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Uranium (U) and other potentially toxic element (PTE) in cropland have become a major concern for food safety in the Malwa region of Punjab, India. However, limited information is available on the baseline status of these contaminants in vegetable-cultivated soil (CS) and their link to crop rotation patterns. To address this, a total of 149 CS samples (0–10 cm depth) were collected from different sites in the Bathinda and Mansa districts of Punjab during the winter season of 2023–2024. In other seasons, these sites are cultivated with either vegetables or other crops, such as rice, wheat, cotton, and maize, as part of a crop rotation system. Based on the sequence of previous and current crops in each site, the cultivated soils were categorized into different groups, with vegetable–vegetable (VG–VG) and rice–vegetable (RC–VG) rotations being the most dominant. Additionally, 12 undisturbed/uncultivated soil (US) samples were collected for comparative analysis and to estimate the region’s background PTE levels. The results showed that the soils were slightly alkaline (pH: 6.56 to 9.29; average, 7.9) and not saline (EC: 173 to 3,230 µS cm−1) in nature. The contents of U and PTEs were significantly higher (p < 0.05) in CS samples compared to US samples; however, when compared with the regional studies and the reference values of world and Indian soils, all concentrations remained within the limits, indicating no significant enrichment. The content of PTEs did not vary significantly between the two crop rotation patterns, although slightly higher levels of PTEs were noted for RC–VG group. The pollution indices (calculated using site-specific background values), such as contamination factor (CF) and enrichment factor (EF), revealed low to moderate level of contamination in CS samples, except Pb, which showed moderate to very high levels of pollution. Furthermore, the pollution load index (PLI; 0.7 to 2.8) and potential ecological risk (RI; 41 to 250) suggested a low to moderate risk category for PTEs with Cd and Pb being the major contributors. Fertilizer analysis revealed that this contamination may be attributed to the overuse of chemical fertilizers, especially phosphate-based fertilizers, which enriched with U, Cd, Pb, and other PTEs. Although U-enriched groundwater, in conjunction with phosphate fertilizers, could contribute to higher U content in cultivated soils, its impact on U accumulation in VG-cultivated lands appeared to be minimal. Principal component analysis (PCA) and the significant correlation (p < 0.01) between Fe-Mn and Zn-Cr-Cu-Ni-As-Cd-U suggest that secondary Fe/Mn oxyhydroxides play a major role in adsorbing these elements in soils. These findings provide baseline information on the PTE levels in vegetable-cultivated soils in the region, which can support the development of strategies for sustainable land management and improve crop quality in this region.
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1 Introduction

Agricultural soil contamination with potentially toxic elements (PTEs) has become a critical environmental issue and a major public health concerns in many parts of the world, as these contaminants can transfer from soil to humans through the food chain (1–5). The most notable PTEs include Fe, Mn, As, Cd, Cr, Cu, Ni, Cr, Mo, Zn, Hg, and U. Certain PTEs, such as Cu, Zn, Fe, Mn, Mo, and Ni, are considered as essential mineral nutrients for plant growth and productivity at relatively low concentrations; however, when accumulated at higher levels, these elements can adversely affect plant growth, development, and reproduction (6). In contrast, elements such as Cd, Pb, As, and U are considered as non-essential and, due to their long-term, persistent, high toxicity, and non-biodegradable nature in the environment, these elements at higher levels in agricultural soils can adversely affect crop health and productivity and subsequently cause severe toxicological effects on both animal and human health (7, 8).

