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Abstract 

This study explores the high - precision mapping (1:50K stratified random
sampling) of spatial variability in soil acidity (pH), soluble aluminium (Al), and plant
available micronutrients (Fe, Mn, Cu and Zn extracted by DTPA) for the acid soils of the
Meghalaya plateau. Results revealed that soils in nearly 88% of the total geographic
area (TGA: 22429 km2) fall below the pH limits of 5.5, of which significant areas (13.9%
TGA) were strongly acidic in reaction (pH <4.5). In close to 90% of the plateau soils, Al
exceeded the critical toxicity thresholds (>9.0 mg kg-1). Over 93% of soils were high in Fe
concentration (>10.5 to 100.0 mg kg-1). Mn, Cu, and Zn were found to be deficient in
12% (Mn <5.0 mg kg-1), 20% (Cu < 0.6 mg kg-1), and 27% (Zn <0.9 mg kg-1) of the TGA,
respectively. The multi-micronutrient composite maps of Fe, Mn, Cu, and Zn displayed an
intricate spatial dimension in the deficiency zones. The study concludes that there is a 
pressing need to manage site-specific micro-nutrients to improve crop productivity and 
produce quality.

Keywords: Soil acidity, Micronutrients, Soluble aluminium, Spatial mapping, Deficiency zone,

Meghalaya Plateau, Northeast India

Introduction

Soil acidity poses a major challenge to the sustainability of agricultural production,

particularly in the mountainous ecosystem of northeast Himalayan India (NEH).  The acidic soils

of the region are characterized by nutrient imbalances, excess of iron (Fe) and aluminium (Al) in

particular, while lacking of bases, macro- and other essential micronutrients.  The region is also 

experiencing a rapid change in land use due to large-scale deforestation associated with

traditional agriculture, slope cultivation and open pit mining in some areas, particularly in 

Meghalaya. Land use change has a strong influence on altering soil properties, particularly soil
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acidity and fertility, including plant available micro nutrients. Nearly 30 % of the 2.24 million

hectares of the Meghalaya Plateau is degraded by soil acidity, water erosion and other forms of

soil degradation1. Deforestation and cultivation (shifting and sedentary agriculture) in the sloping

uplands of Meghalaya have accentuated serious water erosion with annual soil loss going up to

229 t ha-1 2. The result is a loss of fertile topsoil, soil acidification (per pH of 0.25-0.33 units), a

decrease in soil fertility, including micronutrients from 17 to 79%3, 4. 

The absence of a high-precision, up-to-date map of the spatial variability of soil

acidity and its interplay with micronutrients for Meghalaya soil is the barrier to an effective

nutrient management on a priority basis. The region continues to rely on a coarse-

resolution (made from 100 sites spanning 26.2 million hectares) soil acidity map developed in

the year 2006 by Sharma et al.5 Shukla and Behera6 conducted national micro-nutrient mapping

at too crude a resolution (at the district level). To represent the NEH, they considered just 20 of 

the 93 districts (eight states, including Meghalaya). Similarly, from coarse resolution (1:250K

scales,) mapping of acidic soils at country level, Maji et al.7 reported the absence of strongly acid 

soils (pH <4.5) in Meghalaya, a contradiction to the presence of ultra-acidic to strongly acidic

soils (pH 3.1 to <4.5), based on extensive field research in the region8, 9.

Therefore, such coarse-resolution country-level mapping is unlikely to reflect the

complex interaction of widely varying local control factors (e.g. weather, land use, 

physiography, geology, elevation, and soil types) on soil acidity and micronutrient distribution in

Meghalaya. Thus, the extent of acidic soils and micronutrient distributions in Meghalaya requires

a revisit of the estimates using finer resolutions based on local control factors. Thus, we mapped 

the spatial distribution of soil acidity, soluble aluminium, and plant available multi-

micronutrients using a robust stratified sampling strategy based on geospatial techniques to a
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much finer resolution (1:50 K scale) taking into account of local control factors. Such high-

precision spatial mapping will effectively help in soil acidity amelioration and fertility 

management to improve crop productivity and produce quality.  

Materials and methods 

Description of the study area 

The study area is the Meghalaya Plateau (25° 10ʹN to 26° 41ʹN latitude and 89° 50ʹ E to 

92°52ʹ E longitude) in the NEH of India (Figure 1) with a geographical area of 22429km2. 

Physiographically, Meghalaya is divided into two distinct regions viz., the highly dissected 

western parts of Garo hills and the true plateau sector of the Khasi-Jaintia hills in the central and 

the eastern parts. Physically, the state was divided into three zones, namely the Garo Hills, the 

Khasi Hills, and the Jaintia Hills. Most of the state's topography is hilly, while the intermontane 

valleys are interspersed with hills in marginal areas.  Hence, the altitude of the plateau varies 

from < 10 m (in Garo Hills) to a maximum of 1961 m (Shillong peak in East Khasi Hills) of 

above MSL (Table 1). 

