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Spatial Assessment of DTPA-Extractable Cationic Micronutrients in Calcareous Alluvial Soils of Vaishali District, Bihar, India



Abstract
[bookmark: _GoBack]The present study assessed the spatial distribution and availability of cationic micronutrients in calcareous soils of Vaishali district, Bihar, India. A total of 139 geo-referenced surface soil samples (0–15 cm) were collected using a grid-based sampling approach. Soil pH, electrical conductivity, organic carbon, and DTPA-extractable Zn, Fe, Mn, and Cu were analyzed using standard procedures. The soils were predominantly neutral to alkaline (pH 7.02–8.36) with low salinity. Available zinc ranged from 0.14 to 2.43 mg kg⁻¹, with about 45.32% of samples classified as Zn-deficient. Iron and manganese showed moderate to high availability, while copper was largely sufficient across the district. Spatial variability of micronutrients was strongly influenced by soil reaction and organic carbon content. The results highlight widespread zinc deficiency and emphasize the need for site-specific micronutrient management strategies to improve soil fertility and sustain crop productivity in calcareous soils.
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Introduction
Soil micronutrients play a vital role in sustaining soil fertility [1], crop productivity [2], and nutritional security of human populations [3, 4, 9]. In agricultural systems, deficiencies of essential micronutrients [6, 39] such as zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu) have become increasingly widespread due to intensive cultivation [5], imbalanced fertilizer use [7,8], and declining soil organic matter [9, 10]. These micronutrients regulate key physiological and biochemical processes in plants [11, 37], and their inadequate availability often leads to reduced crop yields [12] and inferior produce quality [47]. Moreover, micronutrient deficiencies in soils can directly translate into micronutrient malnutrition in humans [13], posing serious public health challenges [14].
The availability of micronutrients in soils is strongly governed by soil-forming factors  [15] and physicochemical properties [16], particularly soil reaction, organic carbon content, and salinity [32]. In calcareous and alkaline soils, high pH and calcium carbonate content often reduce the solubility and plant availability of cationic micronutrients through precipitation [17, 45] and adsorption reactions [18]. Soil organic matter, on the other hand, enhances micronutrient availability by forming stable organo-metal complexes and improving nutrient mobility in the soil solution [19]. Consequently, spatial variability in soil properties leads to pronounced heterogeneity in micronutrient distribution within agricultural landscapes [20, 21].
In the Indo-Gangetic plains of eastern India, calcareous alluvial soils dominate large tracts of agricultural land and are frequently associated with micronutrient imbalances [22], particularly zinc deficiency. Previous studies conducted in parts of Bihar and adjoining districts have reported significant spatial variation in soil fertility parameters [23]; however, detailed and location-specific information on the distribution of DTPA-extractable micronutrients in Vaishali district remains limited. Given the intensive cropping systems practiced in the region, such information is essential for designing site-specific nutrient management strategies.
Therefore, the present study was undertaken to evaluate the spatial distribution and availability of DTPA-extractable cationic micronutrients (Zn, Fe, Mn, and Cu) in surface soils of Vaishali district, Bihar. The study also aimed to examine the relationship between soil physicochemical properties and micronutrient availability, with a view to providing a scientific basis for sustainable soil fertility management in calcareous soils.
Materials and Methods
Location of the study Area
The study conducted in Vaishali district, located in the northern part of Bihar, India, covering an area of approximately 2,036 km². It is intersect by 25°41′ to 25°68′ N latitude and 85°13′ to 85°22′ E longitude. The district consisting Muzaffarpur to the north part, Samastipur associated to the east, the Ganges River to the south, and the Gandak River to the west which comprises three sub-divisions, 16 development blocks, 290 village panchayats, and 1,572 villages. The study area harvested maximum rainfall from June to September and annual low temperature 160C in January and increase up-to 290C in the July. The region is predominantly covered by alluvial soils formed from transported alluvium deposits, exhibiting a neutral to alkaline reaction. As per USDA soil taxonomy, these soils belong to the order Inceptisols [24].
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	Fig..1. Map of the Sampling locations of the research area


