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Original Research Article
Variability and Distribution of Macronutrients in Calcareous Soils of Vaishali District, Bihar


Abstract: 
Soil fertility assessment is crucial for sustainable agricultural productivity, particularly in calcareous soils that often exhibit nutrient imbalances. The present study was undertaken to evaluate the spatial distribution and status of major soil fertility parameters and macronutrients in the calcareous soils of Vaishali district, Bihar. A total of 139 geo-referenced surface soil samples (0–15 cm) were collected across different blocks using GPS-based random sampling. Standard analytical procedures were employed to determine soil pH, electrical conductivity (EC), organic carbon (OC), and available macronutrients including nitrogen (N), phosphorus (P), potassium (K), and sulphur (S). Descriptive statistics and correlation analysis were performed to understand nutrient variability and inter-relationships among soil properties. Results revealed that soil pH varied from 7.02 to 8.36, indicating near-neutral to moderately alkaline conditions, while EC values (0.11–2.48 dS m⁻¹) confirmed predominantly non-saline soils. Organic carbon ranged from 0.21% to 1.21%, with nearly 46% of soils in the low category. Available nitrogen was consistently deficient (87.81–351.23 kg ha⁻¹), with 94.96% of samples below the critical limit. Phosphorus content ranged from 8.61 to 44.49 kg ha⁻¹, mostly in the low to medium category, whereas potassium was severely deficient in 96.4% of samples (<150 kg ha⁻¹). Sulphur levels (6.62–34.3 ppm) were generally low to medium. Correlation analysis indicated strong positive relationships of nitrogen with organic carbon, and moderate associations between phosphorus and nitrogen. Overall, the soils of Vaishali district were found to be low in organic matter and deficient in essential macronutrients, particularly N and K. These findings highlight the need for balanced fertilizer application and integrated nutrient management strategies to sustain soil fertility and enhance crop productivity in calcareous regions of Bihar.
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INTRODUCTION
Agricultural productivity is primarily influenced by soil fertility, which plays a very important role in crop production and food security [10]. However, in recent decades, unsustainable farming practices like excessive cultivation, improper fertilizer use [12], and poor soil management have led to the deterioration in soil health [17]. This decline is evident in the depletion of nutrients [26], soil erosion [25], decreased organic matter, and reduced soil capacity to support optimal plant growth [8]. Soil is a valuable natural resource, serving as the foundation for Flora & fauna [11]. Land use and soil management strategies significantly influence soil fertility [14], exhibiting spatial variations [29]. However, it is governed by several soil physico-chemical attributes associated with finding out the spatial variability in nutrients [7, 9] which can be shown in a map using advanced geospatial techniques. Sustainable crop production relies heavily on a comprehensive understanding of soil fertility [24], which is essential for implementing efficient nutrient management strategies. Soil management based on soil tests is an effective approach to enhance the productivity of agricultural soils [21], which exhibit significant spatial variability due to integrated physical, chemical, & biological activities [23]. Assessing the status of soil fertility is vital for developing efficient soil management strategies that enhance crop growth [20], improve agricultural productivity, and promote sustainability [13], [16]. The soil heterogeneity showed diversified soil properties require a systematic and periodic evaluation using geospatial analysis to identify nutrient variability and its deficiencies effectively for the future correction of crop yield [31]. Factors such as soil erosion, leaching [2], cropping intensity, and doses of fertilizer contribute to the dynamic nature of soil fertility [10]. In order to do that, the research needs to continue the work to fill the gap to generate extensive data in respective locations to identify of soil nutrients to support farmers in cultivation. The present study focused on the assessment of soil fertility status for better crop production. Soil test-based fertility management has proven effective in enhancing crop productivity, especially in regions where soil properties vary due to diverse physical, chemical, and biological factors [24], [32]. Keeping all the above facts, the study has been carried out to investigate the soil available macronutrient status and its properties in the Vaishali district of Bihar.
MATERIALS AND METHODS 
Location of research area:
The study area considered as a Vaishali district of Bihar, which is situated in the northern part of Bihar, India, having an area of approximately 2,036 square km. It lies from 25°41' to 25°68'N latitude and 85°13' to 85°22'E longitude. The district is bordered by Muzaffarpur to the north, Samastipur to the east, the Ganges River to the south, and the Gandak river to the west. The area occupies with alluvial soils that show a neutral to alkaline in reaction and belongs to the soil order Inceptisols under soil taxonomy [22].
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	Fig..1. Map of the Sampling locations of the study area