Using the Global Digital Elevation (GDEM) model of the Thermal Emission and 

Reflection Radiometer (ASTER), we derived an elevation map of the Meghalaya plateau (Figure 

2a). Around 46% area, mostly in the Western (Garo Hills) and extreme southern (undivided 

Khasi Hills) sections of the Plateau, lies below 500 m MSL. Twenty eight percent of GA in the 

Plateau, mainly located in the outer periphery of Khasi and Jaintia hills, extended to the central 

Garo Hills lies between 500 to 1000 m MSL. Another 19% GA near the centre of Khasi Hills 

and extended to the far east Jaintia Hills lies between 1000 and 1500 m MSL. Only 7.9% GA of 

the Plateau lies in the higher elevation (>1500 m.) and restricted to the central parts of the Khasi 
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hills, including the highest point of 1961 m at the summit of Shillong (in the hills of East Khasi) 

(Figure 2a). 

Meghalaya has a sub-tropical monsoon-type of climate and classified in agroecological 

sub-regions of hot, moist humid to per-humid (ASER 17.1)10. The annual rainfall is strongly 

influenced by the orography of the abrupt slopes of the plateau and receives the highest annual 

rainfall in the world (>11500 mm), known as the Mawsynram belt on the Cherrapunji Plateau. 

The interaction of orography with local topography causes significant spatiotemporal variation 

(CV: 8.6%) in annual rainfall: between 1500 mm and over 11500 mm, with a mean of 2066 mm. 

About 80% of the annual rainfall occurs during the monsoon months (June to September). 

Altitudinal variation also strongly influences the annual mean air temperature, which ranges 

from above 24° C in foothills to 16° C or less at higher altitudes11. 

The plateau is mainly made up of rocks of the pre-Cambrian age and a greater portion of 

the Plateau is formed of gneissic rocks overlaid by sandstones, pebble beds, conglomerates, and 

shale of Cretaceous-Tertiary system12. Taxonomically, soils of the Meghalaya are classified into 

four major soil orders, namely Inceptisols (45% area) followed by Ultisols (40% area), Entisols 

(10.7%), and with a minor presence of Alfisols (3.6%). In highlands, soils were developed from 

the acid igneous parent materials (gneissic complex of shale and sandstone) while in the 

intermontane valleys, they developed from transporting materials of schist, sandstone and 

alluvium13. The red loamy soils are found all along the foothills, sub-mountainous fringes and in 

the central highlands of the Khasi-Jaintia hills. To the west and north of the central highlands, the 

hill soils are progressively replaced by acid lateritic soils12, 13. 

 We sourced the LULC map of Meghalaya plateau at a scale of 1: 50K from the Bhuvan 

Web Mapping Service of the National Remote Sensing Centre (NRSC)14 and modified 
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(amalgamated several similar sub-classes) into eight main categories (most commonly found) in 

Arc-GIS v10.2 (Figure 2b). The LULC map reflected that nearly 82.8% (18571 km2) GA in 

Meghalaya is under forest cover (deciduous to semi-evergreen) (Figure 2b, Table 2). Agriculture 

(settled and shifting cultivations) is practiced in 15.1% GA (3384 km2) of which settled 

agriculture (upland and lowland) is limited to only 5.7% GA while shifting cultivation is 

practiced in 9.4% GA along the sloping uplands (Table 2). Other land uses (grassland, 

settlement, and water bodies) occupy 1.3% GA (320 km2) of the state. 

Soil sampling strategy 

To identify representative sampling locations, we performed a multilayer overlay analysis 

of several relevant agro-physical attributes, using the Survey of India topo-sheets (1:50K scale) 

as a base map in the Arc-GIS v10.2 software. Thematic agro-physical layers such as elevation, 

agro-ecological sub-regions, geology, physiography, and land use were obtained from the 

Bhuvan Web Mapping Service of the National Remote Sensing Centre (NRSC: http://bhuvan. 

nrsc.gov.in/gis/thematic) while spatial maps of annual rainfall and soil organic carbon stock were 

prepared from the observed data. We overlaid all these thematic layers into Arc-GIS and 

following logical combinations, classified the Meghalaya plateau into several heterogeneous 

zones based on dissimilarity of agro-physical input parameters (Figure 1). In total, 1473 

sampling sites were randomly selected to represent all heterogeneous units throughout 

Meghalaya Plateau for this study (Figure 1). Surface soil samples (0-15 cm) from all these 1473 

geo-referenced locations were collected during March 2019 to April 2021 following standard 

sampling protocols. 