Soil Sampling and analysis
Soils samples were collected randomly across the study area on grid basis of Vaishali district, Bihar, using GPS coordinates to precisely record sampling locations. Altogether 139 GPS-referenced soil samples were obtained from the surface layer (0–15 cm depth) at selected sites (Bidupur, Bhagwanpur, Chehra Kalan, Desari, Goraul, Jandaha, Lalganj, Mahnar, Mahua, Patepur, Raghopur, Raja Pakar, Vaishali and Hajipur). Each sample, weighing approximately 500 g, was placed in a clean polyethylene bag labelled with essential site information. The soil samples brought into the laboratory, samples were air-dried in the shade at room temperature, gently crushed with a wooden roller, and homogenized. The processed samples passed through a 2.0 mm sieve then stored in properly labelled polyethylene bags for subsequent analysis of various soil physicochemical parameters. Soil pH and electrical conductivity (dSm-1) was measured in a 1:2.5 soil-to-water suspension using a digital pH meter (ELICO make) following the standard procedure [25]. Available iron, copper, manganese, and zinc in the soil were extracted using a DTPA solution (0.005 M DTPA+ 0.01 M CaCl₂ + 0.1 M TEA buffered at pH 7.3) The concentrations of these micronutrients in the extracts were determined using an atomic absorption spectrophotometer (AAS) (Perkin Elmer, Analyst 700, USA) [26].
Statistical Analysis 
Descriptive statistical analyses of the soil parameters were performed using Microsoft Excel, calculating measures such as mean, mode, median, range, standard deviation, kurtosis, and skewness and correlation coefficient were calculated [33].
Results and Discussion
Soil Reaction (pH)
The analysed soil samples obtained soil pH, EC and organic carbon. The variability in soil pH and EC value found in between 7.02 to 8.36, with a mean value of 7.95. The minimum and maximum pH value (7.02) and (8.36) noticed in Mahanar and Chahra Kalan blocks  were associated with Amritpur village, located at 85.139984° E longitude and 25.907875° N latitude and  Chahra Kalan village, situated at 85.392082° E longitude and 25.889468° N latitude showed in fig 1. Most of the samples got more than pH 7.5 toughing 94.96%  consider under alkaline in nature ad rest of them nearly 5.04% exhibited neutral in reaction ranged between 6.5 and 7.5. Comparable findings have been also documented by many Scientiats [24], [46] and [27]. 
Soil Electrical Conductivity EC (dSm-1)
Similarly, electrical conductivity (EC) ranged from 0.11 to 2.48 dS m⁻¹, having  mean value of 0.31 dS m⁻¹ and a standard deviation of ±0.236. The salt concentration (0.11 dS m⁻¹) found lowest  belonging to Vaishali block in Gopalpur village, located at 85.183151° E longitude and 25.921551° N latitude, whereas, maximum EC value obtaied 2.48 dS m⁻¹ in Hasanpur Osti village, situated at 85.398115° E longitude and 25.787141° N latitude belonging to Mahua block showed in Fig. 2. Analysed sample accounted 97.84% associated with normal category of EC < 1.0 dS m⁻¹, however, 1.44% of the samples exhibited slightly saline in the nature across the study area. However, restricted study area contains 0.72% of the samples were identified as saline.1. Similar results also obtained regarding, electrical conductivity was also reported in the district adjacent to the Ganga river [24]. Several Scientists [28] have also reported the degree of salt concentration in soil samples received from a depth of 0–30 cm of EC varied 0.1 to 5.9 dS m⁻¹.
Organic carbon 
The organic carbon (%) content in the vaishali district ranged from 0.21% to 1.21%, with an mean value of 0.54% and a standard deviation of ±0.18. The lowest OC value (0.27%) was recorded in Chak Hardi village, located at 85.54023°E longitude and 25.696956°N latitude, whereas the highest organic carbon value (1.54%) was observed in Chak Faridabad village, positioned at 85.510887°E longitude and 25.724489°N latitude. belonging to Desari and Hazipur blocks of Vaishali district. It reveals that around 46.04% soil sample identified as low (<0.5), 39.57% medium and 14.39% high organic carbon content in the study area. Many researchers [24, 35] have also found similar kind of results in respect of organic carbon may be attributed to the rapid decomposition of organic matter, driven by high summer temperatures reaching up to 40°C, along with limited application of organic inputs [36, 40].
