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Nutrient deficiencies in soil-crop contexts and inappropriate managements are the important
reasons for low crop productivity, reduced nutritional quality of agricultural produce and animal/
human malnutrition, across the world. The present investigation was carried out to evaluate

nutrient deficiencies of sulphur (S) and micronutrients [zinc (Zn), boron (B), iron (Fe), copper (Cu)

and manganese (Mn)] in agricultural soils of India for devising effective management strategies

to achieve sustainable crop production, improved nutritional quality in crops and better animal/
human health. A total of 2,42,827 surface (0-15 cm depth) soil samples were collected from
agriculture fields of 615 districts lying in 28 states of India and were analysed for available S and
micronutrients concentration. The study was carried out under the aegis of All India Coordinated
Research Project on Micro- and Secondary-Nutrients and Pollutant Elements in Soils and Plants. The
mean concentrations were 27.0 £29.9 mg kg for available S, 1.40 + 1.60 mg kg™ for available Zn and
1.40+4.70 mg kg™ for available B, 31.0 £ 52.2 mg kg™ for available Fe, 2.30 + 3.50 mg kg for available
Cu and 17.5 +21.4 mg kg for available Mn. There were variable and widespread deficiencies of S and
micronutrients in different states. The deficiencies (acute deficient + deficient + latent deficiency) of

S (58.6% of soils), Zn (51.2% of soils) and B (44.7% of soils) were higher compared to the deficiencies
of Fe (19.2% of soils), Cu (11.4% of soils) and Mn (17.4% of soils). Out of 615 districts, > 50% of soils

in 101, 131 and 86 districts were deficient in available S, available Zn and available B, respectively.
Whereas, >25% of soils in 83, 5 and 41 districts had deficiencies of available Fe, available Cu and
available Mn, respectively. There were occurrences of 2-nutrients deficiencies such S +Zn (9.30% of
soils), Zn + B (8.70% of soils), S + B (7.00% of soils) and Zn + Fe (5.80% of soils) to a greater extent
compared to the deficiencies of Zn + Mn (3.40% of soils), S + Fe (3.30% of soils), Zn + Cu (2.80% of
soils) and Fe + B (2.70% of soils). Relatively lower % of soils were deficient in 3-nutrients (namely
S+Zn+B, S+Zn+B and Zn + Fe + B), 4-nutrients (namely Zn + Fe + Cu + Mn) and 5-nutrients (namely
Zn +Fe +Cu + Mn + B) simultaneously. The information regarding the distribution of deficiencies of

S and micronutrients (both single and multi-nutrients) could be used by various stakeholders for
production, supply and application of right kind of fertilizers in different districts, states and agro-
ecological regions of India for better crop production, crop nutritional quality, nutrient use efficiency,
soil health and for tackling human and animal malnutrition.

Soil is linked to wellness of human being and animals via agriculture and produces obtained from agriculture’.
Crop plants take desired nutrients, primarily from soil, for their growth and development®*. 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®. Along with deficiencies of
macronutrients namely, nitrogen (N), phosphorus (P) and potassium (K) deficiency, several researchers of the
world reported the deficiency of micronutrients (zinc (Zn), boron (B), iron (Fe), copper (Cu) and manganese
(Mn)) and sulphur (S) in various soils under cultivation’"'!. The appearance of deficiencies of micronutrients

!|CAR-Indian Institute of Soil Science, Bhopal, Madhya Pradesh 462038, India. 2ICAR-National Bureau of
Soil Survey and Land Use Planning, Nagpur, Maharashtra 440033, India. 3ICAR-Indian Agricultural Research
Institute, New Delhi 110012, India. “ICAR-National Academy of Agricultural Research Management, Hyderabad,
Telangana 500030, India. *Indian Council of Agricultural Research, New Delhi 110012, India. ®International Zinc
Association, New Delhi 110062, India. *email: sanjibkumarbeheral23@gmail.com

Scientific Reports |

(2021) 11:19760 | https://doi.org/10.1038/s41598-021-99040-2 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-99040-2&domain=pdf

www.nature.com/scientificreports/

in different soils is mainly due to enhanced cropping intensity, high-yielding cultivars of various crops, increase
used NPK fertilisers with nil or less micronutrients contents, nil or very less application of organic manures and
better soil and plant analysis technologies'?. The proportion of deficiencies of S and micronutrients in different
arears such as different districts and states of a country is different due to differences in soils, climates, crops and
crop management options™"?. Soils with micronutrients deficiencies produce crops with low concentration of
micronutrients'*. Consumption of foods obtained from such crops lead to poor health of animal and human,
because of micronutrients malnutrition. However, effective management of micronutrients, namely soil and foliar
application of micronutrients, in various soil-crop situations could help in alleviating micronutrients deficiency
in soils and crops, enhancing crop production and crop quality and reducing micronutrients malnutrition in
animals and human being'®.

The results of continuous assessment of the status of available S and micronutrients and their deficiencies in
different cultivated soils help the policy makers and fertilizer industries for planning production and supply of
fertilizers having S and micronutrients to districts and states for effective management of these nutrients'"'®. The
geostatistical tools are useful for preparation of S and micronutrients deficiency maps of different areas'”'*1.
The deficiency maps are helpful in preparing strategies for efficient S and micronutrients management with due
emphasis on right nutrient, amount, form and place of application. This helps in better crop production, crop
produce quality and soil health»%221,

The information pertaining to state-wise status and deficiency of available S and micronutrients in differ-
ent states of India is limited, although there are some scattered reports on this aspect. It was hypothesized that
there is a wide variability of status and deficiency of available S and micronutrients in cultivated soils of differ-
ent states of India. The present study was, therefore, carried out to assess the concentrations of available S and
micronutrients and levels and distribution of their deficiencies in cultivated soils of various states of India. The
results obtained from the study could be highly useful for effective S and micronutrients management in different
soil-crop situations of various states of the country.