Soil Sampling and Soil analysis:
Soil samples were collected randomly using geo-spatial techniques to identify the locations in Vaishali district, Bihar. Altogether 139 GPS-based soil samples were collected from the surface (0–15 cm depth) at selected locations (Bidupur, Bhagwanpur, Chehra Kalan, Desari, Goraul, Jandaha, Lalganj, Mahnar, Mahua, Patepur, Raghopur, Raja Pakar, Vaishali and Hajipur) which was under the diverse agricultural cultivations. Subsequently, the samples were brought to the laboratory for further processing and analysis of soil parameters. Soil pH and total soluble salts were determined using the 1:2.5 soil-water suspension method using a digital pH meter and using a digital conductivity meter [5]. Similarly, organic carbon was estimated by the wet oxidation method [30]. Estimation of soil available nitrogen in the soil followed the alkaline permanganate oxidation method developed by Subbiah & Asija [28], and Olsen’s method [19] was employed to determine the available phosphorus content in the soil, and intensity of colour was measured at 660 nm using a UV-Visible spectrophotometer. The available potassium of soil was estimated using the neutral ammonium acetate extraction method [4] and analyzed by flame photometer. The turbid metric method [33] was used to determine the available sulphur in soil, and the intensity of turbidity was measured using a spectrophotometer at a wavelength of 420 nm [41].
Statistical analysis:
Descriptive statistical analysis of soil parameters was performed using the MS Excel software. The calculated parameters included mean, mode, median, range, standard deviation, kurtosis, and skewness and correlation coefficient were analysed.
RESULTS AND DISCUSSION
The present study was carried out to assess the various soil parameters and soil nutrients across the Vaishali district, Bihar. The obtained results have been presented in both tabular and graphical formats and are discussed comprehensively under designated thematic headings.
Assessment of various soil parameters 
Soil Reaction (pH) 
Collected soil samples were subjected to analysis of soil pH, EC, and organic carbon. The variability in soil pH in the study area was found to be between 7.02 and 8.36 in terms of soil pH, with a mean value of 7.95. The minimum pH value (7.02) was recorded in the soils of Amritpur village, located at 85.139984° E longitude and 25.907875° N latitude. However, the maximum pH value (8.36) was noticed in Chahra Kalan village, situated at 85.392082° E longitude and 25.889468° N latitude. Among the blocks, Chahra Kalan exhibited the highest mean pH value of 8.18, whereas the lowest mean value of 7.49 of soil pH was recorded in the Rajapaker block presented in Fig. 2. Out of the 139 soil samples, 94.96% of the soil samples were found to be alkaline in nature (pH > 7.5), while only 5.04% of the samples exhibited a neutral reaction. The predominance of alkaline soil reaction in the study area may be attributed to the calcareous nature of the parent material, characterized by the presence of free calcium carbonate (CaCO₃), which buffers soil pH towards alkalinity. Additionally, low rainfall, poor leaching conditions, continuous irrigation with bicarbonate-rich groundwater, and minimal organic matter input further contribute to the accumulation of basic cations (Ca²⁺, Mg²⁺, Na⁺) in the soil exchange complex. Similar causes of alkaline soil reaction in alluvial soils of north Bihar have been reported by earlier studies. The high soil pH was also recorded; the study done in Muzaffarpur district found it mostly alkaline in nature, as previously reported [24, 34]. Soil pH reflects the acidic or alkaline nature of the soil and has a crucial impact on the accessibility of nutrients for plant growth [27], Variability in pHs and ECe is Influenced by excess irrigation with poor drainage and evaporation of water leaving behind the salts on soil surface. [43]. Similar results were also reported by several Scientists [3, 22].
Electrical Conductivity EC (dSm⁻¹),