Available micronutrients content in investigated area: 
The present study also evaluated the availability of soil micronutrients in different district of Vaishali district.
Available zinc concentration 
The available zinc concentration ranged from 0.14 to 2.43ppm with mean value 0.91 ppm. Comperating the vailability of of zinc atblock level, the highest mean value (1.33 ppm) was noticed in Goraul block, however, minimum was recorded in Rajapakar block, as depicted in Fig 3. Zinc concentration in soils accounted 45.32% as low critical value (<0.78 ppm), while, 31.65% were classified with medium category (0.78–1.2 ppm) and remaining 23.02% of the samples exhibited high zinc levels (>1.2 ppm). Similar trend was also reported by many researchers [29, 31, 43], indicating widespread zinc deficiency in agricultural soils, where study found that the range of micronutrients such as zinc (0.13–1.13 ppm). 
Available iron (Fe) content
The concentration of cationic micronutrients like available iron (Fe) content in the soils of study area ranged from 4.35 to 32.78 ppm, having a mean value of 14.37 ppm and a standard deviation of ±5.952 ppm indicatedin table 1. The lowest Fe concentration (1.16 ppm) was found in Brahmpur village (latitude 26.21827°, longitude 85.18897°), however,  the highest Fe content (332.78 ppm) was recorded in Panapur village, located at latitude 25.771115° and longitude 85.35001°. In the investigated area, approximately 7.19% were categorized as low available iron content (<7.0 ppm), whereas, 32.37% of the samples fell within the medium range (7.0–12.0 ppm), however, majority of the samples, found nearly 64.43%, exhibited high iron levels (>12.0 ppm). Similar observation was also reported with respect to iron content in Muzaffarpur district [27]. Sellamuthu [30] studied on the spatial variability of soil fertility in which micronutrients distribution like Fe and Zn occurs largely deficient covering 44.6% area. The high concentration of available iron might be attributed to rich of iron-bearing minerals such as olivine, siderite, goethite, and magnetite. 
Available manganese (Mn) content 
[bookmark: _Hlk204354513]Soil available manganese (Mn) content ranged between from 2.27 to 5.99 ppm, in which minimum Mn concentration 2.27 ppm was associated with Chainpur village (longitude 85.305389°, latitude 25.921154°), however, maximum value (5.99 ppm) was recorded in Chak Faridabad village (longitude 85.510887°, latitude 25.724489°). Among the various blocks of Vaishali district, the Lalganj Block recorded the highest average Mn content (4.05 ppm), while the Rajapaker and Goraul Block exhibited the lowest mean value of 2.60 ppm, as illustrated in Figure 4. The findings of the study indicated that, out of the 139 soil samples analyzed, approximately 38.85% were categorized as low in available manganese content (<3.0 ppm), while 54.68% of the samples fell under the medium category (3.0–5.0 ppm). Only 6.47% soil samples were classified as high in available Mn content (>5.0 ppm) in the soils of Vaishali district, Bihar.The manganese (Mn) status of the study area is detailed in Table 1. DTPA-extractable manganese content ranged from 2.27 to 5.99 ppm, with the mean value of 3.41 ppm. Approximately 38.85% of the area is categorized as low in manganese content. Medium Mn levels (3.0 to 5.0 ppm) appear in isolated patches across the region, as depicted in the generated soil fertility map (Fig. 5), which illustrates the spatial distribution of DTPA-Mn. Manganese deficiency in the area may be linked to well-drained, neutral to calcareous soils, and can also result from excessive use of lime and chemical fertilizers [38]. The manganese content varied from 2.27 to 5.99 ppm, with an average of 3.41 ppm. Most of the soils fall under the medium manganese category and some patches especially cengtral northern part of the  vaishali district cantain between 2.27 to 3.017 ppm. Higher Mn concentrations are mainly found in very few small scattered spot in the ( Fig. 5). 