Materials and methods

Study area. The study location viz., India is located at 8° 4 to 37° 6’ N latitude and 68° 7' to 97° 25’ E lon-
gitude and 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 Indian subcontinent lying on Indian tectonic plate which is a portion of Indo-
Australian plate. It comprises of 28 states and 8 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 Inceptisols, Alfisols, Entisols, Vertisols, Mollisols, Aridisols, Ultisols and Oxisols orders with sandy to
clayey in texture?. 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
0f <20.0 to>27.5 °C prevailing across the country. The country is divided into 20 agro-ecological regions (AER)
with different climate parameters, soils and cultivated crops?® (Supplementary Tables S1, S2). The mean annual
rainfall varies from <150 to 3000 mm in different AERs. It receives uneven and erratic rainfall during June to
September months. It rains heavily in north-eastern and Western Ghats regions and Kerala state of the country.
Whereas, south-eastern parts and Indo-Gangetic plain receives moderate rainfall. Scanty rainfall is obtained in
the western parts of Gujarat, Rajasthan, Punjab and Haryana.

Soil sampling and analysis. A total of 2,42,827 soil samples from the surface (0-15 cm depth) soil layers
were collected from agricultural land holdings of 615 districts lying 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, by following stratified random sampling procedure*, during April to June months of 2012-2018. Soil
samples were collected using a hand-held auger made up of stainless-steel. The geographical coordinates of each
sampling point were recorded using Global Positioning System. Each composite soil sample was obtained from
3 to 4 subsamples collected from a small land holding (<1 ha), 6-7 subsamples collected from a medium land
holding (1-3 ha) and 9-10 subsamples collected from a large land holding (>3 ha), of each district. The col-
lected samples were air dried, processed, ground to pass through a 2 mm size sieve and stored in plastic bottles
for analysis.

The analysis of soil samples was carried out for available S using calcium chloride solution (0.15%) as
extractant® and spectrophotometer (Make (model): Shimadzu (UV-1800)). Available Zn, Fe, Cu and Mn in soil
samples were determined after extracting the samples with diethylene triamine penta acetic acid extractant®. The
estimation of Zn, Fe, Cuand Mn in clear extract was carried out utilizing atomic absorption spectrophotometer
(Make (model): Varian (AA240FS)). Available B was estimated after extracting the samples with hot water?” and
estimating the colour intensity developed by adding azomethine-H solution using a spectrophotometer (Make
(model): Shimadzu (UV-1800)).

Statistical analysis. The dataset related 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®®. The frequency
distribution of soil samples having available S and micronutrients in different concentrations and distribution
of single- and multi-nutrients deficiencies were estimated using data analysis programme 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'?
(Table 1). The distribution maps for two and multi-nutrients deficiencies were prepared using ArcGIS software
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Nutrients Acute deficient | Deficient Latent deficient | Marginal sufficient | Adequate High
Available S (mg kg™) <7.50 >7.50-<15.0| >15.0-<22.5 >22.5-<30.0 >30.0-<40.0| >40.0
Available Zn (mg kg™) <0.30 >0.30-<0.60| >0.60-<0.90 >0.90-<1.20 >1.20-<1.80| >1.80
Available B (mg kg™) <0.20 >0.20-<0.50| >0.50-<0.70 >0.70-<0.90 >0.90-<1.10| >1.10
Available Fe (mg kg™!) <2.50 >2.50-<4.50| >4.50-<6.50 >6.50-<8.50 >8.50-<10.5| >10.5
Available Cu (mg kg™') <0.20 >0.20-<0.40| >0.40-<0.60 >0.60-<0.80 >0.80-<1.00| >1.00
Available Mn (mg kg™") <1.00 >1.00-<3.00| >3.00-<5.00 >5.00-<7.00 >7.00-<9.00| >9.00

Table 1. Critical limits of available S and micronutrients for agricultural soils of India.

State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 7.70 28.4 12.4 16.2 9.20 26.1
Arunachal Pradesh 1.00 5.00 7.20 29.6 56.7 0.50
Assam 6.20 30.2 29.4 22.7 6.30 5.30
Bihar 8.40 36.2 25.5 15.8 7.80 6.30
Chhattisgarh 9.40 279 17.8 27.8 11.2 6.00
Goa 0.00 53.2 7.50 5.10 11.0 23.1
Gujarat 17.4 45.1 16.7 10.1 5.10 5.60
Haryana 22.9 17.2 7.50 5.60 5.30 41.5
Himachal Pradesh 0.90 3.60 3.20 10.6 474 34.3
Jammu & Kashmir 15.0 12.9 9.80 12.1 17.8 32.6
Jharkhand 17.8 47.3 15.6 8.60 6.80 3.80
Karnataka 16.1 30.5 16.5 17.1 10.3 9.50
Kerala 314 18.0 12,5 13.7 9.50 14.9
Madhya Pradesh 14.7 37.7 194 134 7.10 7.70
Maharashtra 5.20 37.2 23.5 13.0 10.5 10.7
Manipur 12.3 41.7 5.20 5.50 21.7 13.4
Meghalaya 8.10 10.9 40.8 289 10.1 1.20
Mizoram 10.8 11.3 27.4 41.2 9.30 0.00
Nagaland 5.60 11.4 17.5 50.2 12.3 3.00
Odisha 295 22.8 14.9 12.3 9.30 11.2
Punjab 159 20.1 14.2 15.7 13.0 21.1
Rajasthan 33.9 27.3 17.0 12.0 4.90 4.80
Tamil Nadu 3.20 133 133 16.5 15.3 38.5
Telangana 11.1 31.5 17.2 15.3 12.3 12.6
Tripura 14.6 16.3 6.20 18.5 38.8 5.60
Uttar Pradesh 11.4 294 20.8 19.2 12.8 6.50
Uttarakhand 12.8 25.9 13.7 13.2 9.10 25.3
West Bengal 28.6 329 17.0 12.3 5.10 4.00
India 11.4 294 17.8 12.1 11.6 17.7

Table 2. State-wise deficiency (% of soil samples) status of available S.

