


Soils are the prime sources of nutrients for plant growth and development [1,2]. Plants absorb the desired nutrients from soil in different proportions as per requirements [3,4]. Phytomicrobiome (microbial community associated with plant) play a pivotal role in enhancing nutrient availability and crop yield [5,6]. Soil is linked to the well-being of animals and humans through agriculture and agricultural produces [7]. Macronutrients are required in higher quantities by the plants whereas micronutrients (otherwise called as trace elements) are needed in smaller quantities but both the categories of nutrients play equally important roles in plant metabolism. The deficiency of phyto-available (hereafter referred as available) nutrients in soils adversely affect soil health, crop production, nutritional quality of agricultural produces and in turn, human/animal health [8,9].



Besides nitrogen (N), phosphorus (P) and potassium (K) deficiency, deficiencies of sulfur (S) [10,11] and micronutrients (zinc (Zn), boron (B), iron (Fe), copper (Cu) and manganese (Mn)) (either single nutrient deficiency or multi-nutrient deficiency) have been reported in different soils of the world, including in India [12,13,14]. The essential micronutrients for field crops are Zn, B, Fe, Cu, Mn and molybdenum [15]. Other micronutrients at low concentrations considered essential for some plants are nickel and cobalt. The incidence of micronutrient deficiencies in crops and soils has increased markedly in recent years. The emergence of micronutrient deficiencies in soils of different parts of the world is primarily due to cultivation of high-yielding crops and cultivars, increased cropping intensity, enhanced application of high-analysis (>30% of available nutrients) NPK fertilizers having lower amounts of micronutrient contaminants, less or no use of organic manures and increased use of advanced soil and plant analysis technologies [15]. The extent of S and micronutrient deficiencies vary within different administrative boundaries such as districts and states because of the variations in soil types, prevailing climatic conditions, nature and type of crops and soil–crop management practices [8,16]. The intake of foods (obtained from crops) low in micronutrient concentration and produced from micronutrient-deficient soils causes micronutrient malnutrition in animals and humans [14,17]. However, adoption of agronomic biofortification strategies such as application of micronutrients to soil and crops (as foliar spray) has the potential to ameliorate micronutrient deficiencies in soil–plant systems, and to enhance crop productivity and micronutrient content in agricultural produce, which could alleviate micronutrient malnutrition in animals and humans [18].



There is a need for continuous evaluation and monitoring of the extent of S and micronutrient deficiencies in agricultural soils, at the district and state levels, for the production and supply of the right kind and quantity of S and micronutrient fertilizers and the adoption of appropriate site-specific S and micronutrient management practices [14,19]. The mapping of S and micronutrient deficiencies in soils using geostatistical tools is useful for proper visualization of location and/or area-wise deficiencies [20]. These maps are useful for taking decisions regarding the application of required nutrients in right quantity, appropriate form and in the right place and in balanced proportions for obtaining the higher nutrient use efficiency. The efficient S and micronutrient management practices in soil–plant systems help in sustainable crop production, production of better-quality agricultural produce and in turn, improve animal and human health [7,9,21,22].



Although there are many scattered studies evaluating the status and distribution of S and micronutrient deficiency, systematic information regarding state-wise S and micronutrient deficiencies and the status of two- or multiple-nutrient deficiencies in cultivated soils of India is limited. We hypothesize that a wide variation exists in the state-wise S and micronutrient deficiencies in India. Therefore, the present study was carried out with the aim to evaluate the status of single- and multi-nutrient deficiencies of S and micronutrients and to visualize their distribution in agricultural soils of different states of India. This information is useful for adopting efficient S and micronutrient management practices in different agricultural soils of India.




2. Materials and Methods


2.1. Study Area


The study area (India) is located at 8°4′–37°6′ N latitude and 68°7′–97°25′ E longitude and is surrounded by the Indian Ocean (on the south), the Arabian Sea (on the southwest) and the Bay of Bengal (on the southeast). It shares its land borders with Pakistan, China, Bhutan, Bangladesh, Myanmar and Nepal. India is the bulk of the Indian subcontinent lying on Indian tectonic plate, which is a portion of Indo-Australian plate. It comprises 28 states and eight union territories. Soils of the country are alluvial, black, red and yellow, lateritic, arid, forest and mountainous, and are formed by deposition of sediments of rivers. Soils belong to mainly to the orders of Inceptisols, Alfisols, Entisols, Vertisols, Mollisols, Aridisols, Ultisols and Oxisols, with sandy to clayey texture [23]. The climate of the country is influenced by the Himalayas and the Thar Desert. India has arid, semi-arid, tropical wet, tropical wet-dry, humid sub-tropical and alpine climatic zones with mean temperature of <20.0–>27.5 °C prevailing across the country. The country is divided into 20 agro-ecological regions (AER) with different climate parameters (Table 1), soils and cultivated crops (Table 2) [24]. The mean annual rainfall varies from <150–3000 mm in different AERs. It receives uneven and erratic rainfall from June to September. It rains heavily in the north-eastern and western ghats regions and Kerala state, whereas the south-eastern parts and the Indo-Gangetic plain receive moderate rainfall. Scanty rainfall is obtained in the western parts of Gujarat, Rajasthan, Punjab and Haryana.