Available copper (Cu) content 
The available copper (Cu) content in the soils of Vaishali district varied from 0.47 to 1.47 ppm, with a mean value of 0.70 ppm and a SD of ± 0.157. The lowest Cu concentration (0.47 ppm) was observed in Kutubpur village (longitude 85.37191°, latitude 25.62212°), whereas the highest value (1.47 ppm) was recorded in Bara Dakhli village (longitude 85.229118°, latitude 25.914047°). Among the different blocks of the district, Patedhi Belsar registered the highest mean available Cu content (0.79 ppm), while Rajapaker block recorded the lowest mean value (0.58 ppm) (Fig. 6). The distribution of available copper (Cu) in the soil samples across the vaishali district  (n = 139) revealed that 22.30% of the samples were categorized under low Cu content (<0.6 ppm), while the majority, 75.54%, fell within the medium range (0.6–1.2 ppm). A small proportion, 2.16%, was found under the high Cu category (>1.2 ppm). The copper (Cu) content in the study area ranged from 0.47 to 1.47 ppm, with an average value of 0.70 ppm. The analysis revealed that a significant portion-approximately 75% of the study area falls under the high copper content category. This distribution is clearly illustrated in the generated soil fertility map, which shows the spatial variability of DTPA-extractable copper across the region Vasanthi [29] also reported the similar kind of results of copper ranged from copper (0.48–1.77 ppm) were found adequate. The similar results was also reported in Muzaffarpur district by Tagung [27]. The medium to high copper content in the study area may be attributed to the gradual accumulation of copper over time, primarily due to the application of sewage sludge, industrial by-products like slag, and the continuous use of copper-based fungicides or fertilizers in agricultural practices. Copper content varied from 0.47 to 1.47 ppm, with a mean value of 0.70 ppm. The spatial distribution shows that most of the region lies within the medium availability range, although a few patches reflect lower values [41, 42] espacially in the eastern part of the study area and some small scattered spot indicating high Cu content in the soil ( Fig. 7).
Descriptive analysis 
The descriptive statistical of soil properties (Table 2) indicate that soil pH values ranged from 7.02 to 8.36, with a mean of 7.95, suggesting that the soils are predominantly alkaline in reaction. The low standard deviation (0.228) reflects less variability in pH across the sampling sites. The negative skewness (-1.384) denotes a tendency towards lower pH values, while the kurtosis (3.122) implies a slightly leptokurtic distribution. Electrical conductivity (EC) recorded an average value of 0.31 dSm⁻¹, with a wide range (0.11–2.48 dS m⁻¹). The correlation matrix revealed that most soil parameters exhibited weak to moderate associations [34]. Which showed in the table 3. Soil pH showed small negative relationships with micronutrients, suggesting limited influence on their availability. Electrical conductivity had a positive correlation with Cu (r = 0.29719), indicating a slight role of salinity in enhancing Cu solubility. Zinc was weakly and positively correlated with Mn (r = 0.1286) and Cu (r = 0.09387), while its association with Fe was negative. Iron showed a moderate negative correlation with Mn (r = -0.39965) and a weak negative relation with Cu (r = -0.18129), pointing towards possible antagonism. Manganese and Cu were positively correlated (r = 0.34677) [44].