(version 10.5.1) (Environmental Systems Research Institute, Redlands, California) for power BI, in order to have
better data visualization and proper understanding of distribution of nutrient deficiencies in different parts of
India. The nutrient deficiencies (% of the soil samples), district boundary, state boundary and AER boundary
were used as different layers of ArcGIS mapping. Two kriged distribution maps of Zn+B and S+Zn +B defi-
ciency (considering deficient (acute deficient + deficient + latent deficient), marginal (marginally sufficient) and
high (adequate + high) status) were prepared using ArcGIS software (version 10.5.1) (Environmental Systems

Research Institute, Redlands, California).
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State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 3.40 27.6 19.8 14.3 16.9 17.9
Arunachal Pradesh 0.30 6.10 4.80 7.90 26.2 54.8
Assam 3.00 39.6 18.6 13.8 114 13.6
Bihar 9.10 29.4 14.5 14.0 152 17.7
Chhattisgarh 6.60 30.5 18.5 17.8 15.0 11.7
Goa 235 35.0 11.9 11.5 15.0 3.10
Gujarat 7.70 36.6 16.3 14.5 13.2 11.8
Haryana 2.10 18.4 11.0 14.7 20.7 33.1
Himachal Pradesh 1.20 8.30 5.80 7.10 20.7 56.9
Jammu & Kashmir 4.40 24.8 12.7 14.3 18.4 25.3
Jharkhand 2.20 19.9 17.8 19.5 20.4 20.2
Karnataka 11.4 27.0 12.1 10.9 13.4 25.2
Kerala 3.80 5.90 4.70 7.10 12.2 66.3
Madhya Pradesh 20.3 46.7 159 7.30 5.70 4.20
Maharashtra 9.90 35.7 13.0 11.5 14.8 15.1
Manipur 5.70 19.9 12.5 17.2 235 21.3
Meghalaya 0.20 5.60 6.80 8.90 18.9 59.6
Mizoram 0.00 3.50 5.10 6.90 29.4 55.1
Nagaland 0.10 6.60 7.60 7.40 252 53.2
Odisha 135 27.4 13.7 13.9 14.7 16.9
Punjab 4.20 19.0 12.1 12.6 18.8 33.4
Rajasthan 22.6 41.7 15.6 8.70 6.00 5.30
Tamil Nadu 7.50 23.1 14.4 15.4 17.5 22.0
Telangana 5.80 322 16.8 19.3 14.1 11.9
Tripura 0.60 3.90 0.60 2.80 19.7 72.5
Uttar Pradesh 4.00 34.6 22.0 17.3 15.0 7.20
Uttarakhand 1.60 9.70 7.50 11.1 18.9 51.2
West Bengal 2.90 14.3 13.6 18.7 26.2 24.2
India 7.90 28.6 14.7 12.7 14.8 21.3

Table 3. State-wise deficiency (% of soil samples) status of available Zn.

Results

Status of available S and micronutrients. The values of available S and micronutrients varied widely
(Supplementary Table S3). The mean concentration (mean+SD) was 27.0£29.9 mg kg™ for available S,
1.40+1.60 mg kg™! for available Zn, 1.40+4.70 mg kg™' for available B, 31.0+52.2 mg kg™! for available Fe,
2.30+3.50 mg kg™ for available Cu, and 17.5+21.4 mg kg™ for available Mn. The CV values of available S and
micronutrients varied from 111 to 338%.

Single nutrient deficiencies of available S and micronutrients. On average, about 11.4, 29.4 and
17.8% of soils were acute deficient, deficient and latent deficient in available S (Table 2). Whereas, 12.1, 11.6 and
17.7% of soils were marginally sufficient, adequate and high, respectively, in available S. Relatively, the higher
% of soils in the states namely Haryana (22.9%), Kerala (31.4%), Odisha (29.5%), Rajasthan (33.9%) and West
Bengal (28.6%) were acute deficient in available S. More than 60% of soils in the states namely, Assam, Bihar,
Goa, Gujarat, Jharkhand, Karnataka, Kerala, Madhya Pradesh, Maharashtra, Odisha, Rajasthan, Uttar Pradesh
and West Bengal were deficient (including acute deficient, deficient and latent deficient) in available S.

Averagely, about 7.90, 28.6 and 14.7% of soils were acute deficient, deficient and latent deficient in available
Zn (Table 3). Whereas, 12.7, 14.8 and 21.3% of soils were marginally sufficient, adequate and high, respectively,
in available Zn. Relatively, the higher % of soils in the states namely Goa (23.5%), Karnataka (11.4%), Madhya
Pradesh (20.3%), Rajasthan (22.6%), Odisha (13.5%), Bihar (9.10%) and Maharashtra (9.90%) were acute defi-
cient in available Zn. More than 50% of soils in the states namely, Andhra Pradesh, Assam, Bihar, Chhattisgarh,
Goa, Gujarat, Karnataka, Madhya Pradesh, Maharashtra, Odisha, Rajasthan, Telangana and Uttar Pradesh were
deficient (including acute deficient, deficient and latent deficient) in available Zn.