The electrical conductivity (EC) of soils were analysed denoted as total soluble salts in Vaishali district, which ranged from 0.11 to 2.48 dS m⁻¹, having a mean value of 0.31 dS m⁻¹ and a standard deviation of ±0.24. The result showed among the different block levels, where Mahua recorded the highest mean value of Ec 0.36 dS m⁻¹, whereas the lowest mean value of 0.21 dS m⁻¹ was reported from the Rajapaker block, as shown in Fig. 3. The total analyzed sample accounted for 97.84% falling under the normal category (EC < 1.0 dS m⁻¹), while 1.44% of the samples exhibited slightly saline nature across the study area. However, a small proportion, accounting for 0.72% of the samples, were identified as saline. The generally low EC values observed across the study area indicate non-saline soil conditions, which may be attributed to adequate natural drainage and periodic flushing of soluble salts during monsoonal rainfall. However, the occurrence of slightly saline to saline soils in a few locations could be due to localized accumulation of soluble salts resulting from capillary rise, poor drainage, excessive irrigation, evaporation losses, and the use of marginal-quality irrigation water. These findings are consistent with previous studies conducted in the Indo-Gangetic alluvial plains. A similar view of the electrical conductivity was also reported in the adjoining district of the Ganga river [22, 35]. Similar results were also obtained in the study conducted at the Paroo and Sarai blocks of the Muzaffarpur district [23].
Organic Carbon Status
The organic carbon content in the Vaishali district ranged from 0.21% to 1.21%, with a 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. Among the blocks of the Vaishali district, the Desari block showed the highest average OC content (0.68%), whereas the Hajipur block recorded the lowest average OC content (0.41%), as illustrated in Figure 4. The study also revealed that around 46.04% of soil samples were identified as having low (<0.5), 39.57% medium, and 14.39% high organic carbon content in the study area. A similar view of the organic carbon was also reported in the adjoining district of the Ganga river [22]. The low levels of OC observed in the area may be attributed to the rapid decomposition of organic matter [15], driven by high summer temperatures reaching up to 40°C, along with limited application of organic inputs [36]. The low organic carbon content in a large proportion of soil samples may be attributed to rapid decomposition of organic residues under high temperature regimes, limited incorporation of crop residues, and low application of organic manures [49]. Continuous intensive cultivation without adequate organic replenishment and reduced biomass return to the soil further accelerate organic carbon depletion in calcareous soils of the region.
Available macronutrient status
Available soil nitrogen
Soil samples were collected from different villages of each block of the Vaishali district and analyzed for key macronutrients, including nitrogen, phosphorus, and potassium, respectively. Analyzed sample contains available nitrogen, which varies from 87.81 kg ha⁻¹ to 351.23 kg ha⁻¹, with a mean value of 165.91 kg ha⁻¹ and a standard deviation of ±156.36. The result is in conformity with the work of Scientists [11, 38].The minimum quantity of available nitrogen (87.81 kg ha⁻¹) was associated with Chak Hardi village, located at 25.696956°N, 85.54023°E, and Karnauti village, 25.691003°N, 85.570512°E. Among the different blocks, the highest mean nitrogen availability was noticed in the Patepur block (192.28 kg ha⁻¹); however, the Rajapakar block recorded the lowest mean nitrogen value of 112.9 kg ha⁻¹, as illustrated in Fig. 5. The variable distribution regarding nitrogen in soil indicated approximately 94.96% classified below the critical limit (<280 kg ha⁻¹), whereas, 5.04% came under the medium range (280–560 kg ha⁻¹) [39]. Borkotoki [1] and Nogiya [18] also studied on the spatial variability of soil properties across the hot arid region of western India and found nitrogen (mean = 184 kg ha⁻¹) deficient in 99.6% of the area. The widespread deficiency of available nitrogen in the soils of Vaishali district is primarily associated with low organic carbon content, as nitrogen availability is closely linked to soil organic matter mineralization. Additional contributing factors include high crop removal, leaching losses, volatilization under alkaline conditions, and imbalanced fertilizer use, where emphasis is often placed on phosphorus and potassium rather than nitrogen replenishment. 
Available soil phosphorus 