Sample preparation, soil analysis  
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All the geo-referenced soil sample sites were processed, sieved through a 2-mm sieve and 

stored for laboratory analysis. Soil texture analysis was done using an international pipette 

method15. The soil reaction was determined using a pH meter using a soil glass electrode: water 

in the ratio of 1:2.516. Organic carbon was determined from the 0.50 mm sieved samples by a wet 

chromic acid digestion procedure17. Cationic micronutrients, iron (Fe), manganese (Mn), copper 

(Cu) and zinc (Zn) were determined by the DTPA (Diethylene triamine pentaacetic acid) 

extraction method18 using atomic absorption spectrophotometer (Thermo Fisher Scientific, AAS- 

iCE 3500). Similarly, the level of soluble aluminium (Al) was extracted with ammonium oxalate 

as per Blakemore et al.19 and filtered extracts were measured with AAS. 

Spatial mapping of soil properties 

Descriptive statistics such as mean, standard deviation, median, minimum and maximum 

values for measuring soil properties were computed using SAS 9.2v. For spatial mapping of the 

soil properties (pH, texture class, DTPA-extractable Fe, Mn, Cu, and Zn, and soluble 

aluminium), we prepared point layers from the 1473 geo-referenced sampling locations in the 

Arc GIS 10.2 v software. Using inverse distance weighted (IDW) interpolation technique, raster 

layers for the corresponding soil properties were generated and they were classified for soil 

acidity (pH) as per Majji et al.20. The pH classes were namely (i) strongly acidic (pH: <4.50), (ii) 

moderately acidic (pH: 4.50 to 5.50), (iii) slightly acidic (pH: 5.50 to 6.50), and (iv) neutral (pH: 

6.50 to 7.50).  

Similarly, deficiency to sufficiency or toxic ranges for multi micronutrients was classified 

as defined by Shukla et al.21. The composite distribution of the available micronutrient class was 

spatially interpolated using logical combinations, taking into consideration of the availability-

based classification (low, medium, high and toxic), as suggested by previous researchers (Table 
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3)22,23,24. Composite maps of two (Fe-Mn), three (Fe-Mn-Cu), and four (Fe-Mn-Cu-Zn) 

micronutrient combinations25 were prepared in the Arc GIS 10.2 v software and the surface area 

for each class was estimated. 

Results and discussion 

Spatial variability in distribution of soil properties in Meghalaya Plateau  

The sampling locations (~1473) were distributed over altitudes ranging from 18 m to 

1880 m a.s.l. on the Meghalaya Plateau (Table 1, Figure 2). Soil particle size distribution namely 

sand, silt, and clay contents varied considerably (coefficient of variation, CV: 19.9% to 37.9%) 

(Table 1).  Varied geological formations and physiographic positions induced wide variability in 

soil texture classes (loamy sand to sandy clayey). Over half of the soils of the Meghalaya 

(~55.2% GA) qualified textually to classify them as sandy clay loam. Other texture classes with 

substantial areas in the Plateau were sandy loam (in ~20.7% GA), followed by silt loam (~11.1% 

GA), and loamy sand (~10.2% GA). Texture classes such as loam, clay loam and sandy clay 

loam, also existed, but only marginal (~2.4%) (Table 4, Figure 3a). The particle size distribution 

(PSD) and soil texture in the Plateau were affected by clastic sedimentary formations, 

deforestation induced soil erosion, and fluvial deposits (of recent and old) along the northern and 

southern frontiers, bordering Assam and Bangladesh. Sandy clay loam soils were distributed 

across the state in large continuous patches. Coarse textured soils (loamy sand, sandy loam and 

silty loam) were distributed in slabs in the recently deposited alluvial deposits and the sub-

mountainous fringes of the Khasi-Jaintia Hills (Figure 3a). Medium-textured loamy soils were 

found embedded alongside coarse-textured soils in these areas. The large variation in soil texture 

classes from sandy to clayey was reported by Jena et al.26, even in small blocks (Jirang, Ri-Bhoi, 

Meghalaya).  
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Measured soil bulk density (BD) values ranged from 0.73 to 1.48 Mg m-3 with an average 

value of 1.12 Mg m-3. The oxidizable organic carbon (SOC) content in the soil varied greatly 

(CV> 50.0%), ranging from 0.36% to 5.90%, with an average of 1.73%. In locations with high 

SOC and clay contents, mostly under forests, the soil BD values were lower than 1.0 Mg m-3 

while in the jhum land, paddy cultivation with wet-tillage, and other wastelands, the BD values 

were higher (>1.1 Mg m-3). 