2.2. Soil Sampling and Analysis


Altogether, 242,827 soil samples from the surface soil layers (0 to 15 cm depth) were collected from agricultural land holdings of 615 districts in 28 states of India, under the tutelage of All India Coordinated Research Project on Micro and Secondary Nutrients and Pollutant Elements in Soils and Plants, following a stratified random sampling procedure [25], from April to June of 2012 to 2018. Soil samples were collected using a hand-held auger composed of stainless steel. Each composite soil sample was obtained from 3 to 4 subsamples collected from a small land holding (<1 ha), 6 to 7 subsamples collected from a medium land holding (1–3 ha) and 9 to 10 subsamples collected from a large land holding (>3 ha) of each district. The collected samples were air dried, processed, ground to pass through a 2 mm size sieve and stored in plastic bottles for analysis.



Soil samples were analyzed for available S using calcium chloride solution (0.15%) as extractant [26] and spectrophotometer (Shimadzu (UV-1800), Shimadzu Scientific Instruments, Columbia, USA) for estimation. Available Zn, Fe, Cu and Mn in soil samples were determined after extracting the samples with diethylene triamine penta acetic acid extractant [27]. The estimation of Zn, Fe, Cu and Mn in clear extract was carried out utilizing atomic absorption spectrophotometer (Varian (AA240FS), Varian Inc., Palo Alto, CA, USA). Available B was estimated after extracting the samples with hot water [28] and estimating the color intensity developed by adding azomethine-H solution using a spectrophotometer (Shimadzu (UV-1800), Shimadzu Scientific Instruments, Columbia, Portland, OR, USA).




2.3. Statistical Analysis


The data pertaining to available S, Zn, B, Fe, Cu and Mn in soil samples were subjected to statistical analysis for obtaining descriptive statistics, viz., minimum, maximum, mean, standard deviation (SD), coefficient of variation (CV), skewness and kurtosis, using SAS 9.2 software package [29]. Run tests were carried out to check the randomness of data. The frequency distribution of soil samples having available S and micronutrients in different concentrations and distribution of single- and multi-nutrient deficiencies were estimated using the data analysis program of Microsoft Excel. The concentrations of S and micronutrients in soil samples were categorized as acute deficient, deficient, latent deficient, marginally sufficient, adequate and high as per the generalized classification adopted for Indian soils [16]. The distribution maps for two- and multi-nutrient deficiencies were prepared using software ArcGIS for power BI, in order to have better data visualization and proper understanding of distribution of nutrient deficiencies in the different parts of India. The nutrient deficiencies (% of the sampled sites), district boundary, state boundary and AER boundary were used as different layers of ArcGIS mapping.





3. Results


3.1. Concentration of Available S, Zn, B, Fe, Cu and Mn


The concentration of available S, Zn and B varied from 0.02–822, 0.01–59.8 and 0.01–109 mg kg−1, respectively (Table 3). The concentration of available Fe, Cu and Mn varied from 0.01–964, 0.01–99.2 and 0.01–483 mg kg−1, respectively. However, the mean concentration of available nutrients followed the order: available Fe > available S > available Mn > available Cu > available Zn, available B (Figure 1). The CV values of available nutrients varied from 111% (for available S) to 338% (for available B).




3.2. Distribution of Single Nutrient Deficiencies of S, Zn, B, Fe, Cu and Mn


The concentration of available nutrients in soils were grouped into acute deficient, deficient, latent deficient, marginally sufficient, adequate and high categories. About 11.4%, 29.4% and 17.8% of the sampled sites were acute deficient (≤7.5 mg kg−1), deficient (>7.5–≤15.0 mg kg−1) and latent deficient (>15.0–≤22.5 mg kg−1) in available S, respectively (Figure 2). Meanwhile, 12.1%, 11.6% and 17.7% of the sampled sites were marginally sufficient (>22.5–≤30.0 mg kg−1), adequate (>30.0–≤40.0 mg kg−1) and high (>40.0 mg kg−1) in available S. Out of 615 districts, >30–≤40% of the sampled sites in 86 districts, >40–≤50% of the sampled sites in 70 districts and >50% of the sampled sites in 101 districts were deficient (acute deficient + deficient) in available S. More than 50% of the sampled sites in 12 districts of Gujarat, 13 districts of Madhya Pradesh and 8 districts each in Odisha and Tamil Nadu were deficient in available S.