Heavy metals are naturally present in agricultural soils depending on the type of parent rocks, soil types, and climate conditions; however, anthropogenic activities, especially intensive agricultural practice involving the indiscriminate use of inorganic fertilizers, pesticides, and insecticides, are the main sources of PTEs in farming soils (3, 4, 9–11). The extent of accumulation can vary with land use type and the pattern of farming practices, as different cropping systems exert different impacts on heavy metal accumulation in agricultural soils (2, 12–15). In conventical farming, the excessive application of chemical fertilizers, including nitrogen (N), phosphorus (P), potassium (K), and compound/mixed fertilizers, along with pesticides and herbicides, which play an important role in higher crop yields and food production, has significantly degrade agricultural soil quality  (12, 16, 17). Among these inputs, phosphate fertilizers are a major source of diverse toxic elements such as Cd, Pb, Co, Ni, Cr, Zn, and U to agricultural soils (18). In addition, the use of sewage sludge, manure, and industrial by-products and the use of wastewater or contaminated groundwater for irrigation also introduce heavy metals into agricultural systems (11, 19–21). Irrigation with contaminated groundwater is a major concern in Southeast Asian countries like India and Bangladesh, where the shallow aquifers are often contaminated with heavy metals like As, U, Cr, Pb, and Cd (22–25). Repeated use of such amendments plays a key role in the accumulation of these metals in cultivated lands (23, 26–28), which directly or indirectly affects crop safety and human health (29, 30). This is particularly critical in developing countries like India, where agricultural activities are subject to less stringent rules and regulations. In order to provide a comprehensive view of the soil contamination and its environmental risk, calculation of pollution indices such as contamination factor (CF), pollution load index (PLI), and potential ecological risk index (RI) is required (3, 31). This assessment should be integrated with multivariate statistics to identify the major factors controlling soil pollution. In addition, information on contamination sources is required for prioritizing target contaminants and implementing the sustainable management strategies in agriculturally dominated regions.

Punjab is one of the major agricultural hubs in the northwest part of India, where approximately 85% of the geographical area of this state is associated with agriculture, with a crop intensity of 184% (32). This has earned the region the title of “the Green Basket of India”. However, intensive agriculture, coupled with unregulated use of chemical fertilizers and pesticides throughout the year, has resulted in the degradation of soil and groundwater quality of the region (33–35). This is more pronounced in the semi-arid regions of the Malwa belt, where uranium contamination in groundwater is a major concern (25). In addition, elevated concentrations of As, Cd, Pb, and other contaminants have also been reported in Malwa’s soils (36–39). Karanveer et al. (37) studied the distribution and health risk assessment of PTEs in the agricultural land and barren areas soil from the semi-arid region of southwest Punjab, India, while Choudhari et al. (38) investigated metal accumulation in agricultural soils, along with environmental risk and geochemical signature patterns in the three districts (Moga, Muktsar, and Faridkot) of the Malwa region. Other studies have also addressed the contents of PTEs and their potential risks in agricultural soils of this area (40, 41). However, a comprehensive study on PTE accumulation and associated ecological risk on vegetable-cultivated soil in the Malwa region is lacking. The Bathinda and Mansa districts in the Malwa region warrant focused investigations due to their intensive agriculture activities, excessive application of agrochemicals, rapid urbanization, industrial growth, and elevated levels of U and other heavy metals in groundwater, which may contribute to soil pollution and subsequent accumulation in crops. Moreover, it remains unclear to what extent the crop rotation pattern affects metal accumulation in vegetable-cultivated soils. Understanding this aspect helps to explore safer or more sustainable crop cultivation practices that can reduce pollution risk and protect soil health. Soil properties such as pH, EC, organic matter, clay content, and Fe/Al-oxydroxides also affect the fate, mobility, and accumulation of metals in agricultural soils (Cao et al., 2022). Therefore, these factors should be evaluated to better understand their role in metal accumulation. Additionally, determining local background/reference levels of PTEs is crucial to accurately estimate anthropogenic contamination in the region.

In view of the aforementioned, the present study analyzed the pseudo-total concentration of 11 elements, along with other physico-chemical parameters, in 149 vegetable-cultivated soils and 12 undisturbed/uncultivated soils from various sites in Bathinda and Mansa districts of Punjab, India. The main objectives were to assess the baseline levels of PTEs in vegetable-cultivated soils, evaluate the  associated pollution risk, and examine the role of crop rotation practices and other factors in metal accumulation. Furthermore, an attempt has been made to characterize the locally available chemical fertilizers, manures, and irrigation water sources to identify the possible contamination pathways.