On average, about 4.00, 19.2 and 21.5% of soils were acute deficient, deficient and latent deficient in available
B (Table 4). Whereas, 12.1, 11.4 and 31.7% of soils were marginally sufficient, adequate and high, respectively,
in available B. Relatively, the higher % of soils in the states namely Gujarat (18.7%), Jammu & Kashmir (12.1%),
Kerala (30.5), Odisha (18.2%), and West Bengal (13.1%) were acute deficient in available B. More than 60% of
soils in the states namely Arunachal Pradesh, Assam, Bihar, Gujarat, Himachal Pradesh, Jammu & Kashmir,
Jharkhand, Kerala, Maharashtra, Manipur, Meghalaya, Mizoram, Nagaland, Odisha and West Bengal were defi-
cient (including acute deficient, deficient and latent deficient) in available B.
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State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 0.60 10.5 16.4 249 17.0 30.6
Arunachal Pradesh 1.20 379 50.1 6.50 2.60 1.60
Assam 8.10 384 29.7 12.7 2.80 8.4
Bihar 6.80 322 24.4 16.4 9.70 10.5
Chhattisgarh 3.40 19.7 11.8 11.7 9.40 43.9
Goa 0.00 12.9 29.1 13.7 12.9 31.3
Gujarat 18.7 384 12.9 8.70 5.40 15.9
Haryana 0.20 3.30 5.60 7.9 10.5 72.4
Himachal Pradesh 3.60 28.9 44.8 13.5 5.10 4.10
Jammu & Kashmir 12.1 24.0 239 12.9 11.8 15.3
Jharkhand 8.10 41.8 25.0 11.6 6.30 7.20
Karnataka 2.20 33.7 215 10.5 6.10 26.0
Kerala 30.5 25.0 12.3 7.80 6.00 18.4
Madhya Pradesh 0.40 5.70 7.60 8.20 6.30 71.8
Maharashtra 3.40 28.3 40.3 13.6 6.00 8.40
Manipur 8.90 43.4 20.5 13.0 7.40 6.80
Meghalaya 1.70 44.3 31.3 9.80 6.10 6.70
Mizoram 2.00 33.0 38.7 19.5 5.10 1.80
Nagaland 0.10 51.3 33.8 6.00 5.30 3.60
Odisha 18.2 35.8 18.2 10.0 5.50 12.3
Punjab 1.20 14.2 17.1 14.7 12.1 40.7
Rajasthan 1.30 6.10 9.90 13.7 11.0 58.0
Tamil Nadu 3.80 19.8 13.3 11.3 8.40 43.4
Telangana 1.80 30.3 27.3 16.1 9.40 15.0
Tripura 1.70 15.7 30.9 27.5 16.3 7.90
Uttar Pradesh 1.00 19.5 19.3 16.2 12.0 32.0
Uttarakhand 6.10 18.0 10.3 7.80 8.80 49.0
West Bengal 13.1 29.4 22.2 12.6 7.80 14.9
India 4.00 19.2 21.5 12.1 114 31.7

Table 4. State-wise deficiency (% of soil samples) status of available B.

Averagely, about 3.80, 9.00 and 6.40% of soils were acute deficient, deficient and latent deficient in available
Fe (Table 5). Whereas, 9.60, 11.3 and 59.9% of soils were marginally sufficient, adequate and high, respectively,
in available Fe. Relatively, the higher % of soils in the states namely Haryana (8.20%), Karnataka (8.90%), Maha-
rashtra (8.50), Rajasthan (5.70%), Tamil Nadu (6.00%), Telangana (5.00%) and Uttar Pradesh (5.40%) were acute
deficient in available Fe. More than 25% of soils in the states namely, Andhra Pradesh, Goa, Gujarat, Haryana,
Karnataka, Maharashtra, Rajasthan, Tamil Nadu and Telangana were deficient (including acute deficient, deficient
and latent deficient) in available Fe.

Averagely, about 2.10, 2.10 and 7.20% of soils were acute deficient, deficient and latent deficient in available
Cu (Table 6). Whereas, 10.8, 10.2 and 67.6% of soils were marginally sufficient, adequate and high, respectively,
in available Cu. Relatively, the higher % of soils in the states namely Haryana (6.20%), Odisha (5.70%). Punjab
(4.70), Rajasthan (9.10%), and Uttar Pradesh (3.10%) were acute deficient in available Cu. More than 25% of
soils in the states namely, Goa, Haryana, Punjab, Rajasthan, and Uttar Pradesh were deficient (including acute
deficient, deficient and latent deficient) in available Cu.

On average, about 1.10, 6.00 and 10.3% of soils were acute deficient, deficient and latent deficient in available
Mn (Table 7). Whereas, 13.2, 9.10 and 60.4% of soils were marginally sufficient, adequate and high, respectively,
in available Mn. Relatively, the higher % of soils in the states namely Jammu & Kashmir (3.50%), Kerala (3.40%),
Punjab (7.80), and Rajasthan (5.80%) were acute deficient in available Mn. More than 20% of soils in the states
namely, Bihar, Goa, Haryana, Jammu & Kashmir, Kerala, Nagaland, Punjab, Rajasthan, Tamil Nadu and Uttar
Pradesh were deficient (including acute deficient, deficient and latent deficient) in available Mn.