About 7.90%, 28.6% and 14.7% of the sampled sites were acute deficient (≤0.30 mg kg−1), deficient (>0.30–≤0.60 mg kg−1) and latent deficient (>0.60–≤0.90 mg kg−1) in available Zn, respectively (Figure 2). Meanwhile, 12.7%, 14.8% and 21.3% of the sampled sites were marginally sufficient (>0.90–≤1.20 mg kg−1), adequate (>1.20–≤1.80 mg kg−1) and high (>1.80 mg kg−1) in available Zn, respectively. More than 30–≤40% of the sampled sites in 68 districts, >40–≤50% of samples in 57 districts and >50% of the sampled sites in 131 districts were deficient (acute deficient + deficient) in available Zn. More than 50% of the sampled sites in 16 districts of Bihar, 40 districts of Madhya Pradesh, 13 districts of Maharashtra and 23 districts of Tamil Nadu were deficient in available Zn.



About 4.00%, 19.2% and 21.5% of the sampled sites were acute deficient (≤0.20 mg kg−1), deficient (>0.20–≤0.50 mg kg−1) and latent deficient (>0.50–≤0.70 mg kg−1) in available B, respectively (Figure 2). Meanwhile, 12.1%, 11.4% and 31.7% of the sampled sites were marginally sufficient (>0.70–≤0.90 mg kg−1), adequate (>0.90–≤1.10 mg kg−1) and high (>1.10 mg kg−1) in available B, respectively. More than 30–≤40% of the sampled sites in 75 districts, >40–≤50% of the sampled sites in 57 districts and >50% of the sampled sites in 86 districts were deficient (acute deficient + deficient) in available B. More than 50% of the sampled sites in 6 districts each of Assam and Karnataka, 7 districts of Jharkhand, 10 districts of Kerala, 15 districts of Odisha and 5 districts each of Maharashtra, Telangana and West Bengal were deficient in available B.



About 3.80%, 9.00% and 6.40% of the sampled sites were acute deficient (≤2.50 mg kg−1), deficient (>2.50–≤4.50 mg kg−1) and latent deficient (>4.50–≤6.50 mg kg−1) in available Fe, respectively (Figure 2). Meanwhile, 9.60%, 11.3% and 59.9% of the sampled sites were marginally sufficient (>6.50–≤8.50 mg kg−1), adequate (>8.50–≤10.5 mg kg−1) and high (>10.5 mg kg−1) in available Fe, respectively. More than 15–≤20% of the sampled sites in 55 districts, >20–≤25% of samples in 17 districts and >25% of the sampled sites in 83 districts were deficient (acute deficient + deficient) in available Fe. More than 25% of the sampled sites in 17 districts of Gujarat, 14 districts of Maharashtra, 8 districts of Rajasthan and 9 districts of Uttar Pradesh were deficient in available Fe.



About 2.10%, 2.10% and 7.20% of the sampled sites were acute deficient (≤0.20 mg kg−1), deficient (>0.20–≤0.40 mg kg−1) and latent deficient (>0.40–≤0.60 mg kg−1) in available Cu, respectively (Figure 2). Meanwhile, 10.8%, 10.2% and 67.6% of the sampled sites were marginally sufficient (>0.60–≤0.80 mg kg−1), adequate (>0.80–≤1.00 mg kg−1) and high (>1.00 mg kg−1) in available Cu. Out of 615 districts, >15–≤20% of the sampled sites in 13 districts, >20–≤25% of the sampled sites in 8 districts and >25% of the sampled sites in 5 districts were deficient (acute deficient + deficient) in available Cu. More than 25% of the sampled sites in one district of Haryana, three districts of Tamil Nadu and one district of Odisha were deficient in available Cu.