2 Materials and methods


2.1 Study area description, land use pattern, climate, and basic geology

The study area (Figure 1a) is located in the Bathinda and Mansa districts of the Malwa region, situated in southwest Punjab, India. The land use/land cover (LULC) map depicts that most of the area is dominated with cropland, followed by built-up areas and bare land (Figure 1b). Considering the alluvial soil and the easy availability of both canal water and groundwater for irrigation, the region supports the cultivation of diverse crops including wheat, rice, cotton, maize, legumes, and vegetables, following different crop rotation patterns. Vegetable crops are grown in both summer and winter seasons, in both commercial farms and home gardens. In conventional farming, chemical fertilizers such as diammonium phosphate (DAP), single super phosphate (SSP), urea, and potash are frequently applied in addition to livestock manures.

The region experiences a hot, dry, and semi-arid climate with scorching summers (ranging from 41 to 49°C) and cold winters (1 to 4°C). The average annual rainfall is about 408 mm  (42). Geologically, this region is part of the Indo-Gangetic sub-basin and consists of thick sequences of Quaternary alluvial deposits, dating from the Mid-Pleistocene to recent times (Figure 1c) (42). These deposits are primarily composed of medium to fine gray micaceous sand, silt, clay, oxidized silt–clay with kankar, and micaceous sand, with patches of yellowish-brown loose sand with or without kankar (42). The soil of the study area has a predominantly sandy texture, consisting of loose, sandy, and calcareous alluvium (42). Poor nutrient contents and presence of high amounts of calcium carbonate are the main problems of the soil of this region. The aquifers in this area are mainly semi-confined and unconfined types, and the latter is heavily utilized for agriculture due to insufficient surface water resources.
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Figure 1 | Map showing the (a) geographical location of the study area (Bathinda and Mansa districts) in Punjab, India, (b) land use/land cover pattern with sampling points of vegetable-cultivated and undistrubed/uncultivated soils, and (c) the basic lithology of the area.


2.2 Soil sampling and chemical analysis

A total of 149 vegetable (VG)-cultivated soil samples (0−10 cm depth) were collected during the winter season of the year 2023–2024 from the Bathinda and Mansa districts of Punjab (Figure 1b). The cultivated sampling sites were selected randomly across the two districts, based on the site accessibility and the type of cultivation (commercial farms or home gardens). Given the region’s diverse crop rotation patterns, fields used for winter vegetable cultivation are also used for rice, wheat, maize, cotton, or vegetable crops during other seasons. Based on the sequence of crop cultivation at each sampling point as part of the crop rotation practices, the VG-cultivated soils were grouped into four categories such as rice–vegetable (RC–VG), vegetable–vegetable (VG–VG), cotton–vegetable (CT–VG), and maize–vegetable (MZ–VG), in which the first term refers to the previous (summer) crop and the second to the current (winter) vegetable crop. Among these, RC–VG and VG–VG were the most dominant and are therefore discussed in details. Additionally, 12 soil samples were collected from uncultivated/undisturbed lands around the study area, but away from the agricultural field or any waste dumping zone or point source to represent control conditions. For these control samples, the top 5 cm of soil, which was presumed to be impacted by atmospheric deposition, was removed, and the samples were collected from the 5- to 15-cm depth using a stainless-steel tool. From each sampling location, approximately 1 kg of soil was collected and brought to the lab in double-zip plastic bags. All samples were air-dried at ambient temperature, sieved through a 2-mm sieve, and put in new polythene zip lock bags for further analysis. Chemical fertilizers and cow dung samples were also collected from the near localities in the Bathinda district. Information on crop production history, rotation frequency, irrigation water types, and type of fertilizer use for vegetable cultivation at each site was surveyed during sampling.