Multi-nutrients deficiencies of available S and micronutrients. The mean deficiency of 2
or>2-nutrients deficiency of available S and micronutrients varied from 0.10% (Zn + Fe + Cu+ Mn+B) to 9.30%
(S+Zn) (Table 8). The deficiency of S+Zn was predominantly prevalent in different districts of Bihar, Gujarat,
Karnataka, Madhya Pradesh, Odisha, Rajasthan, Uttar Pradesh and Maharashtra (Supplementary Figure S1).
More than 20% of soils 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 to 20.3% of soils in dif-
ferent states with mean value of 8.70%. It’s prevalence in states like Bihar, Karnataka, Odisha and Tamil Nadu was
higher (Fig. 1, Supplementary Figure S2). More than 20% of the sampled sites in 16 districts of Bihar, 5 districts
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State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 3.80 11.9 12.1 11.8 7.70 52.6
Arunachal Pradesh | 0.00 0.40 11.2 17.0 12.7 58.7
Assam 0.10 0.10 0.00 0.00 0.30 99.5
Bihar 1.60 5.30 4.00 5.60 5.20 78.3
Chhattisgarh 1.90 5.00 3.90 4.80 4.00 80.4
Goa 0.00 15.4 20.1 12.2 7.60 44.6
Gujarat 2.80 20.7 20.2 16.4 9.60 30.4
Haryana 8.20 15.9 9.60 10.8 8.40 47.1
Himachal Pradesh 0.70 2.00 5.60 10.3 10.9 70.5
Jammu & Kashmir 1.20 2.00 3.60 4.50 4.70 84.1
Jharkhand 0.00 0.10 0.00 0.20 0.10 99.6
Karnataka 8.90 11.7 5.80 7.00 6.70 59.9
Kerala 1.30 1.60 1.60 1.70 1.70 92.2
Madhya Pradesh 2.70 7.60 10.1 12.6 11.7 55.3
Maharashtra 8.50 17.2 10.7 10.4 8.90 44.3
Manipur 0.10 1.20 5.70 7.30 6.10 79.5
Meghalaya 0.10 1.60 8.10 10.8 9.10 70.2
Mizoram 0.00 0.40 7.70 7.50 8.60 75.7
Nagaland 0.60 2.10 7.90 10.8 9.90 68.7
Odisha 1.60 4.30 2.60 3.10 2.40 86.0
Punjab 3.90 10.9 7.10 8.10 7.80 62.2
Rajasthan 5.70 34.8 25.1 11.2 4.60 18.5
Tamil Nadu 6.00 11.1 8.40 9.40 8.00 57.1
Telangana 5.00 10.4 9.80 11.5 10.2 53.1
Tripura 0.60 0.60 2.20 1.70 7.30 87.6
Uttar Pradesh 5.40 12.4 13.5 13.6 10.7 44.4
Uttarakhand 0.30 1.70 2.60 5.70 6.30 83.6
West Bengal 0.00 0.00 0.00 0.10 0.00 99.9
India 3.80 9.00 6.40 9.60 11.3 59.9

Table 5. State-wise deficiency (% of soil samples) status of available Fe.

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%. Relatively higher % of the soils
in Jharkhand, Karnataka, Kerala, Manipur, Odisha, Uttarakhand and West Bengal state were deficient in S+B
(Supplementary Figure S3). More than 20% of soils 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 soils were deficient in Zn + Fe. Relatively higher % of soils of Gujarat, Karnataka, Maharashtra
and Rajasthan were deficient in Zn +Fe (Supplementary Figure S4). More than 20% of the sampled sites in 9
districts of Gujarat, 5 districts each of Madhya Pradesh and Maharashtra and 7 districts of Rajasthan had Zn + Fe
deficiency. The higher % of soils of Goa, Jammu & Kashmir and Rajasthan were deficient in Zn+Mn with a
national average of 3.4% (Supplementary Figure S5). The deficiency of S+ Fe, 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 (Supplementary
Figure S6-S8). The deficiency S + Fe was higher in Gujarat, Haryana, Rajasthan and Uttar Pradesh.

The deficiency of 3-nutrients namely, S+Zn+B, S+Zn + Fe and Zn + Fe + B were recorded in 2.60, 1.70 and
1.20% of soils, respectively. Relatively, the higher % of soils in Bihar, Goa, Karnataka and Odisha were deficient in
S+Zn+B (Fig. 2). S+ Zn + Fe deficiency was more in soils of Gujarat, Haryana, Maharashtra and Rajasthan (Sup-
plementary Figure S9, S10). The higher % of the sampled sites in Bihar and Karnataka were deficient in Zn+Fe +B
(Supplementary Figure S11). More than 20% of soils in 1 district each of Bihar, Chhattisgarh, Karnataka, Madhya
Pradesh and 5 districts of Odisha were deficient in S+ Zn + B. More than 20% of soils in 1 district each of Hary-
ana, Karnataka, Maharashtra, and Uttar Pradesh and 2 districts each of Madhya Pradesh and Rajasthan were
deficient in S+ Zn + Fe. More than 3-nutrients deficiencies like Zn+ Fe+ Cu+ Mn and Zn+Fe+Cu+Mn+B
were very less and recorded in only 0.30 and 0.10% of soils, 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. Whereas, <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.
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State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 1.30 5.30 9.00 11.1 10.1 63.2
Arunachal Pradesh | 1.40 3.90 11.8 19.8 15.8 47.2
Assam 2.20 8.50 5.30 4.30 4.10 75.7
Bihar 0.70 1.50 1.60 2.30 3.20 90.7
Chhattisgarh 2.60 4.50 4.70 5.30 5.40 77.4
Goa 3.10 41.2 22.1 14.4 6.30 12.9
Gujarat 0.40 2.80 6.40 7.90 9.00 73.6
Haryana 6.20 13.8 10.7 9.40 9.70 50.2
Himachal Pradesh 1.40 4.80 8.50 15.0 134 56.8
Jammu & Kashmir 0.80 3.40 3.90 6.60 6.00 79.3
Jharkhand 0.50 1.70 4.60 6.70 6.40 80.2
Karnataka 2.10 4.80 7.90 8.60 9.80 66.7
Kerala 2.60 3.60 3.80 4.30 4.60 81.1
Madhya Pradesh 0.50 3.30 5.80 7.00 8.10 75.4
Maharashtra 0.10 1.10 2.20 3.40 4.00 89.0
Manipur 1.40 5.70 8.60 14.0 11.1 59.2
Meghalaya 1.00 5.20 5.40 9.90 12.3 66.3
Mizoram 1.50 6.40 5.10 16.4 14.4 56.2
Nagaland 0.50 9.60 11.6 16.9 11.2 50.1
Odisha 5.70 5.80 4.80 6.00 5.10 72.7
Punjab 4.70 12.3 13.5 13.8 13.8 41.8
Rajasthan 9.10 34.6 22.0 9.80 6.70 17.7
Tamil Nadu 1.40 4.00 5.90 7.80 8.40 72.3
Telangana 1.40 5.80 7.00 7.20 7.40 71.2
Tripura 1.70 1.10 0.00 7.30 9.60 80.3
Uttar Pradesh 3.10 13.2 12.1 9.70 8.30 53.6
Uttarakhand 1.60 6.10 10.1 11.8 11.0 59.4
West Bengal 1.50 2.70 2.10 2.60 2.80 88.5
India 2.10 2.10 7.20 10.8 10.2 67.6