About 1.10%, 6.00% and 10.3% of the sampled sites were acute deficient (≤1.00 mg kg−1), deficient (>1.00–≤3.00 mg kg−1) and latent deficient (>3.00–≤5.00 mg kg−1) in available Mn, respectively (Figure 2). Meanwhile, 13.2%, 9.10% and 60.4% of the sampled sites were marginally sufficient (>5.00–≤7.00 mg kg−1), adequate (>7.00–≤9.00 mg kg−1) and high (>9.00 mg kg−1) in available Mn, respectively. More than 15–≤20% of the sampled sites in 21 districts, >20–≤25% of samples in 14 districts and >25% of the sampled sites in 41 districts were deficient (acute deficient + deficient) in available Mn. More than 25% of the sampled sites in 4 districts of Bihar, 7 districts each of Jammu and Kashmir, Punjab and Rajasthan, 1 district each of Haryana, Himachal Pradesh, Tamil Nadu and Telangana and 12 districts of Uttar Pradesh were deficient in available Mn.




3.3. Distribution of Multi-Nutrient Deficiencies of S, Zn, B, Fe, Cu and Mn


Two or more nutrient deficiencies were recorded in 0.10–9.30% of soils (Figure 3). The mean deficiency of S + Zn was in 9.30% of the sampled sites (varying from 0.10–29.9% of the sampled sites for different states). It was predominantly prevalent in different districts of Bihar, Gujarat, Karnataka, Madhya Pradesh, Odisha, Rajasthan, Uttar Pradesh and Maharashtra (Figure 4). More than 20% of the sampled sites in 9 districts of Gujarat, 25 districts of Madhya Pradesh, 8 districts of Odisha and 10 districts of Rajasthan were deficient in S + Zn. The deficiency of Zn + B varied from 0.60–20.3% of the sampled sites in different states with a mean value of 8.70%. Its prevalence in states such as Bihar, Karnataka, Odisha and Tamil Nadu was higher (Figure 5).



More than 20% of the sampled sites in 16 districts of Bihar, 5 districts each of Karnataka and Telangana, 13 districts of Odisha and 7 districts of Tamil Nadu were deficient in Zn + B. The deficiency of S + B varied widely in different states with mean value of 7.00%. A relatively higher percentage of the sampled sites in Jharkhand, Karnataka, Kerala, Manipur, Odisha, Uttarakhand and West Bengal state were deficient in S + B (Figure 6). More than 20% of the sampled sites in 6 districts each of Jharkhand and Manipur, 9 districts each of Karnataka and Kerala, 14 districts of Odisha and 5 districts of Telangana were deficient in S + B. On average, 5.80% of the sampled sites were deficient in Zn + Fe. A relatively higher percentage of the sampled sites of Gujarat, Karnataka, Maharashtra and Rajasthan were deficient in Zn + Fe (Figure 7). More than 20% of the sampled sites in nine districts of Gujarat, five districts each of Madhya Pradesh and Maharashtra and seven districts of Rajasthan had Zn + Fe deficiency. A higher percentage of the sampled sites of Goa, Jammu and Kashmir and Rajasthan were deficient in Zn + Mn, with a national average of 3.4% (Figure 8). Deficiencies of S + Fe (Figure 9), Zn + Cu and Fe + B were recorded in 3.30%, 2.80% and 2.70% of the sampled sites, respectively, and were scattered across the country. Deficiencies of S + Fe was higher in Gujarat, Haryana, Rajasthan and Uttar Pradesh.



Three-nutrient deficiencies such as S + Zn + B, S + Zn + Fe and Zn + Fe + B were recorded in 2.60%, 1.70% and 1.20% of the sampled sites, respectively. A relatively higher percentage of the sampled sites in Bihar, Goa, Karnataka and Odisha were deficient in S + Zn + B. Moreover, S + Zn + Fe deficiency was more prevalent in soils of Gujarat, Haryana, Maharashtra and Rajasthan. A higher percentage of the sampled sites in Bihar and Karnataka were deficient in Zn + Fe + B. More than 20% of the sampled sites in one district each of Bihar, Chhattisgarh, Karnataka and Madhya Pradesh and five districts of Odisha were deficient in S + Zn + B. More than 20% of the sampled sites in one district each of Haryana, Karnataka, Maharashtra and Uttar Pradesh and two districts each of Madhya Pradesh and Rajasthan were deficient in S + Zn + Fe. More than three-nutrient deficiencies including Zn + Fe + Cu + Mn and Zn + Fe + Cu + Mn + B were less prevalent, recorded in only 0.30% and 0.10% of the sampled sites, respectively. Less than 5% of the sampled sites in 13 districts of Bihar, 7 districts each of Punjab and Uttar Pradesh and 16 districts of Tamil Nadu were deficient in Zn + Fe + Cu + Mn. Meanwhile, less than 5% of the sampled sites in 13 districts of Bihar, 4 districts of Punjab and 10 districts of Tamil Nadu were deficient in Zn + Fe + Cu + Mn + B.