Soil pH was determined in water–soil suspension (soil/solution ratio = 1:2.5), while electrical conductivity (EC) was measured in 1:5 soil–water suspension following the IS method. Total organic carbon (TOC) content was determined using a TOC analyzer (TOC-L, Shimadzu). For analysis of the pseudo-total concentrations of PTEs in soils, 0.5 g of each sample was digested using the reverse aqua regia method (1:3; HCl: HNO3; USEPA, 3052) in a microwave digester (Milestone Ethos Easy). Fertilizer metal content was determined by placing 1 g of sample in 10% HNO3 in a 100-mL Teflon beaker, followed by heating at 70–90°C. The digested samples were filtered and diluted to 50 mL with deionized water. The concentration of U was measured using ICP-MS, while other elements were analyzed with MP-AES (Agilent 4210, Agilent Technologies, Australia). Analytical grade acids were used for sample digestion. After digestion, samples were diluted and filtered through PTFE syringe filters (0.45 μm pore size) before being injected into the instrument. All samples were run in triplicate, and the average value was considered for data interpretation. To ensure the reliability of the analytical data, ICP multi-element standard (Merck) and certified reference materials (CRMs: GBM303-4, MRGeo08) were used. A Merck standard was run after every five samples. Calibration curves of all studied elements exhibited good linearity with coefficients of determination values (R2) ranging from 0.9991 to 0.9998, indicating excellent method reliability. Recovery percentages of elements (varied between 86% and 115%) showed a high agreement with the reference standards, and the relative standard deviation (RSD) was within ±10% for most elements.



2.3 Statistical analysis

The descriptive statistics, including minimum, maximum, mean, median, standard deviation, percentiles skewness and kurtosis of the variables, were calculated using XLSTAT. The normality of the data was checked using the Kolmogorov–Smirnov (K–S) test. Boxplots were generated to better visualize the distribution of elements between sample types. Spearman’s rank correlation coefficient was applied to evaluate the nature of chemical associations between variables. In principal component analysis (PCA), the soil dataset was reduced to a smaller number of principal components to facilitate interpretation of the multidimensional structure by demonstrating the correlations between original variables. To test the significant differences of elements between two groups, a non-parametric Mann–Whitney U test was applied. This test compared the median values of PTEs between two independent groups, with a p-value less than 0.05 indicating statistical significance. For the estimation of the background levels of heavy metals in the study area, uncultivated soils were used. Although several methods are available for determining background threshold values, such as mMAD(Median + 2 * MAD), TIF (Tukey's Upper Fence), and percentiles (43), the limited sample size in this study prevented the application. Therefore, in this study, “75th percentile” was adopted to determine the local background level (LGB) of PTEs, as it gives more restrictive or conservative background values and it is commonly used for the estimation of quality reference (QRV) under Brazilian regulations (44).



2.4 Pollution indices

The level of soil contamnation was evaluated using various single- and multi-element indices, such as enrichment factor (EF), contamination factor (CF), pollution load index (PLI), and potential ecological risk index (RI). These indices are based on a comparative assessment of element concentrations at sampling sites relative to a reference/background value. The calculation of different indices is given below.


2.4.1 Enrichment factor

EF is a widely used pollution metric used for assessing the degree to which a specific metal is enriched in soil or sediment samples. It is calculated by comparing the concentration of metal interest and a reference element in the sample to their respective background values. EF also helps to distinguish between naturally occurring element and its anthropogenic influences. It is computed using the following relation (Equation 1):

EF=(Cx/CAl)soil sample(Cx/CAl)background sample(1)

where  soil sample is the ratio of the concentrations of the target element (x) to that of Al in the soil samples, and  background sample is the ratio of the concentration of the target element (x) to that of Al in a reference background. In this study, site-specific local geochemical background (LGB) values of PTEs were derived from uncultivated soils of the region. The estimated LGB (based on the 75th percentile) values are as follows: Fe (9,633 mg/kg), Al (9,173 mg/kg), Mn (194 mg/kg), Zn (26.18 mg/kg), Cr (16.86 mg/kg), Ni (5.34 mg/kg), Cu (4.3 mg/kg), U (1.18 mg/kg), As (1.16 mg/kg), and Cd (0.2 mg/kg). Aluminum (Al) was selected as the reference element in this study since it is geochemically stable, relatively abundant, and less affected by human activities. The classification of EF, as per Sutherland (45), is as follows: (i) no enrichment (possibly depletion) (EF < 1); (ii) minor enrichment (EF < 2); (iii) moderate enrichment (2 ≥ EF < 5); (iv) significant enrichment (5 ≥ EF < 20); (v) very high enrichment (20 ≥ EF < 40); and (vi) extremely high enrichment (EF < 40).