 The reaction in soils was mostly acidic (mean pH ~ 4.67), but varied widely, ranging 

from very strongly acidic in the Jaintia Hills (pH< 3.0) to neutral (pH> 7.5) (Table 1) in some 

limestone sites set aside within the southern limits of Khasi-Jaintia Hills (Figure 3b). Spatial 

distribution revealed that soils in significant areas (13.9% GA) of Meghalaya were strongly 

acidic in reaction (pH< 4.5), which was not reported earlier at the national level20. Soils in 

majority of the area (74.1% GA) were, however, moderately acidic in reaction (pH< 5.5). Thus, 

about 88% soils of the Meghalaya fall below critical pH limits of 5.5 and demands for 

management strategies to ameliorate soil acidity and improve crop productivity27. Strongly acidic 

soils (in particular pH< 4.0) were distributed in areas affected by intensive coal mining in the 

Jaintia Hills and in the western central parts of the Khasi Hills. Several previous field studies 

from the Jaintia Hills also reported the presence of ultra-acidic to very acidic soils (pH: 3.1 to 

<4.5)8, 9. Acid drainage from the tailings is rich in sulphur and biogenic pyrites (rich in Fe and S), 

and is highly acidic (pH: 2.0 to 3.0). On oxidation, pyrites (pH< 4.0) release oxidized compounds 

of Fe (Fe3+) and sulphate (SO4
2−), which acidifies the soil further8, 28. 

The development of moderately acidic soils results from the intense weathering of acidic 

parent materials (igneous rocks), followed by the leaching of bases (Ca2+, Mg2+, K+, and Na+) in 

a steep-sloping highlands with heavy rainfall4. The soils of some of these areas are still acidified 
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by inappropriate land uses that reign in the Plateau6, 8. The other reason is the ferruginous nature 

of sandstone parent material in the Plateau that has a significant presence of iron-aluminium (Fe-

Al) rich allophone minerals29, 30, which, by dissociating, releases oxides and hydroxides of Fe 

and Al. Only marginal areas (<8.0% GA) had a soil pH of >5.50 and negligible areas in 

limestone reserves in the extreme southern fringes of Khasi-Jaintia Hills had a soil pH of > 6.50 

to 7.50 (neutral) (Table 4, Figure 3b).  

Spatial variability in distribution of soluble aluminium and phyto-available micronutrients in 

Meghalaya Plateau 

The DTPA-extractable plant available micronutrients (Fe, Mn, Cu, and Zn) in the soils of 

the Plateau varied widely (CV: 71.4 to 161.0%) (Table 1). Soils were high in available Fe 

(average Fe: 57.0 mg kg-1) and ranged from 3.2 to 297.1 mg kg-1. Similarly, Mn concentration in 

the soil was also very high (average Mn: 13.3 mg kg-1), ranged from 4.50 to 89.3 mg kg-1. Cu 

varied from 0.10 to 12.0 mg kg-1, while Zn varied from 0.15 to 14.3 mg kg-1. Average 

concentrations of Cu and Zn in Meghalaya soils were 1.12 and 1.32 mg kg-1, respectively. The 

mean concentration of soluble aluminium (Al) was very high (30.4 mg kg-1) and varied 

significantly, ranging from trace amounts to 299.1 mg kg-1 (Table 1).  

Spatial distribution indicated that close to 90% of the plateau soils exceeded Al's critical 

toxicity thresholds (>9.0 mg kg-1 =>1.0 meq per 100 g soil27) (Figure 3c). Of these, soils at 

32.7% GA exhibited 4 to 32 wrinkles above the critical toxicity threshold of Al (36 to 300 mg 

kg-1) and were mainly spread across the Khasi-Jaintia hills of Meghalaya. Only 10.3% of the 

Plateau soils distributed in the southwest facing Garo Hills bordering Bangladesh, and central 

flat lands of Garo Hills were below the critical limit of toxicity to Al (Table 4, Figure 3c). The 

percent area under the distribution of DTPA-extractable micronutrients (Fe, Mn, Cu, and Zn) in 
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the Plateau soils were categorized according to the criteria suggested by Shukla and Behera24 as 

deficient, slightly sufficient, adequate, and high (Table 5, Figures 4 and 5). Soils were very rich 

in Fe available to plants (mean of 57.0 mg kg-1) and almost nine times higher than the critical 

deficiency threshold (Fe ≥ 6.5 mg kg-1). Most of the areas (93.1% GA) were classified as high 

concentrations of Fe (H: > 10.5 to ≤ 100.0 mg kg-1) (Figure 4a). Only 4.6% GA were marginally 

sufficient to adequate (Fe: >6.5 to 10.5 mg kg-1) in Fe concentration and spatially distributed in 

the border areas (river banks and floodplains) of the northwest Garo hills, the northern Khasi 

hills bordering Assam and the southern Jaintia-Khasi hills bordering Bangladesh. The 

concentration of Fe even exceeded the toxicity threshold (>100.0 mg kg-1)23 in another 1.8% GA 

of the Plateau, spatially distributed in the fringes of the highlands of Khasi Hills (Figure 4a). 