4. Discussion


Proper understanding of the status of available S and micronutrients and their deficiencies in different soils is very much essential for effective fertilizer management in different soil–crop situations. Furthermore, it is useful for the production and distribution of S and micronutrients-based fertilizers for different areas.



4.1. Concentration of Available S, Zn, B, Fe, Cu and Mn


The concentrations of available S, Zn, B, Fe, Cu and Mn in soils of India varied widely (with CV values of 111% to 338%) with a mean concentration of 27.0 ± 29.9 mg kg−1 for available S, 1.40 ± 1.60 mg kg−1 for available Zn, 1.40 ± 4.70 mg kg−1 for available B, 31.0 ± 52.2 mg kg−1 for available Fe, 2.30 ± 3.50 mg kg−1 for available Cu and 17.5 ± 21.4 mg kg−1 for available Mn (Table 3). This is in line with the finding of Scherer [30], who reported wide variations in available S concentrations in soils of different parts of the world. Mathew et al. [31] also reported the mean concentration of available Zn 2.80 ± 0.2 mg kg−1, available Fe 130 ± 6.90 mg kg−1, available Mn 193 ± 20.5 mg kg−1, available B 0.68 ± 1.10 mg kg−1 and available Cu 8.40 ± 0.80 mg kg−1 in surface soils of Mount Kilimanjaro’s slopes in Tanzania. Silva et al. [32] reported the mean concentration of available Fe 66.6 ± 56.0 mg kg−1, available Mn 12.2 ± 14.4 mg kg−1, available Zn 2.30 ± 1.30 mg kg−1 and available Cu 1.10 ± 0.80 mg kg−1 in surface soils of sugarcane-producing regions of Brazil. The variations in available S and micronutrients in soils is attributed to soil factors, plant factors and soil–crop management practices [15,30,33,34]. Furthermore, presence of organic matter, plant residues and S-containing salts contribute towards variations in available S concentration in soils [35]. The available concentrations of S and micronutrients in soils depend more on the level of weathering of rocks [15]. The highly weathered tropical soils have the lowest S and micronutrient concentrations. Soil factors, namely pH, soil organic matter, redox potential, biological activity, clay content and cation exchange capacity, and anthropogenic activities predominantly influence soil properties and micronutrient availability [17,36]. Moreover, plant factors such as type and nature of plant, rooting morphology, root secretions and plant–microbe associations influence micronutrient availability [37,38].




4.2. Distribution of Single Nutrient Deficiencies of S, Zn, B, Fe, Cu and Mn


About 40.8% and 17.8% of the sampled sites were deficient (acute deficient + deficient) and latently deficient in available S, respectively (Figure 2). The extent of S deficiency was different in districts of various states of India. More than 50% of the sampled sites of a large number of districts in states including Gujarat, Madhya Pradesh, Manipur, Odisha and Rajasthan were deficient in available S. The variations in S deficiency in soils of different parts of the country is ascribed to growing of crops requiring S, and nil or insufficient application of S fertilizers. This highlights the fact that farmers need to pursue site-specific S management based on different soil–crop situations, as the extent of deficiency in soils and cop requirements varies. Corroborating our findings, several researchers reported crop responses to various doses of S application in different parts of India [16,39,40,41].



There were deficiencies (acute deficient + deficient) of available Zn, B, Fe, Cu and Mn in 36.5%, 23.2%, 12.8%, 4.20% and 7.10% of the sampled sites, respectively (Figure 2). Some soils also exhibited latent deficiency in these micronutrients. Alloway [12] also reported the deficiency of micronutrients in soils of different countries of the world. Like S deficiency, the extent of micronutrient deficiency varies in different districts of various states. The deficiency of Zn at various levels prevails in almost all states of the country. Most of the Zn deficiency is observed in soils with high pH, coarse textured, calcareous, low in organic carbon content and under intense cultivation. Like Zn deficiency, B deficiency also prevailed in different states of India. It is more prevalent in the leached sandy, highly calcareous, limed acid and lateritic soils. The extent of B deficiency was higher in eastern states of India, which is attributed to excess leaching in sandy loam soils and alluvial and loess deposits.