2.4.2 Contamination factor

CF evaluates the extent of anthropogenic contamination in soil by calculating the ratio between the concentration of element in soil and the background values. It was determined using Equation 2 (46) as:

CF=(Cx)soil sample(Cx)background(2)

where  soil sample represents the measured concentration of element x in the cultivated soil samples, while  background is the background concentration (LGB; same as EF) of the element x. The level of CF values is classified into four categories (46): CF < 1 (low contamination); 1 ≤ CF < 3 (moderate contamination), 3 ≤ CF < 6 (considerable contamination), and CF > 6 (very high contamination).



2.4.3 Pollution load index

PLI is used to evaluate the overall pollution status resulting from the combined presence of multiple contaminants at a given sampling location. It is calculated as the nth root of the product of all the n CFs for each metal, as given in Equation 3 (47).

PLI=CF1 X CF2 X… … … .CFnn(3)

where n is the number of analyzed metals and CF denotes the contamination factor of each metal. PLI is interpreted as follows: unpolluted (PLI < 1), moderate pollution (2 < PLI > 3), heavy pollution (2 < PLI > 3), and (PLI > 3) extreme pollution (47).



2.4.4 Potential ecological risk index

The ecological risk factor (Ei), proposed by the Swedish scientist Hakanson (46), evaluates environmental threats taking into account the ecological, toxicological, and environmental effects of heavy metal pollutants, unlike other contamination indices like CF and EF, which only provide contamination status relative to background values. It is calculated using Equation 4:

Ei=CFTr(4)

RI=∑i=1nEi(5)

where Ei is the ecological risk of the element, CF is the contamination factor of the element, and Tr is the toxic-response factor, which has been set based on the toxicity of each element. In this study, the Tr values used were as follows: Zn = 1, Cr = 2, Cu = Ni = Pb = 5, As = 10, and Cd = 30 (46). For uranium, since no standard Tr value is currently available, a value equal to that of As (10) was assumed, given its relatively high chemical toxicity and its potential to cause cancer (48). The potential ecological risk (RI; Equation 5) is the overall degree of ecological risk caused by toxic metal concentrations and is calculated (Eq. 5) from the sum of the potential ecological risk factors (Ei) of each element evaluated at a sampling point. The classification criteria for Ei are as follows: Ei < 40 (low); 40 ≤ Ei < 80 (moderate); 80 ≤ Ei <160 (considerable); 160 ≤ Ei < 320 (heavy); and Ei ≥ 320 (serious). Similarly, the classification of RI is as follows: RI < 150 (low); 150 ≤ RI <300 (moderate); 300 ≤ RI <600 (considerable); and RI > 600 (very high).





3 Results and discussion


3.1 Characteristics of irrigation water quality in the region

Irrigation water quality not only affects agricultural soil health, but also poses a threat to the productivity and safety of the crops if contaminated water is used. In the study area, both groundwater and canal waters are used for irrigation. The basic chemical characteristics of both water types in this region are given in Table 1, and their suitability for irrigation was evaluated against the threshold limits of irrigation water quality set by the Food and Agriculture Organization of the United Nations (56). It can be seen that groundwaters exhibited significantly higher EC (ranging from 223–8,190 µS/cm) compared to canal water (ranging from 183–237 µS/cm). Higher EC values (>3,000 µS/cm) in some groundwater can negatively affect crop yields and soil health, but the pH of both waters is mostly sightly alkaline (6.59–9.2), falling within the acceptable range for irrigation purposes (56). Among the heavy metals in groundwater, Fe recorded the highest concentration (average, 28.2 to 451 µg/L) followed by Zn (average, 5.3 to 851 µg/L), with the overall decreasing order: Fe > Zn > Mn and other elements. In canal water, the concentration of most of the metals were comparatively lower, except for Fe (average up to 3,287 µg/L) and Mn (average up to 107 µg/L). For other PTEs, the average concentrations in both waters were either negligible or below the permissible limit set by FAO (56), with a few exceptions. As there is no guideline value exists for U in irrigation waters, the WHO drinking water limit (30 µg/L) was used as a reference. This indicates that groundwaters are significantly enriched with U (ranging from 3 to 518 µg/L), with over 50% of samples exceeding the WHO limit from this region (25). In case of canal water, U levels were either below the detection limit or far lower than the permissible limit. These results suggest that prolonged use of U-enriched groundwater for irrigation could serve as a potential source of U contamination in cultivated soil; as a result, it may be a concern to the vegetable crops grown in the region.