Soils were also high in DTPA-Mn [average plateau soils: 13.3 (0.4) mg kg-1]. Only 11.6% GA in 

the border areas of West Garo Hills, from the central highlands to the far north border areas 

(including flat river valleys) of Khasi Hills were critically deficient in Mn concentration (<5.0 

mg kg-1)24 (Table 5, Figure 4b). The percentage of areas above the critical Mn deficiency limit (> 

5.0 mg kg-1) is 88% GA. About 58% of the soils were high (Mn > 9.0 to ≤ 45 mg kg-1) in Mn. 

The concentration of Mn was even higher than the toxicity thresholds of > 45.0 to 90.0 mg kg-1 

Mn in 1.6% area in the central highlands of Khasi Hills22 (Figure 4b). 

Approximately 80% of the soils on the plateau were above the critical limit of Cu 

deficiency (> 0.6 mg kg-1) available to plants (Table 5, Figure 5a). Among these, 36.3% of the 

soils in limestone reserved southern parts of Khasi-Jaintia hillsides bordering Bangladesh, 

sandstone dominated the southerly and northerly border areas of West Garo Hills and the sub-

mountainous fringes of the Khasi hills were barely enough to be adequate (> 0.6 to 1.0 mg kg-1). 

Around 43.2% of the soils, mostly divided into large continuous patches in the Garo hills (except 
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in the western part) and in the far north and south, the central uplands of the Khasi Hills were 

very high (>1.0 to 12.0 mg kg-1) in Cu concentrations (Table 5, Figure 5a). Almost 20% of the 

soils of Meghalaya spatially distributed mainly in the hills of Jaintia, extended to the far south of 

the hills of Khasi and the Garo hills to the far west, had a critical level of available Cu 

concentration (<0.6 mg kg-1)24 (Table 5, Figure 5b). Approximately 73.0% of the soils were 

above the critical deficiency limit of Zn, of which 55.6% were barely enough to meet the Zn 

requirements (0.9-1.8 mg kg-1). Only a sixth of the plateau soils (16.9% GA) in the southern and 

northern parts along the borders (old and new alluvial geology), the central highlands of the 

Khasi Hills and, to a certain extent, the Garo Hills were rich in Zn (>1.8-15.0 mg kg-1) (Table 5, 

Figure 5b). About 27% of the soils, mostly confined in the hills of Jaintia and in the far north 

facing West Garo hills, along the border with Bangladesh were impaired (latent) at the available 

Zn level (<0.9 mg kg-1) (Figure 5b). 

The composite maps of multi-micronutrients exhibited that 2 micronutrients (Fe+Mn) 

were high (HH: Fe-Mn) in 53.9% GA (12077.4 km2) (Figure 6a), 3 micronutrients (Fe+Mn+Cu) 

were high (HHH: Fe-Mn-Cu) in 27.8% GA (6226.9 km2) (Figure 6b), and 4 micronutrients 

(Fe+Mn+Cu+Zn) were high (HHH: Fe>10.5, Mn>9.0, Cu>1.0 and Zn>1.8 mg kg-1) in just 7.1% 

GA (1584.2 km2) of Meghalaya soils (Table 6, Figure 6c). The distribution of 4 micronutrients 

(Fe+Mn+Cu+Zn) revealed an intricate spatial dimension and there were 16 classes across the 

plateau varying from 1.6% GA to as high as 15.8% GA. The 4 micronutrient-rich soils (7.1% 

GA) were spread across border areas of three physical regions of Meghalaya (Garo, Khasi and 

Jaintia Hills) (Figure 6c). The 3 micronutrients namely Fe, Mn, and Cu rich soils were mostly 

distributed in the Garo hills with a low to medium in Zn concentration (<0.9 to <1.8 mg kg-1) 

(Figure 6b). Soils (~54.0% GA) rich in 2 micronutrients, namely Fe and Mn with high to low Cu 
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and Zn concentrations were primarily distributed in the Jaintia Hills (Figure 6c). Soils in small 

areas (~1.35% GA, 300.3 km2) exceeded thresholds for toxicity of 2 nutrients (Fe >100.0 mg kg-

1 and Mn > 45.0 mg kg-1) whereas in marginal zones (0.70% GA, 150.0 km2), one or the other of 

the two nutrients (Fe/Mn) exceeded the toxicity thresholds (Table 6, Figure 6a). 