Table 6. State-wise deficiency (% of soil samples) status of available Cu.

Discussion

Status of available S and micronutrients. The concentration of available S in soils of different states of
India varied widely (from 0.02 to 822 mg kg™). Scherer® also recorded wide differences in the concentrations of
available S soils of the world. The concentration of Zn (from 0.01 to 59.8 mg kg™'), B (from 0.01 to 109 mg kg™?),
Fe (from 0.01 to 964 mg kg™!), Cu (from 0.01 to 99.2 mg kg™!) and Mn (from 0.01 to 483 mg kg™) in soils of the
country varied widely. Similarly, Mathew et al.** recorded wide variations in concentration of available Zn, Fe,
Mn, B and Cu in cultivated soils of Tanzania.

The mean concentrations of available Zn 2.30+ 1.30 mg kg™, available Mn 12.2 + 14.4 mg kg™, available Cu
1.10£0.80 mg kg™ and available Fe 66.6+56.0 mg kg™ were reported by Silva et al.*!; in sugarcane cultivated
soils of Brazil. The factors like soil types, nature of crop plants and adoption of various soil-crop management
practices influence the concentrations of available S and micronutrients in soils'>?**>*, The available S concentra-
tion in soils is also influenced by occurrences of plant residues, organic matter and various salts containing S$**.
The extent of rock weathering in soil decides the concentration of available micronutrients and § in soils'?. The
lowest concentrations of available S and micronutrients prevail in the tropical soils with high levels of weather-
ing. The availability of micronutrients in soils is primarily affected by soil parameter namely soil organic matter,
soil pH, clay content, cation exchange capacity, biological activity and redox potential. The nature of crop plants,
rooting pattern, root secretions and associations of plants and microbes also affect micronutrient availability in
soil and plant uptake.

Single nutrient deficiencies of available S and micronutrients. On an average, the concentration
of available S in about 11.4, 29.4 and 17.8% of soils were acute deficient, deficient, and latently deficient range,
respectively (Table 2). There were differences in deficiency levels of available S in the districts of the states.
Several districts in the states like Madhya Pradesh, Gujarat, Odisha, Rajasthan and Manipur had deficiency
in available S in>50% of soils. This is mainly ascribed to variations in cultivation of S-loving crops and less or
no addition of S containing fertilizers. The deficiency of available S could be efficiently alleviated by adopting
site-specific S manipulation strategies in various soil-crop contexts. In parallel to our findings, several schol-
ars recorded S deficiency in different soil-crop contexts and responses of various crops to different S doses in
various states of India'**>*. On average, the extent of deficiency (acute deficient + deficient + latent deficient)
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State Acute deficient | Deficient | Latent deficient | Marginal sufficient | Adequate | High
Andhra Pradesh 0.60 4.00 8.50 7.80 7.20 71.9
Arunachal Pradesh | 0.10 5.70 9.00 21.6 18.5 45.1
Assam 0.10 0.30 3.40 6.60 3.40 86.2
Bihar 0.60 8.70 14.3 15.1 12.0 49.4
Chhattisgarh 0.80 3.50 6.40 5.60 4.70 79.0
Goa 0.00 15.0 5.90 9.90 15.7 53.5
Gujarat 0.10 2.20 7.60 10.4 10.3 69.5
Haryana 1.30 7.40 12.8 13.3 12.6 52.7
Himachal Pradesh 0.20 4.50 8.90 16.6 17.4 52.4
Jammu & Kashmir 3.50 18.7 16.7 114 9.90 39.7
Jharkhand 0.10 0.30 0.90 1.50 2.20 95.0
Karnataka 1.90 8.10 8.10 7.70 6.90 67.3
Kerala 3.40 9.10 9.10 6.50 5.70 66.3
Madhya Pradesh 0.20 6.10 10.1 10.5 9.90 63.2
Maharashtra 0.10 2.00 5.60 7.30 7.90 77.2
Manipur 0.00 10.3 6.50 13.1 13.4 56.5
Meghalaya 0.10 5.90 10.7 12.7 9.90 60.7
Mizoram 0.00 3.10 4.00 13.3 11.3 68.4
Nagaland 0.30 10.8 9.60 12.2 12.2 54.8
Odisha 0.60 4.20 4.50 4.60 3.90 82.2
Punjab 7.80 21.2 26.3 18.7 10.9 15.2
Rajasthan 5.80 30.5 17.3 14.6 10.8 21.0
Tamil Nadu 1.70 12.6 12.7 9.50 8.10 55.4
Telangana 0.00 8.40 9.20 8.60 7.50 66.2
Tripura 0.60 0.60 1.10 6.70 5.60 85.4
Uttar Pradesh 0.50 10.2 154 15.4 9.20 49.3
Uttarakhand 0.20 4.80 5.60 7.40 7.70 74.3
West Bengal 0.30 1.60 2.50 3.40 3.50 88.7
India 1.10 6.00 10.3 13.2 9.10 60.4