Table 1 | Basic chemical characteristics of groundwater and canal waters used for irrigation in the study area.


	Location
	pH
	EC (µS/cm)
	Fe (µg/L)
	Mn (µg/L)
	U (µg/L)
	As (µg/L)
	Cd (µg/L)
	Pb (µg/L)
	Cu (µg/L)
	Cr (µg/L)
	Ni(µg/L)
	Zn (µg/L)
	References



	Shallow groundwater


	Bathinda
	7.1–9.2 (7.7)
	702–8,190 (2,787)
	 
	 
	8.98–289.53 (96.56)
	 
	 
	0–171.28 (48.3)
	0–754.21 (160.94)
	 
	 
	90.57–3,032.74 (565.59)
	Kaur et al. (49)


	Bathinda (n = 16)
	 
	 
	10–3,310 (451)
	0.73–35.6 (7.23)
	 
	0–5.58 (2.06)
	0–0.38 (0.04)
	0–3.02 (0.91)
	0-14.4 (1.43)
	0–23.21 (3.86)
	0–3.17 (1.47)
	33–513 (247)
	Krishan et al. (50)


	Mansa (n = 7)
	 
	 
	20–980 (294)
	1.82–54 (11.6)
	 
	0–6.3 (2.1)
	0–0.36 (0.22)
	0–37.7 (6.25)
	0–13.95 (4.32)
	0–13.95 (4.32)
	0–4.75 (1.47)
	82.95–4,789 (851)
	Krishan et al. (50)


	Bathinda (n = 40)
	6.59–8.50
	223–3,870 (1,514)
	3.7–214 (28.2)
	 
	3–432 (99.6)
	0.34–19 (4.34)
	0.04–2.8 (0.81)
	0.09–7.2 (1.27)
	0.80–63.9 (10.7)
	0.04–127 (17.5)
	 
	3–169
	Kumar et al. (51)


	Bathinda
	 
	 
	 
	 
	 
	0–16.9 (5.2)
	 
	0–16.9 (2.3)
	0–9.1 (2.2)
	0.8–23.7 (12.9)
	0–0.83 (0.2)
	0–20 (5.31)
	Karanveer et al. (37)


	Mansa (n=11)
	 
	 
	 
	 
	 
	1.16–4.48
	0.01–0.31
	0.08–10.28
	1.55–24.82
	 
	 
	 
	Bangotra et al. (52)


	Mansa
	6.86–8.88
	297–7,600
	BDL-410 (34.4)
	BDL-70 (5.1)
	2.8–518
	200–1,260
	 
	BDL–20
	BDL–40
	BDL–20
	 
	BDL–580
	Sharma et al. (35)


	Mansa
	 
	 
	 
	 
	 
	0–6.9 (3.3)
	BDL
	 
	0–3.4
	2–10.9 (8.6)
	0–1.9 (1)
	0–182.4 (35.2)
	Karanveer et al. (37)


	Canal water


	Bathinda
	 
	 
	23
	 
	BDL
	BDL
	BDL
	BDL
	 
	BDL
	BDL
	 
	Kailley and Virk (53)


	Mansa
	 
	 
	20
	 
	BDL
	BDL
	BDL
	BDL
	 
	BDL
	BDL
	 
	Kailley and Virk (53)


	Punjab (n=10)
	6.5–7.4
	183–215
	 
	 
	 
	0.004–0.0064
	 
	0.005–0.007
	0.005–0.015
	0.019–0.058
	0.001–0.003
	0.0035–0.008
	Kaur and Kaur (54)


	Punjab
	7.75–7.8 (7.83)
	190-288 (237)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Purushothaman et al. (55)


	Punjab (n=8)
	 
	 
	1,410–4,210 (3,287)
	72–186 (107)
	 
	BDL
	BDL
	0–13.9 (4.98)
	7.66–17.54 (11.4)
	2.76–8.07 (5.7)
	4.81–9.35 (7.5)
	56.7–130 (96.5)
	Krishan et al. (50)


	FAO limit
	6.5–8.4
	0–3,000
	5,000
	 
	 
	100
	10
	5,000
	200
	100
	200
	2,000
	FAO (56)


Values given as range (average), n, no. of samples. Blank column, data not available.