The deficiency of Fe was more prevalent in western states including Gujarat, Maharashtra and Rajasthan. It was also prevalent in soils of Bihar, Uttar Pradesh, Karnataka and Telangana. The deficiency of Fe in soils of these states is attributed to the higher soil pH and prevailing moisture stress conditions, which leads to conversion of ferrous (Fe2+) to ferric (Fe3+) form of Fe. Copper deficiency was present in the limited samples. More than 20% of sampled sites in 13 districts of Assam, Haryana, Odisha, Rajasthan and Tamil Nadu had Cu deficiency. The deficiency of Cu in these soils is because of sandy textured, calcareous and eluviated soils rich in organic matter. The extent of Mn deficiency was more prevalent in states including Bihar, Haryana, Jammu and Kashmir, Punjab, Rajasthan, Tamil Nadu, Telangana and Uttar Pradesh. The deficiency of Mn in soils is attributed to the presence of low total content of Mn, calcareous soil, heavily limed acid soil, coarse textured soils and low moisture content. Our findings regarding the prevalence of micronutrient deficiencies in soils of different states of India are corroborated by the reports of the crop responses to application of micronutrients [20,42,43]. Crop responses vary with soil–crop contexts. Therefore, the farmers need to apply micronutrient fertilizers based on the extent of deficiency in soils and crop demands under various soil–crop situations. Further, for enriching consumable agricultural produce with Zn and Fe, it is very much essential to maintain the sufficient levels of plant available Zn and Fe in soils or readily available pools of Zn and Fe in plant parts [18]. This could be achieved by supplying Zn and Fe fertilizers to the soils and plants based on Zn and Fe status in soil and crop requirements.




4.3. Distribution of Multi-Nutrient Deficiencies of S, Zn, B, Fe, Cu and Mn


Along with the single nutrient deficiency, deficiencies of two or more nutrients (S and micronutrients) were prevalent in different states. The average percent of samples showing multi-nutrient deficiencies followed the order: S + Zn > Zn + B > S + B > Zn + Fe > Zn + Mn > S + Fe > Zn + Cu > Fe + B > S + Zn + B > S + Zn + Fe > Zn + Fe + B > Zn + Fe + Cu + Mn > Zn + Fe + Cu + Mn + B. However, the extent of multi-nutrient deficiencies was different in various states and AERs. The states of Goa, Madhya Pradesh, Odisha and Rajasthan had S + Zn deficiency in >15% of sampled sites. The AER 5, 8, 9, 10 and 13 had higher percent of S + Zn deficiency. Similarly, the higher percentage of sampled sites of Bihar, Karnataka, Odisha and Tamil Nadu (of AER 5, 8, 12 and 13) had Zn + B deficiency. The percent deficiency of S + B was more in AER 5, 8, 9, 12 and 13. The higher percentage of sampled sites were deficient in Zn + Fe in AER 2, 5, 6 and 8. This spatial variability in the distribution of deficiencies is attributed to differences in prevailing climate parameters, soils, cultivated crops and adoption of different soil–crop management practices (Table 1 and Table 2). This warrants application of customized fertilizers according to the nutrient deficiencies in soils and crop requirements, in different districts, states and AERs, for better soil health, sustainable crop production and improved crop quality [44,45]. The information generated from this study could be utilized by the planners, policymakers and fertilizer industries in the production and supply of the right kind of S and micronutrients-based customized fertilizers for different districts, states and AERs of India. Presently, some customized grades of fertilizers are available for farmers [46] and there are some reports of crop responses to the application of customized fertilizers in India [47,48]. However, there is need for the development of S and micronutrients-based customized fertilizers for different districts of India considering S and micronutrient deficiencies and crop needs. This will help in a greater way for obtaining sustainable crop production, better crop quality and animal and human health.





5. Conclusions


The study revealed a wide variation in the concentrations of available S and micronutrients in agricultural soils of India. There were varied levels of deficiencies (acute deficient + deficient + latent deficient) for available S (58.6%), available Zn (51.2%), available B (44.7%), available Fe (19.2%), available Cu (1104%) and available Mn (17.4%). The distribution of single and multi-nutrient deficiencies of S and micronutrients in different districts, states and AERs of India was different. There is a need for S and micronutrient application based on the soil deficiency status in various districts, states and AERs of India, as well as crop requirements for sustainable crop production, enrichment of nutrients in crops and better animal and human health. Based on multi-nutrient deficiency, the right kind of S and micronutrients-based customized fertilizers may be developed and supplied for use in different regions of India. This type of study needs to be carried out periodically to obtain precise information pertaining to exact levels of S and micronutrient deficiencies to achieve strategic planning of balanced and site-specific nutrient management. Single and multi-nutrient deficiencies may be assessed in the agricultural soils of other parts of the world for efficient use of S and micronutrients in order to achieve food and nutritional security and better animal and human health.
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Figure 1. Mean concentration of available S and micronutrients in agricultural soils of India. Error bars indicate stand error of the means. 
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Figure 2. Mean deficiency of available S and micronutrients in agricultural soils of India. Error bars indicate stand error of the means. 
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Figure 3. Mean deficiency of two or more nutrients (S and micronutrients) in soils of different states of India. Error bars indicate stand error of the means. 
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Figure 4. Distribution of S + Zn deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Figure 5. Distribution of Zn + B deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Figure 6. Distribution of S + B deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Figure 7. Distribution of Zn + Fe deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Figure 8. Distribution of Zn + Mn deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Figure 9. Distribution of S+ Fe deficiency in soils (% of sampled sites) of different parts of India. Number denotes agro-ecological regions. 
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Table 1. Different agro-ecological regions of India with climate parameters.
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	Serial No. of Agro-Ecological Region
	Name of Agro-Ecological Region
	Climate Parameters