Similarly, data obtained with respect to availability of soil phosphorus in the study area ranged between 8.61 kg ha⁻¹ and 44.49 kg ha⁻¹, having an average value of 16.15 kg ha⁻¹ and a standard deviation of ±5.64. The lower quantity of phosphorus (8.61 kg ha⁻¹) found in Desari village lies between 25.675762°N latitude and 85.411051°E longitude; however, the highest (44.49 kg ha⁻¹) was recorded in Chandpur Nankar village, located at 25.622467°N latitude and 85.415634°E longitude. Figure. 3., showed the comparison among different blocks; the highest average phosphorus availability was noticed in Rajapakar, which showed the highest average phosphorus availability of 23.14 kg ha⁻¹, while the Hajipur block contains the lowest mean value, i.e., 13.67 kg ha⁻¹ respectively. In case of phosphorus distribution, about 35.97% of samples fell under low phosphorus levels which is <14 kg ha⁻¹, whereas 58.27% fell under the medium category (14–28 kg ha⁻¹). The rest of the 5.76% exhibited high phosphorus content (>28 kg ha⁻¹). Scientists have also evaluated soil fertility status in Narsimhulapalle village, Telangana, using 114 geo-referenced soil samples, depicting 86.8% phosphorus in the medium to high range [40]. In a previous study, similar finding was obtained in respect of phosphorus depicts to be low to medium, as stated by many scientists [6, 24, 37]. Low to medium availability of phosphorus in the study area may be due to phosphorus fixation through precipitation with calcium in calcareous soils, forming insoluble calcium phosphates. The alkaline soil reaction significantly reduces phosphorus solubility and plant availability despite adequate total phosphorus content. Similar trends have been reported in calcareous soils of the Indo-Gangetic plains.
Availability soil potassium
The potassium acts as an important element in the physiological process of plants in the activation of several enzymes [15]. The variable availability of potassium content in soil samples of the study area was recorded between 25.54 and 259.39 kg ha⁻¹, with a mean value of 76.48 kg ha⁻¹ and SD of ±31.11. The results showed that the highest mean potassium value was 90.27 kg ha⁻¹, associated with the Manhar block, however, the Rajapakar block exhibited the lowest content, i.e., 48.38 kg ha⁻¹. Availability soil potassium accounted for 96.40% found under low levels (<150 kg ha⁻¹); however, 2.88% and 0.72% fell under the medium category (150–250 kg ha⁻¹) and (>250 kg ha⁻¹) [42, 44]. The severe deficiency of available potassium in most soil samples may be attributed to continuous crop removal without proportional potassium fertilization, dominance of light-textured alluvial soils with low potassium-holding capacity, and intensive cereal-based cropping systems. Limited use of potassic fertilizers by farmers further exacerbates potassium depletion in the region [48]. 
Available soil sulphur
The available soil sulphur was found to be between 6.62 and 34.3 ppm, with a mean value of 10.96 ppm and a standard deviation of ±4.51. Figure 7 showed the mean potassium value in Vaishali district. The Sulphur concentration was reported in the study area, presented in figure 8., which accounted for 42.45% of the soil samples found below 10 ppm. However, the majority distributed under 53.24% is considered medium (10–20 ppm), while 4.32% was found to have a high level, i.e., >20 ppm. A similar view of the available sulphur was also reported by [16, 39], The low to medium sulphur content in the soils is likely due to reduced atmospheric sulphur deposition, declining use of sulphur-containing fertilizers, and low organic matter content, which serves as a major reservoir of sulphur in soils. Additionally, sulphur losses through leaching in light-textured soils may contribute to its deficiency [45].
Statistical analysis of various soil parameters
The descriptive statistics analysis was done among soil parameters are depicted in Table 1. The mean value of pH (7.95) was noticed to be lower than the median value (7.98) and mode value (7.98), which was equal to the median value of the soil standard deviation of soil pH of ±0.23. The data of skewness was reported as negative (-1.33), and kurtosis was reported as positive (93.12). The median value of available nitrogen, phosphorus, potassium, and sulphur was found to be less than the mean value, and the SD of available nitrogen, phosphorus, potassium, and iron was found to be higher than the other parameters as mentioned in table 1. The correlation coefficients within soil parameters were also analyzed and are presented in Table 2. It is observed that soil pH was negatively correlated with EC, phosphorus, potassium, and sulphur and positively correlated with organic carbon, and EC is weakly positively correlated with potassium. Nitrogen is highly and significantly positively correlated with organic carbon; that means the availability of nitrogen is highly dependent on organic carbon content and phosphorus is moderately correlated with organic carbon and nitrogen.