BDL, below detection limit; FAO limit, Irrigation water quality permissible limits set by Food and Agriculture Organization (56).




3.2 Chemical characteristics of inorganic fertilizers and cow dung

Considering the study area is part of the agriculturally intensive region of Punjab, where chemical fertilizers have been frequently used, this study analyzed some locally available chemical fertilizers, such as DAP, SSP, urea, and potash, along with organic fertilizer (such as cow dung) to discuss their potential contribution to PTEs in cultivated soils. The results (Table 2) revealed considerable variation of PTEs among the different fertilizers, with phosphatic fertilizers containing significantly higher concentrations of most metals compared to other types. At present, there is no global consensus on the regulatory limit for PTEs in chemical fertilizers (58), although the European Union Fertilizer Regulation (EU) 2019/1009 (59) has adopted a coordinated approach to setting limits for many elements in macronutrient inorganic fertilizers (Table 2) to minimize environmental and health risks. All inorganic fertilizers analyzed in this study were within the limits of PTEs set by the EU Regulation (59). Similarly, in cow dung manure, PTE concentrations were within the limits of organic fertilizers as set by both (59) and Indian Fertilizer Control Order (FCO) (57).


Table 2 | Chemical characteristics of different chemical fertilizers and cow dung samples collected around the study area.


	Type
	ID
	As
	Cd
	Cu
	Cr
	Ni
	Pb
	U
	Zn


	
	
	mg/kg



	Urea
	UR1
	<0.001
	0.05
	0.28
	1.56
	1.02
	0.325
	0.08
	6.5


	Urea
	UR2
	<0.001
	0.02
	0.82
	0.9
	1.47
	0.043
	0.04
	10.2


	Urea
	UR3
	<0.001
	0.05
	0.76
	0.54
	0.67
	0.155
	0.05
	8.2


	Urea
	UR4
	<0.001
	0.34
	1.2
	1.8
	0.92
	0.71
	0.29
	6.5


	 
	AVG
	 
	0.12
	0.77
	1.20
	1.02
	0.31
	0.12
	7.85


	Potash
	PT1
	1.27
	0.39
	11.75
	8.70
	21.10
	0.82
	0.23
	96.20


	Potash
	PT2
	0.06
	0.18
	2.76
	4.82
	7.30
	0.04
	0.63
	34.60


	 
	AVG
	0.67
	0.29
	7.26
	6.76
	14.20
	0.43
	0.43
	65.40


	DAP
	DAP1
	5.50
	6.70
	43.00
	129.80
	29.10
	3.08
	49.67
	342.50


	DAP
	DAP2
	10.20
	9.28
	76.00
	232.09
	41.10
	7.40
	88.52
	562.40


	DAP
	DAP3
	3.22
	2.35
	24.00
	95.20
	17.80
	1.09
	24.29
	424.70


	DAP
	DAP4
	7.90
	8.64
	53.00
	116.86
	21.55
	2.18
	38.36
	445.60


	 
	AVG
	6.7
	6.74
	49.00
	143.49
	27.38
	3.43
	50.21
	443.80


	SSP
	SSP1
	2.70
	1.55
	17.20
	12.45
	8.53
	10.40
	4.90
	202.40


	SSP
	SSP2
	12.59
	4.82
	28.70
	43.80
	34.60
	14.14
	9.35
	167.50


	SSP
	SSP3
	4.50
	1.27
	11.20
	28.60
	26.47
	6.13
	7.21
	182.70


	 
	AVG
	6.59
	2.54
	19.03
	28.28
	23.26
	10.22
	7.15
	184.20


	Cow dung
	CD1
	<0.001
	0.12
	15.70
	17.60
	3.80
	2.50
	0.19
	83.00


	Cow dung
	CD2
	<0.001
	0.09
	29.20
	10.20
	2.40
	1.70
	0.23
	77.00


	 
	AVG
	 
	0.11
	22.45
	13.90
	3.10
	2.10
	0.21
	80.00


	Fertilizers limits (IN: inorganic; ORG: organic)