The great variability of the multi-micronutrients available in the soils of the Meghalaya 

can be attributed to a number of factors controlling natural landscapes and anthropogenic 

creations. Previous studies from the NEH region also reported a wide variation in DTPA- Fe, 

Mn, Cu, and Zn concentrations from 0.66 to 260 mg kg-1, from traces to 93.4, 17.1, and 34.2 mg 

kg-1, respectively4,8. In the studied region, the spatial variation of rainfall and temperature was 

substantial: mean annual precipitation ranged from 1480 to over 11400mm while the annual 

mean temperature varied from 15.3 to 26.7º C. There was also enormous altitudinal variation 

from as low as 18m (Garo Hills) to as high as 1850m (at Shillong Peak) above MSL. These 

might have considerably influenced the soil properties, particularly surface soils, including 

nutrient reserves as they modulate phytomass production, decomposition, and mineralization 

kinetics31. Deforestation and land use variability is another dynamic driver of the region in 

altering soil properties through differences in plant litter chemistry and soil erosion – 

stabilization process32. The heterogeneous geological formations (e.g. ferruginous sandstone to 

shale) since geology as a source of parent material, might have a direct influence on soil 

properties, including mineralogy, soil texture, and fertility33. The heterogeneous properties of the 

soil, including sand, silt, clay, acidity, and SOC levels are other strong reasons for such wide 

variability in the concentration of micronutrients available to plants, including soluble aluminium 

in the Meghalaya Plateau soils4. Correlation studies also affirmed a strong positive relation of 

micronutrients (DTPA-Fe, Mn, Cu, and Zn) with silt (r= + 0.10 to +0.12**, p <0.01), clay (r= + 
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0.19 to +0.42**, p <0.01), and SOC (r = + 0.16 to + 0.32**, p <0.01) contents while negative 

relation to sand contents (r= - 0.18 to +0.38**, p <0.01) (Table 7).  

Conclusion 

Understanding the spatial variability of soil fertility at finer resolution contributes to 

improvement in soil management in cropland, particularly in Meghalaya Plateau soils affected 

by acidity. The systematic neglect of micro-nutrients in conventional soil fertility management in 

the region is mainly due to the lack of an updated map of high-precision spatial variability in soil 

acidity and plant available multi-micronutrients. In this study, the spatial distribution of soil 

acidity (pH), soluble aluminium (Al) and multi-micronutrients (DTPA extractable Fe, Mn, Cu, 

and Zn) was mapped using a robust stratified sampling strategy based on remote sensing and GIS 

at a much finer resolution (1:50 K scale) taking into consideration of local control factors such as 

weather (rainfall and temperature), land use, geology, physiography, elevation, and soil type. 

Our study showed that approximately 88% of Meghalaya soils fall below the critical pH 

limits of 5.5 and of these, large areas (3118 km2, 13.9% GA) in the coal mining areas of the 

Jaintia Hills and in the western central part of the Khasi Hills were strongly acidic in reaction 

(pH < 4.5). Similarly, nearly 90% of the plateau soils exceeded the critical toxicity thresholds for 

Al (>9.0 mg kg-1) and 32.7% of the soil varied from 4 to 32 times above the critical toxicity 

threshold of Al.  Spatial variability mapping suggests that soils of the Plateau in 12% area was 

deficient in plant available Mn (< 5.0 mg kg-1). Similarly, 20% of the soils were found to be 

severely deficient in Cu (< 0.6 mg kg-1) while 27% of the soils were Zn deficient (< 0.9 mg kg-1). 

The multi-micronutrient composite maps displayed only 7.1% of the Plateau soils were high 

enough in the four multi-micronutrients (e.g. Fe, Mn, Cu, and Zn) to sustain optimal crop 

productivity.  
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To achieve maximum crop productivity with product quality in the mountainous state of 

Meghalaya, this study recommends site-appropriate ameliorative measures in cultivated areas 

with a pH of less than 5.5, a toxic level of aluminium concentrations and a deficiency of 

available plant multi-micronutrients (Mn, Cu, and Zn). To raise the soil pH ≥ 5.5 while reducing 

toxicity of Al, Fe, and Mn, we suggest a few selected measures such as applying calcium-

enriched soil ameliorants (e.g. Agricultural lime and paper mill sludge) in furrows (or spaces 

between rows) from 400 to 500 kg ha-1 annually. For micronutrients, more specific to Zn 

deficiency, soil application of zinc sulphate (ZnSO4) @ 5-10 kg ha-1 annually or 25 kg ha-1 once 

in two years, while foliar spraying of ZnSO4 @ 0.5% is suggested. Similarly, for Cu, CuSO4 

application @ 5-10 kg ha-1 in soil at five years intervals and foliar spray @ 0.2-0.3%, based on 

the deficiency level, is recommended. In addition, applying locally available organic manure 

such as farmyard (@ 5 to 10 t ha-1), poultry, pig, and enriched composts (@ 2.5 t ha-1) will 

ameliorate soil acidity, complement deficient nutrients while reducing the toxicity of a few (e.g., 

Mn/Fe/Al) via chelation. We also strongly recommend that micronutrients be included in 

existing conventional macro-nutrient-based soil fertility management.  
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Table 2. Estimated area under different Land use land cover class (LULC) in Meghalaya derived from 
multi-date Resourcesat‐2 ortho-rectified LISS‐III satellite data of 2015‐16. Source: Modified and 
adopted from NRSC (2019).   