Correlation among soil quality attributes
The correlation matrix presented in Table 2 depicts the interrelationships among soil physico-chemical properties and available macronutrients in the calcareous soils of Vaishali district. Overall, the magnitude and direction of correlation coefficients reflect the dominant influence of organic carbon and soil reaction on nutrient availability under alkaline soil conditions. Soil pH exhibited weak negative correlations with EC (r = −0.097), available phosphorus (r = −0.028), potassium (r = −0.208), and sulphur (r = −0.116), while showing a negligible positive association with organic carbon (r = 0.022) and available nitrogen (r = 0.084). The negative association of pH with P, K, and S suggests that increasing alkalinity may reduce the availability of these nutrients through precipitation reactions and reduced solubility, which is a common phenomenon in calcareous soils. Similar trends have been reported for alkaline alluvial soils of the Indo-Gangetic plains, where higher pH limits nutrient availability despite adequate total nutrient content. Electrical conductivity showed weak negative correlations with organic carbon (r = −0.043), nitrogen (r = −0.037), phosphorus (r = −0.051), and sulphur (r = −0.071), but a weak positive relationship with potassium (r = 0.104). These low correlation values indicate that salinity levels in the study area were generally low and did not exert a strong influence on nutrient dynamics. The slight positive association between EC and potassium may be attributed to the contribution of soluble K salts to soil solution conductivity in localized areas. Organic carbon demonstrated a strong and highly positive correlation with available nitrogen (r = 0.877), highlighting the pivotal role of soil organic matter as a reservoir and regulator of nitrogen availability. This strong association confirms that nitrogen deficiency observed across the district is closely linked to low organic carbon status, as nitrogen mineralization primarily depends on organic matter content. In addition, organic carbon showed a moderate positive correlation with available phosphorus (r = 0.563), suggesting that organic matter may enhance P availability by reducing P fixation through organic acid production and complexation of calcium in calcareous soils. Such relationships between OC, N, and P have also been widely documented in similar soil environments [47]. Available nitrogen was moderately correlated with phosphorus (r = 0.657), indicating a synergistic relationship between these two nutrients. This may reflect integrated nutrient cycling processes and similar management practices influencing their distribution. In contrast, nitrogen showed only weak positive correlations with potassium (r = 0.111) and sulphur (r = 0.012), implying relatively independent behaviour of these nutrients in the soil system [50]. Potassium exhibited weak correlations with most soil properties, including organic carbon (r = 0.098), nitrogen (r = 0.111), phosphorus (r = 0.088), and sulphur (r = −0.112). This weak association suggests that available potassium status in the study area is largely governed by soil mineralogy and parent material rather than by organic matter or soil reaction alone. Similarly, sulphur showed negligible correlations with organic carbon (r = −0.004) and nitrogen (r = 0.012), and weak associations with other parameters, indicating its variable and site-specific distribution [46]. Thus, the correlation analysis clearly underscores the dominant role of organic carbon in controlling nitrogen and, to a moderate extent, phosphorus availability in the calcareous soils of Vaishali district. The generally weak correlations among other soil properties suggest complex nutrient dynamics influenced by soil alkalinity, parent material, and management practices. These findings emphasize that improving soil organic carbon through integrated nutrient management and organic amendments is crucial for enhancing nutrient availability and sustaining soil fertility in the region.
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	Fig. 3 EC value in different Block of Vaishali district