	1
	Cold arid eco-region with shallow skeletal soils
	It experiences mild summer, harsh winter and receives mean annual rainfall of <150 mm.



	2
	Hot arid eco-region with desert and saline soils
	It experiences hot summer and cool winter and receives mean annual rainfall of <400 mm.



	3
	Hot arid eco-region with red and black soils
	It experiences hot and dry summer, mild winter and receives mean annual rainfall of 400–500 mm.



	4
	Hot semi-arid eco-region with alluvium derived soils
	It experiences hot and dry summer, cool winter and receives mean annual rainfall of 500–1000 mm.



	5
	Hot semi-arid eco-region with medium and deep black soils
	It experiences hot and wet summer, dry winter and receives mean annual rainfall of 500–1000 mm.



	6
	Hot semi-arid eco-region with shallow and medium (dominant) black soils
	It experiences hot and humid summer, mild and dry winter and receives mean annual rainfall of 600–1000 mm.



	7
	Hot semi-arid eco-region with red and black soils
	It experiences hot and dry summer, mild and dry winter and receives mean annual rainfall of 600–1100 mm.



	8
	Hot semi-arid eco-region with red loamy soils
	It experiences hot and dry summer, mild winter and receives mean annual rainfall of 600–1000 mm.



	9
	Hot sub-humid (dry) eco-region with alluvial-derived soils
	It experiences hot summer, cool winter and receives mean annual rainfall of 1000–1200 mm.



	10
	Hot sub-humid eco-region with red and black soils
	It experiences hot summer, mild winter and receives mean annual rainfall of 1000–1500 mm.



	11
	Hot sub-humid eco-region with red and yellow soils
	It experiences hot summer, cool winter and receives mean annual rainfall of 1200–1600 mm.



	12
	Hot sub-humid eco-region with red and lateritic soils
	It experiences hot summer, cool winter and receives mean annual rainfall 1000–1600 mm.



	13
	Hot sub-humid (moist) eco-region with alluvium-derived soils
	It experiences hot and wet summer, cool and dry winter and receives mean annual rainfall of 1400–1800 mm.



	14
	Warm sub-humid to humid with inclusion of perhumid eco-region with brown forest and podzolic soils
	It experiences mild summer, cool winter and receives mean annual rainfall of 1000–2000 mm.



	15
	Hot sub-humid (moist) to humid (inclusion of perhumid) eco-region with alluvium-derived soils
	It experiences hot summer, mild to moderately cool winter and receives mean annual rainfall of 1400–1600 mm.



	16
	Warm sub-humid eco-region with brown and red hill soils
	It experiences warm summer, cool winter and receives mean annual rainfall of 2000 mm.



	17
	Warm perhumid eco-region with red and lateritic soils
	It experiences warm summer, cool winter and receives mean annual rainfall of 2000–3000 mm.



	18
	Hot sub-humid to semi-arid eco-region with coastal alluvium-derived soils
	It experiences semi-arid and sub-humid (moist) climate and receives mean annual rainfall of 900–1100 mm (west coast) and 1200–1600 mm (east coast).



	19
	Hot humid perhumid eco-region with red, lateritic and alluvium-derived soils
	It experiences hot and humid summer, warm winter and receives mean annual rainfall of >2000 mm.



	20
	Hot humid per-humid island eco-region with red loamy and sandy soils
	It experiences tropical climate and receives mean annual rainfall of 1600–3000 mm.
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Table 2. Nature of soils and commonly cultivated crops in different agro-ecological regions of India.
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	Serial No. of Agro-Ecological Region
	Nature of Soil
	Commonly Cultivated Crops





	1
	Soils are skeletal, calcareous and alkaline in reaction.
	Vegetables, millets, wheat, fodder, pulses and barley.



	2
	Soils are sandy, moderately calcareous and alkaline in reaction.
	Pearl millet, fodder, pulses, cotton, sugarcane, mustard, wheat and gram.