Table 7. State-wise deficiency (% of soil samples) status of available Mn.

was 51.2% for available Zn, 44.7% for available B, 19.2% for available Fe, 11.4% for available Cu and 17.4% for
available Mn. In parallel to our results, there were reports of soil micronutrients deficiency in different countries
of the world®. The districts of various states had different levels of micronutrients deficiency. But the almost all
states of India had different levels of Zn deficiency. Most of the soils having low organic carbon content, high
soil pH, with coarse textured and calcareousness and under intense cultivation, had Zn deficiency. Similar to Zn
deficiency, the deficiency of B at various levels prevailed in soils of various states. However, the lateritic and limed
acidic soils, calcareous and leached sandy soils had higher levels of B deficiency. The higher levels of B deficiency
in eastern parts of the country are ascribed to alluvial and loess depositions and high levels of leaching in sandy-
loam soils. The extent of Fe deficiency was higher in states namely Gujarat, Rajasthan and Maharashtra lying in
the western part of the country. Significant % soils of the states like Uttar Pradesh, Bihar, Telangana and Karna-
taka had also Fe deficiency. Iron deficiency in these soils is mainly due to alkaline soil Ph and moisture deficit
situation resulting in transformation of Fe from ferrous (Fe?* soluble) to ferric (Fe** insoluble) state. The extent
of Cu deficiency was the lowest among the studied nutrients. Thirteen districts of Haryana, Assam, Tamil Nadu,
Odisha and Rajasthan had Cu deficiency in >20% of soils. Calcareous, sandy textured and eluviated organic mat-
ter rich soils are the causes of Cu deficiency. The soils of the state like Haryana, Bihar, Rajasthan, Tamil Nadu,
Uttar Pradesh, Telangana, Punjab and Jammu & Kashmir had higher levels of Mn deficiency. The prime causes
of Mn deficiency in these soils are prevailing moisture deficit condition, low total Mn content in soil, coarse tex-
tured and calcareous soils. There are reports of responses of different crops to micronutrients addition to various
soils of India'****, corroborating our findings of micronutrients deficiency in soils of various states. The farmers
should go for addition of micronutrients fertilizers based on deficiency levels in soils and nature of crops and
their demand, as the crop responses differ with soil-crop contexts.

Multi-nutrients deficiencies of available S and micronutrients. There were 2 and>2-nutrients
deficiencies of available S and micronutrients in soils different states of India. The extent of these deficiencies
followed the order: S+Zn (9.30%) >Zn+B (8.70%) >S + B (7.00%) > Zn + Fe (5.80%) > Zn + Mn (3.40%) >S + Fe
(3.30%)>Zn+Cu  (2.80%)>Fe+B  (2.70%)>S+Zn+B  (2.60%)>S+Zn+Fe  (1.70%)>Zn+Fe+B
(1.20%) > Zn + Fe+ Cu+Mn (0.30%) > Zn + Fe + Cu+ Mn + B (0.10%) (Table 8). The different states and AERs of
the country had various levels of 2 and > 2-nutrients deficiencies of available S and micronutrients. S+Zn defi-
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State 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
Andhra Pradesh | 623 | 206 | 259 | 6.90 0.60 4.65 |0.60 178 | 073 1.88 0.62 0.01 0.00
f,\rr;(;‘:s;hal 043 | 241 | 291 | 0.00 0.50 0.00 |0.30 000 | 028 0.00 0.00 0.00 0.00
Assam 543 | 7.88 | 678 | 0.00 0.00 0.00 |0.90 0.14 1.95 0.00 0.00 0.00 0.00
Bihar 129|196 970 | 526 | 480 226 |2.20 7.90 | 594 1.55 3.67 023 0.19
Chhattisgarh 112 887 | 779 | 304 | 090 2.70 | 0.90 087 | 3.86 1.57 0.63 0.02 0.00
Goa 17.6 632 | 926 | 221 |1030 059 |2.10 059 | 5.15 0.44 0.29 0.00 0.00
Gujarat 155 729 | 7.98 |11.7 0.30 127 030 435 | 323 5.81 1.94 0.01 0.00
Haryana 654 | 075 | 139 | 659 250 8.70 | 3.40 110 | 037 3.02 0.44 0.34 0.09
gﬁzzﬁal 015 | 3.08 | 097 | 022 0.80 025 |0.30 0.50 0.14 0.03 0.09 0.00 0.00
{?:S‘lf‘nn‘j‘lf‘ 444 | 000 | 0.00 | 054 7.04 043 |0.19 0.00 0.00 0.20 0.00 0.07 0.00
Jharkhand 738 | 840 [259 | 0.00 0.20 0.00 |0.10 000 | 440 0.00 0.00 0.00 0.00
Karnataka 122|153 [139 | 924 1.20 388 | 1.10 684 | 612 1.95 331 0.02 0.01
Kerala 261 | 393 [213 | 097 | 070 1.23 | 050 2.10 1.37 038 071 0.14 0.14
Madhya Pradesh | 18.8 227 | 166 | 5.83 1.50 270 | 0.40 060 | 098 1.87 0.39 0.00 0.00
Maharashtra 10.0 519 | 352 | 9.82 1.80 538 |0.10 523 1.20 3.09 148 0.01 0.00
Manipur 517 | 941 |174 | 087 | 240 0.07 |0.60 093 | 252 0.00 0.43 0.00 0.00
Meghalaya 055 | 131 | 337 | 007 | 030 0.76 |0.10 062 | 0.14 0.00 0.07 0.00 0.00
Mizoram 022 | 111 | 376 | 0.00 | 0.00 022 |0.20 022 | 0.00 0.00 0.00 0.00 0.00
Nagaland 050 | 219 | 0.80 | 040 | 0.30 0.60 |0.10 060 | 0.00 0.00 0.30 0.00 0.00
Odisha 180 |203 [253 | 253 1.30 1.67 | 250 225 | 114 1.01 1.04 0.01 0.00
Punjab 6.15 | 2.83 | 404 | 464 | 7.00 490 |2.70 1.82 1.01 1.70 0.68 048 0.15
Rajasthan 299 057 | L16 |233 225 169 |7.80 006 | 030 118 0.02 2.03 0.00
Tamil Nadu 581 [13.1 245 | 7.71 530 0.88 |9.10 2.00 1.68 071 1.38 0.66 0.10
Telangana 696 | 892 | 9.60 | 4.68 0.80 448 |0.60 410 | 226 1.22 1.30 0.00 0.00
Tripura 000 | 056 | 0.00 | 0.00 | 0.00 0.00 |0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Uttar Pradesh 881 | 552 | 657 | 525 | 480 571 | 1.20 275 | 217 236 097 0.32 0.19
Uttarakhand 187 | 126 [119 | 044 1.10 030 |0.70 049 | 055 0.12 0.09 0.09 0.00
West Bengal 797 | 417 |1944 | 000 | 040 0.00 |0.50 002 | 230 0.00 0.00 0.00 0.00
India 930 | 870 | 7.00 | 5.80 3.40 330 |2.80 270 | 2.60 1.70 1.20 030 0.10