	
	

	Fig. 4 Organic carbon (%) in different Block of Vaishali district 
	Fig.5 available N in different Tehsils of Vaishali district



	
	

	Fig. 6 Mean available P in different Blocks of Vaishali district
	Fig. 7 Mean level of available K in different Blocks of Vaishali district

	
	

	Fig. 8 Mean available S in different Blocks of Vaishali district 
	




Table 1: Discriptive analysis of soil quality attributs of vaishali district 
	Parameters
	Min
	Max
	Mean
	Median
	Mode
	SD
	Kurtosis
	Skewness

	pH
	7.02
	8.36
	7.95
	7.98
	7.98
	0.23
	3.12
	-1.38

	EC (dS m-1)
	0.11
	2.48
	0.31
	0.26
	0.24
	0.24
	52.66
	6.40

	OC (%)
	0.21
	1.21
	0.56
	0.52
	0.46
	0.18
	0.98
	0.94

	Nitrogen (Kg ha-1)
	87.81
	351.23
	165.91
	156.36
	163.07
	51.24
	2.68
	1.46

	P2O5(kg ha-1)
	8.61
	44.49
	16.94
	16
	11.68
	5.66
	3.78
	1.55

	K2O (kg ha-1)
	25.54
	259.39
	81.40
	76.22
	60.48
	31.22
	7.41
	1.95

	Sulphur (ppm)
	6.62
	34.3
	11.57
	10.52
	8.8
	4.52
	9.86
	2.71



Table. 2: Correlation coefficient among soil quality attributes
	Parameters
	pH
	EC 
(dS m-1)
	OC (%)
	Nitrogen 
(Kg ha-1)
	Phosphorus
(kg ha-1)
	Potassium
 (kg ha-1)
	Sulphur (ppm)

	PH
	1
	
	
	
	
	
	

	EC (dSm-1)
	-0.0972
	1
	
	
	
	
	

	OC (%)
	0.0223
	-0.0426
	1
	
	
	
	

	Nitrogen (kg ha-1)
	0.0837
	-0.0373
	0.8772
	1
	
	
	

	Phosphorus (kg ha-1)
	-0.0280
	-0.0513
	0.5629
	0.6570
	1
	
	

	Potassium (kg ha-1)
	-0.2082
	0.1044
	0.0980
	0.1105
	0.0877
	1
	

	Sulphur (ppm)
	-0.1163
	-0.0714
	-0.0041
	0.0116
	0.0743
	-0.1118
	1



CONCLUSION 
The present investigation provides a comprehensive assessment of soil fertility status in the calcareous soils of Vaishali district, Bihar. The results revealed that soils were predominantly near-neutral to moderately alkaline in reaction and largely non-saline, with moderate levels of organic carbon. However, a widespread deficiency of available nitrogen and potassium, coupled with low to medium phosphorus and sulphur levels, was observed across the district. These nutrient imbalances, particularly the consistent depletion of N and K, pose a significant constraint to sustaining crop productivity in the region. The correlation analysis highlighted the critical role of organic carbon in influencing nitrogen availability, underscoring the importance of organic matter management for improving soil fertility. The spatial variability in nutrient status further emphasizes the necessity of site-specific nutrient management strategies rather than generalized fertilizer recommendations. Overall, the study underscores the urgent need for integrated nutrient management practices that combine balanced fertilizer use with organic amendments and soil conservation measures. Such approaches will be vital for restoring soil fertility, enhancing nutrient use efficiency, and ensuring sustainable agricultural production in calcareous soils of Bihar. To sustain long-term agricultural productivity, strategies such as crop diversification, improved drainage systems and site-specific soil amendments should be implemented. The findings provide valuable insights for policymakers, farmers and researchers aiming to optimize land and water management strategies.
Future Scope of Study
Future research should focus on long-term monitoring of soil fertility dynamics and the integration of advanced geospatial and remote sensing techniques to develop high-resolution, site-specific nutrient management strategies for calcareous soils. Crop response studies and fertilizer optimization trials, along with the inclusion of secondary nutrients, micronutrients, and biological indicators, are required to enhance nutrient use efficiency and overall soil health. Such studies will support sustainable productivity and informed decision-making for precision agriculture in the region.
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