LULC class Area (km2) Percent geographical area (GA, %) 

Deciduous Forest 13319 59.4 
Dense forest (*EG/SEG) 5252 23.4 
Scrub forest 154 0.7 
Settled agriculture  1281 5.7 
Shifting Cultivation 2102 9.4 
Grassland 212 0.9 
Settlement 83 0.4 
Water Bodies 26 0.1 
Total geographical area (km2): 22429; *EG/SEG: Ever green/Semi-ever green. 

 
Table 3. Classification of soil micronutrients into low, medium, high and toxic according to their 
concentration (mg kg-1) 
Category Fe Mn Cu Zn  Reference 
Low <6.5 <5.0 <0.6 <0.9 Shukla and Behera24 
Medium 6.5-10.5 5.0-9.0 0.6-1.0 0.9-1.8 Shukla and Behera24 
High 10.5-100.0 9.0-45.0 >1.0 >1.8 Shukla and Behera24 
Toxic >100.0 >45.0   Bitonda et al.23 

Shanahan et al.22 
 

 

 

 

 

Table 1. Descriptive statistics of soil properties (including micronutrients) in the state of Meghalaya 

Parameter Sample size Range Mean ± SE CV, % 
Elevation /m 1150 18.0-1880.0 840.2 (±33.91) 50.58 
Sand /% 1143 4.20-85.0 56.06 (± 0.35) 19.88 
Silt /% 1143 1.92-56.5 18.46 (±0.20) 37.86 
Clay /% 1143 3.60-63.60 25.53 (± 0.23) 33.20 
$BD /Mg m-3 1034 0.73-1.48 1.12 (±0.004) 11.52 
#SOC /% 1473 0.36-5.90 1.73 (± 0.094) 53.29 
pH 1473 2.87-7.60 4.67(±0.02) 15.62 
DTPA-Fe /mg kg-1 1473 3.24-297.1 56.99 (±1.24) 80.86 
DTPA-Mn /mg kg-1 1473 4.50-89.28 13.34 (±0.38) 71.35 
DTPA-Cu /mg kg-1 1473 0.10-12.0 1.12 (±0.03) 102.46 
DTPA-Zn /mg kg-1 1473 0.15-14.26 1.32 (±0.04) 161.05 
Soluble Al3+ /mg kg-1 1040 0.10-299.1 30.36(±1.43) 126.92 
*DTPA: Diethylene triamine pentaacetic acid; CV:  Coefficient of variation; $BD: bulk density; #: SOC: 
Soil organic carbon (wet digestion). 
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Table 4. Area under different classes of soil texture, soil acidity and soluble aluminium in the surface soil across 
Meghalaya Plateau. 

Textural class Area (km2) pH  Area (km2) Sol. Al* (mg kg-1) Area (km2) 
Sandy clay loam 11264(55.2) < 4.5 3126 (13.9) < 9 2314(10.3) 
Sandy loam 5159(20.7) 4.5 - 5.5 16614(74.1) 9 - 18 6907(30.8) 
Silty loam 2760(11.1) 5.5 - 6.5 2534(11.3) 18 - 36 5774(25.7) 
Loamy sand 2546(10.2) 6.5 - 7.5 58(0.3) 36 - 300 7337(32.7) 
#Others 593(2.4)     

Total geographical area: 22407 sq.km; *: figures in parenthesis are % geographical area; #: loam, clay loam, sandy 
clay. Soil acidity (pH) was classified as (i) strongly acidic (<4.5), (ii) moderately acidic (4.5-5.5), (iii) slightly 
acidic (5.6-6.5), and (iv) neutral (6.5-7.5) following soil resource mapping criteria of Maji et al.20.  *For soluble 
Al (aluminium), we followed the criteria of Patiram27 as > 9.0 mg kg-1 = 1.0 meq /100 gm soil as critical limit.  

Table 5. Area under different classes of plant available micronutrients (DTPA-extractable) in the surface soil 
across Meghalaya Plateau. 
Fe-Class  
(mg kg-1) 

Area  
(km2) 

Mn-class 
(mg kg-1) 

Area  
(km2) 

Cu-Class  
(mg kg-1) 

Area  
(km2) 

Zn-class 
(mg kg-1) 

Area 
 (km2) 

< 6.5 8.8(0.04) < 5 2609(11.6) < 0.6 4528(20.2) < 0.9 6063(27.0) 
6.5 - 10.5 1034(4.6) 5 - 7 2965(13.2) 0.6 - 0.8 4106(18.3) 0.9 - 1.2 4916(21.9) 
10.5 - 100 20777(93.1) 7 - 9 3817(17.0) 0.8 – 1.0 4001(17.8) 1.2 - 1.8 7553(33.7) 
100 - 297.1 512(1.8) 9 - 45 12864(56.2) 1.0 – 12.0 9697(43.2) 1.8 – 15.0 3800(16.9) 