Different Figures related to Soil Reaction (pH) and EC (dSm-1), Organic carbon in different Block of Vaishali district (Bihar)
	
	

	Fig. 2 Average pH value in different Block of Vaishali district (Bihar)
	Fig. 3 Average EC value in different Block of Vaishali district

	
	

	Fig. 4 Average organic carbon value in different Block of Vaishali district
	



Different Figures related to available micronutrients content in different Blocks of Vaishali district
	
	

	Fig. 5 Mean level of available Zn (ppm)
	Fig. 6 Mean level of available Fe (ppm)
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	Fig. 7 Mean level of available Mn (ppm)
	Fig. 8 Mean level of available Cu (ppm)




	
	
	
	Table1: Block wise distribution of soil nutrients of Vaishali district, Bihar

	Block name
	pH
	EC (dS m-1)
	Organic Carbon (%)
	Zinc (ppm)
	Iron (PPM)
	Manganese (ppm)
	Copper (ppm)

	
	Max
	Min
	Mean
	Max
	Min
	Mean
	Max
	Min.
	Mean
	Max
	Min
	Mean
	Max
	Min
	Mean
	Max
	Min
	Mean
	Max
	Min
	Mean

	Bindupur
	8.10
	7.76
	7.96
	0.88
	0.16
	0.40
	Max
	Max
	Max
	1.1
	0.62
	0.85
	20.5
	6.63
	10.13
	4.44
	2.66
	3.74
	1.19
	0.47
	0.73

	Bhagwanpur
	8.26
	8.04
	8.17
	0.38
	0.22
	0.26
	0.76
	0.76
	0.76
	1.86
	0.6
	1.27
	25.17
	14.97
	19.93
	3.73
	2.45
	3.73
	0.78
	0.62
	0.68

	Chahra Kalan
	8.36
	8.05
	8.18
	0.32
	0.21
	0.25
	0.82
	0.82
	0.82
	1.42
	0.34
	0.90
	29.78
	15.94
	21.05
	4.03
	2.28
	2.97
	0.78
	0.62
	0.68

	Desari
	8.16
	7.89
	8.02
	0.32
	0.15
	0.25
	0.89
	0.89
	0.89
	1.56
	0.98
	1.15
	16.28
	4.35
	9.86
	4.14
	2.91
	3.48
	0.69
	0.59
	0.65

	Goraul
	8.22
	7.65
	7.94
	0.63
	0.2
	0.35
	1.03
	1.03
	1.03
	1.51
	1.19
	1.30
	22.33
	20.58
	21.52
	2.86
	2.47
	2.60
	0.7
	0.62
	0.65

	Jandaha
	8.24
	7.48
	8.00
	0.81
	0.24
	0.32
	0.8
	0.8
	0.8
	2.11
	0.27
	0.89
	28.2
	5.27
	12.80
	5.99
	2.7
	3.51
	0.76
	0.58
	0.63

	Lalganj
	8.32
	7.62
	7.95
	0.46
	0.14
	0.31
	1.21
	1.21
	1.21
	1.62
	0.46
	0.95
	15.97
	6.15
	10.33
	5.61
	2.84
	4.05
	1.47
	0.58
	0.76

	Manhar
	8.10
	7.88
	7.99
	0.36
	0.21
	0.27
	0.64
	0.64
	0.64
	1.52
	0.46
	0.91
	19.94
	8.02
	12.83
	4.05
	3.11
	3.43
	0.67
	0.58
	0.61

	Mahua
	8.21
	7.03
	7.87
	2.48
	0.21
	0.50
	0.84
	0.84
	0.84
	1.62
	0.14
	0.80
	29.57
	7.77
	18.39
	4.81
	2.32
	3.17
	1.39
	0.5
	0.75

	Patedhi Belsar
	8.21
	7.76
	7.94
	0.37
	0.21
	0.23
	0.75
	0.75
	0.75
	2.43
	0.32
	0.65
	16.86
	5.93
	10.57
	3.86
	2.27
	3.80
	0.81
	0.5
	0.81

	Patepur
	8.16
	7.68
	8.01
	0.32
	0.14
	0.26
	0.91
	0.91
	0.91
	0.81
	0.39
	1.05
	14.17
	7.89
	10.87
	5.4
	3
	3.22
	1.24
	0.6
	0.65