	3
	Soils are shallow, medium red soil with slightly acidic and noncalcareous nature. Soils are also deep, clayey black with slightly alkaline and calcareous nature.
	Pearl millet, groundnut, sugarcane, sunflower and cotton.



	4
	Soils are deep, loamy and alluvium derived and clayey mixed red and black.
	Rice, millets, maize, pulses, berseem, wheat, mustard and sugarcane, jowar, pigeon pea, soybean, lentil and cotton.



	5
	Soils are deep loamy to clayey black soil with slightly alkaline and calcareous nature with swell-shrink characters.
	Sorghum, pearl millet, pigeon pea, groundnut, soybean, maize, pulses, safflower, sunflower and wheat.



	6
	Soils are shallow, loamy skeletal, clayey, calcareous and moderately alkaline in reaction.
	Sorghum, pearl millet, pigeon pea, safflower, sunflower, cotton and groundnut.



	7
	Soils are red, non-calcareous and neutral in reaction, clayey and calcareous with alkaline in reaction.
	Sorghum, pigeon pea, rice, cotton, groundnut, sunflower, safflower, castor.



	8
	Soils are non-calcareous and slightly acidic soil, and calcareous and moderately alkaline.
	Millets, pulses, groundnut, sorghum and sunflower.



	9
	Soils are alluvium derived deep and loamy with neutral in reaction.
	Rice, maize, barley, pigeon pea, jute, wheat, lentil, mustard, cotton and sugarcane.



	10
	Soils are deep black calcareous soil with slightly alkaline in reaction, moderately deep, clayey red with neutral to slightly acidic in reaction.
	Rice, wheat, sorghum, soybean, pigeon pea, gram, cotton and vegetables.



	11
	Soils are deep, loamy, non-calcareous, red and yellow with neutral to slightly alkaline in reaction.
	Rice, wheat, millets, pigeon pea, green gram and black gram.



	12
	Soils are fine loamy to clayey, non-calcareous red soil with slightly to moderately acidic in reaction.
	Rice, wheat, pulses and groundnut.



	13
	Soils are deep, loamy, calcareous with moderately alkaline in reaction.
	Rice, maize, moong, pigeon pea, lentil, wheat, sesamum, groundnut, sugarcane, tobacco, turmeric, chilies, potato and coriander.



	14
	Soils are shallow to deep brown forest and podzolic soil, fine loamy and neutral to mildly alkaline in reaction.
	Wheat, millet, maize, rice and apple.



	15
	Soils are slight to strongly acidic.
	Rice, wheat, jute, tea, pineapple, citrus, banana, pulses, oilseed and sugarcane.



	16
	Soils are shallow to moderately shallow, loamy brown forest soil with moderately acidic in reaction.
	Rice, maize, millet, potato, sweet potato, sesamum, pulses, cotton, mesta, sugarcane, pineapple, citrus, apple, pear, peach, banana and medicinal plants.



	17
	Soils are shallow to very deep, loamy, red and lateritic, red and yellow with acidic in reaction.
	Rice, millets, maize, potato, tea, coffee, rubber, orange, pineapple, jute, mustard, black gram, green gram and lentil.



	18
	Soils are clayey and slight to moderately sodic.
	Rice, coconut, black gram, lentil, sunflower and groundnut.



	19
	Soils are deep, clayey red, lateritic, alluvium derived and strongly to moderately acidic in reaction.
	Rice, tapioca, coconut and spices.



	20
	Soils are medium to very deep red-loamy, marine-derived, calcareous sandy with slightly to strongly acidic in reaction.
	Rice, coconut, arecanut, oil palm, tapioca and pepper.
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Table 3. Descriptive statistics of available sulfur and micronutrients in soils the India (n = 242827).
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	Nutrients
	Minimum
	Maximum
	Mean
	SD
	CV (%)
	Skewness
	Kurtosis





	S (mg kg−1)
	0.02
	822
	27.0
	29.9
	111
	4.28
	35.6



	Zn (mg kg−1)
	0.01
	59.8
	1.40
	1.60
	118
	7.35
	118



	B (mg kg−1)
	0.01
	109
	1.40
	4.70
	338
	12.8
	189



	Fe (mg kg−1)
	0.01
	964
	31.0
	52.2
	168
	5.53
	47.3



	Cu (mg kg−1)
	0.01
	99.2
	2.30
	3.50
	153
	10.8
	186



	Mn (mg kg−1)
	0.01
	483
	17.5
	21.4
	122
	5.72
	59.7







Note: S = available sulfur, Zn = available zinc, B = available boron, Fe = available iron, Cu = available copper, Mn = available manganese, SD = standard deviation, CV = coefficient of variation.
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