--- --- 45 - 90 77(1.6) --- --- --- --- 
*: figures in parenthesis are % geographical area. Criteria to define the classes of Fe, Mn, Cu, and Zn as deficient, 
marginally sufficient, adequate, high were adopted from Shukla and Behera24. Fe concentration of >100 mg kg-1 
as toxic threshold was adopted from Bitondo et al.23.      
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Table 6. Percent geographical area under different levels of plant available (DTPA-extractable) 
micronutrients in the surface soil (0-15 cm) across Meghalaya Plateau. 

Fe+Mn 
class 

Percent 
GA 

Fe+Mn+Cu class Percent GA Fe+Mn+Cu+Zn class Percent 
GA 

HH 53.90 HHH 27.79 HHLL 15.78 

HL 22.77 HHL 18.03 HHHM 14.36 

HM 16.70 HLL 9.85 HHMM 12.57 

MH 1.48 HHM 8.32 HLMH 7.33 

ML 1.32 HLH 8.07 HHHH 7.07 

MM 0.71 HML 6.74 HHHL 6.80 

LH 0.30 HMH 5.46 HHMM 5.01 

L-M/L 0.32 HLM 4.76 HMMM 4.91 

T-H/M 0.45 HMM 3.60 HMHM 4.74 

H/M-T 0.26 MLL 1.10 HLLM 4.15 

TT 1.34 MHL 0.74 HMMM 3.72 

  *OTHERS 2.90 HMHL 3.53 

  HTL 0.40 HMHM 3.07 

  TMM 0.37 MMHH 2.54 

  THH 0.24 MMHM 2.42 

    TTL 1.20 TTML 1.57 

Fe classes: (Toxic, T> 100; High, H > 10.5; Medium, M > 6.5 to 10.5 mg kg-1); Mn classes: (Toxic, T> 
45; High, H > 9.0; Medium, M > 5.0 to 9.0; Low, L < 5.0 mg kg-1); Cu classes: (High, H > 1.0; Medium, 
M > 0.6 to 1.0; Low, L <0.6 mg kg-1); Zn classes: ( High, H > 1.8; Medium, M > 0.9 to 1.8; Low, L <0.9 
mg kg-1). *Others: Fe-Mn-Cu as MML, MHH, LHL, LHM, and LLM classes.  Classification of DTPA-
Fe, Mn, Cu, and Zn were adopted from Shukla and Behera24. Toxic levels of Fe and Mn were adopted 
from Bitondo et al.23 and Shanahan et al.22.        

 

 

 

 

 

 

 

 

 

  

Table 7. Pearson’s correlation matrix between soil properties (sand, silt, clay, pH, and 
SOC) and micronutrients in the surface soil (0-15c m) across Meghalaya Plateau.  

 Parameter  Sand Silt  Clay  pH SOC 

DTPA-Fe -0.179** 0.115** 0.197** -0.244** 0.250** 
DTPA-Cu -0.294** 0.105** 0.254** -0.067 0.161** 
DTPA-Zn -0.376** 0.107** 0.421** -0.091 0.317** 
DTPA-Mn -0.287** 0.101** 0.278** -0.278** 0.238** 
Sol. Aluminium -0.050 0.051 0.036 -0.269** -0.086 
*: significant at p <0.05; **:  significant at p <0.01. 
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Figure 1. Composite map representing heterogeneous sampling unit in the study area (Meghalaya 
Plateau) (derived from Remote sensing inputs and GIS overlay analysis criteria). 
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Figure 2. Variation in (a) elvevation ranges (derived from ASTER-DGM) and (b) land use pattern 
(adopted from Bhuvan, NRSC, 2019) of Meghalaya Plateau.  
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Figure 3. Spatial distribution of (a) soil textural classes, (b) soil acidity, and (c) soluble Aluminium (Al) 
in the surface soil (0-15 cm) across Meghalaya Plateau.  
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Figure 4. Spatial distribution of (a) DTPA-extractable iron (Fe) and (b) Manganese (Mn) in the surface 
soil (0-15 cm) across Meghalaya Plateau. 
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Figure 5. Spatial distribution of (a) DTPA-extractable copper (Cu) and (b) Zinc (Zn) in the surface soil 
(0-15 cm) across Meghalaya Plateau.  
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Figure 6. Composite maps showing spatial distribution of (a) two (Fe + Mn), (b) three (Fe + Mn + Zn),
and (c) four (Fe + Mn + Cu +Zn) multi-micronutrients in the surface soil across Meghalaya Plateau.