	Raghopur
	8.24
	7.32
	7.95
	0.24
	0.2
	0.28
	0.7
	0.7
	0.7
	1.39
	0.41
	0.83
	32.78
	14.44
	12.79
	3.25
	2.27
	3.64
	0.88
	0.58
	0.70

	Raja Pakar
	8.22
	7.68
	7.64
	0.36
	0.21
	0.22
	0.95
	0.95
	0.95
	1.32
	0.62
	0.71
	16.7
	9.46
	22.85
	4.64
	2.74
	2.60
	0.78
	0.6
	0.68

	Vaishali
	7.95
	7.79
	7.84
	1.07
	0.11
	0.30
	0.52
	0.52
	0.52
	0.626
	0.52
	0.90
	15.97
	11.97
	15.23
	5.61
	3.32
	3.81
	0.74
	0.61
	0.71

	Hajipur
	8.22
	7.62
	7.94
	0.41
	0.18
	0.28
	0.81
	0.81
	0.81
	1.02
	0.46
	0.76
	15.09
	8.3
	12.14
	3.73
	2.64
	3.00
	1.04
	0.62
	0.79



Table 2: descriptive analysis of soil parameters 
	
	pH
	EC 
(dSm-1)
	Zn (ppm)
	Fe (ppm)
	Mn (ppm)
	Cu (ppm)

	Minimum
	7.02
	0.11
	0.14
	4.35
	2.27
	0.47

	Maximum
	8.36
	2.48
	2.43
	32.78
	5.99
	1.47

	Mean
	7.95
	0.31
	0.91
	14.37
	3.41
	0.70

	Median
	7.98
	0.26
	0.82
	13.17
	3.27
	0.67

	Mode
	7.98
	0.24
	0.68
	8.02
	2.47
	0.62

	Standard Deviation
	0.228
	0.236
	0.397
	5.952
	0.816
	0.157

	Kurtosis
	3.122
	52.664
	0.752
	-0.031
	0.430
	7.718

	Skewness
	-1.384
	6.404
	0.732
	0.701
	0.873
	2.424

	Range
	1.34
	2.37
	2.29
	28.43
	3.72
	1



Table.3: Correlation between soil quality attributes
	 
	pH
	EC (dSm-1)
	Zn (ppm)
	Fe (ppm)
	Mn (ppm)
	Cu (ppm)

	pH
	1
	
	
	
	
	

	EC (dSm-1)
	-0.09722
	1
	
	
	
	

	Zn (ppm)
	-0.06815
	0.080534
	1
	
	
	

	Fe (ppm)
	-0.07732
	-0.08663
	-0.02546
	1
	
	

	Mn (ppm)
	0.094053
	0.029228
	0.128595
	-0.39965
	1
	

	Cu (ppm)
	-0.05332
	0.29719
	0.093868
	-0.18129
	0.346774
	1



Conclusion
The calcareous soils of Vaishali district, Bihar, were predominantly neutral to alkaline in reaction with low salinity and low to medium organic carbon content. The availability of cationic micronutrients exhibited considerable spatial variability across the study area. Zinc deficiency was widespread, with nearly half of the soil samples falling below the critical limit, indicating a major constraint to soil fertility and crop productivity. In contrast, iron and manganese were present at medium to high levels, while copper availability was largely adequate. The distribution of micronutrients was influenced by soil physicochemical properties, particularly soil reaction and organic carbon content. The findings underscore the need for site-specific micronutrient management, especially zinc fertilization, to improve nutrient use efficiency and sustain agricultural productivity in calcareous soils of the region.

Future Scope of Study
Long-term monitoring of micronutrient dynamics under diverse cropping systems is needed to capture temporal variability in calcareous soils. Linking soil micronutrient status with crop response and employing advanced GIS-based modeling can support precision nutrient management. Evaluation of site-specific micronutrient interventions will further aid sustainable soil fertility improvement
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