Table 8. Per cent of the soils deficient in multi-nutrients in different states of India. S available sulphur, Zn
available zinc, B available boron, Fe available iron, Cu available copper, Mn available manganese.

ciency was prevalent in > 15% of soils of Odisha, Rajasthan, Madhya Pradesh and Goa. This was also prevailed in
higher extent in soils of AER 5, 8, 9, 10 and 13. The deficiency of Zn+ B was prevalent at greater extent in soils
of Odisha, Tamil Nadu, Karnataka and Bihar falling in the AER 5, 8, 12 and 13. The soil of the states namely
Jharkhand, Odisha, Kerala, West Bengal and Uttarakhand had higher levels of S+B deficiency. The levels of
Zn + Fe deficiency were more in Rajasthan, Gujarat, Karnataka and Maharashtra and AER 2, 5, 6 and 8. As dis-
cussed earlier, this spatial variations in prevalence of multi-nutrients deficiencies are ascribed to different soils,
crops, climates and soil-crop manipulation practices. These multi-nutrients deficiencies could be alleviated by
production, distribution and application of S and micronutrients containing customized fertilizers prepared
based on prevailing nutrient deficiencies in various AER, states and districts of the country. This will help to a
greater extent in maintaining soil health, having sustainable crop production and better quality of crops*®*!. The
information from the study could suitably be used by the different stake holders (policy makers, planners and
fertilizer industries) associated with production and distribution of S and micronutrients containing straight
and customized fertilizers to various targeted areas of the country. There are responses of different crops to the
addition of available customized fertilizers in different parts of India**~*. However, there is an urgent necessity
for development, distribution and application of S and micronutrients containing straight and customized fer-
tilizers for different areas of the country, based on the current knowledge on S and micronutrients deficiency. It
will be useful to a greater extent for alleviating S and micronutrients deficiencies in soils, maintaining soil health,
sustainable crop production, increased crop quality and better health of animals and human being.

Conclusions

The present study highlighted the existence of wide variability in available S and micronutrients status in culti-
vated soils of various states of India. On average, the extent of deficiencies (considering acute deficient, deficient
and latent deficient together) of the studied nutrients in soils of the country followed the order: available S > avail-
able Zn > available B > available Fe > available Mn > available Cu. The higher % of soils in Kerala, Odisha and West
Bengal were acute deficient in available S and available B. Whereas, the higher % of soils in Rajasthan, Madhya
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Figure 1. Spatial distribution of Zn + B deficiency in different states of India (The figure has been prepared
using ArcGIS software (version 10.5.1), Environmental Systems Research Institute, Redlands, California).

Pradesh, Goa, Odisha and Karnataka were acute deficient in available Zn. The existence of 2 or > 2 nutrients
deficiencies of available S and micronutrients is restricted to limited areas of different districts of various states.
On average, the levels of deficiencies of S+ Zn, Zn + B, S+ B and Zn + Fe were higher than the deficiencies of other
multi-nutrients. This knowledge could be used for area-specific S and micronutrients management for better
crop production and crop quality. Further, district- and state-specific S and micronutrients based customized
fertilizers could be developed and distributed based on the information generated from the study. However, there
is a need for periodic assessment of available S and micronutrients status in cultivated soils of various states, at
3-5 years interval, as the status of these nutrients change with soil-crop management practices. Further, devel-
opment of kriged distribution maps of available S and micronutrients (using geostatistical tools) for different

districts, states and at country level is needed for preparing site-specific nutrient management strategies. This

type of study needs to be carried out in cultivated soils pf other parts of world for effective S and micronutrients
needed for substantiable crop production, crop quality and good health of soils, crops, animals and human being.
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Figure 2. Spatial distribution of S+ Zn + B deficiency in different states of India (The figure has been prepared
using ArcGIS software (version 10.5.1), Environmental Systems Research Institute, Redlands, California).
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