	EU limit (IN)
	 
	40
	120
	600
	 
	50
	120
	 
	1500


	EU limit (ORG)
	 
	15
	3
	70
	 
	25
	50
	 
	200


	FCO limit (ORG)
	 
	10*
	5
	300
	50
	50
	100
	 
	1000


AVG, average; EU limit (IN), EU limit for inorganic fertilizer (EU Regulation 2019/1009); EU limit (ORG), EU limit for organic fertilizer (EU Regulation 2019/1009); FCO limit (ORG), Indian Fertilizer Control Order (FCO) for maximum limits of heavy metals in organic manure (on dry basis) (57). *Arsenic as As2O3. DAP, Di-ammonium Phosphate; SSP, Single Super Phosphate; UR, Urea; PT, Potash.


Based on the ranking of elements in the macronutrient fertilizers (average values), DAP contained the highest concentrations of Cd (6.74 mg/kg), Cu (49 mg/kg), Cr (143.49 mg/kg), Ni (27.38 mg/kg), U (50.21 mg/kg), and Zn (443 mg/kg), and the second-highest concentrations of Pb (3.43 mg/kg). This was followed by SSP with the highest level of Pb (10.22 mg/kg) and the second-highest level of Cd (2.54 mg/kg), Cu (19.03 mg/kg), Cr (28.28 mg/kg), Ni (23.26 mg/kg), U (7.15 mg/kg), and Zn (184 mg/kg). In case of urea, it did not rank the highest or the second-highest for any element but showed the lowest or second-lowest values for Fe, Th, Mo, and Cd, while K has the lowest concentrations for most of the elements, except U and Zn. Higher enrichment of most of the PTEs, including U, in phosphatic fertilizer shows a strong control of the raw material and chemical synthesis processes used (58). For instance, the elevated U concentration in DAP is linked to its origin from rock phosphate, which is naturally enriched in uranium (58). Notably, the concentration of Pb was relatively higher in SSP than in DAP, possibly due to differences in the manufacturing processes. In contrast, PTEs and U concentrations were negligible in urea and potash fertilizers. Cow dung samples also contained substantially lower PTE levels compared to phosphate-based fertilizers. Thus, this comparison clearly indicates that excessive application of P-based fertilizers can be a potential source of toxic metals in agricultural soils, although the content of metal accumulation is also influenced by soil properties and environmental conditions. Several studies also reported the role of P fertilizers in soil contamination. Budianta et al. (60) found that continuous application of P-based fertilizers increases Pb and Cd contents in the soil. Thomas et al. (61) reported that soil treated with phosphate fertilizer exhibited elevated concentrations of metals, including Cd, Co, Cu, Pb, Zn, Cr, and Ni, compared to controls. Similarly, Nicholson et al. (11) highlighted that phosphate fertilizers were an important source of heavy metals particularly for Zn, Cu, and Cd in agricultural soils of England and Wales, and Mwalongo et al. (62) reported that P fertilizers enhance U concentration in agricultural soils.



3.3 Basic soil properties of cultivated vs. uncultivated soils and the role of crop rotation pattern

Descriptive statistics of the physicochemical properties of vegetable-cultivated soils (CS) and uncultivated soils (US) are summarized in Table 3. The Mann–Whitney U test indicated statistically significant differences for pH, EC, and TOC (p < 0.05) between the CS and US. In CS, the soil pH ranged from 6.56 to 9.29, while in US, it ranged from 7.6 and 8.9, indicating that the majority of the soils were alkaline in nature. Similar soil pH ranges (6.6 to 9.6) were reported from Bathinda, Talwandi Sabo, and Amritsar (36, 63–65). The slightly lower pH observed in cultivated soils may be attributed to chemical fertilization (66). The EC, a crucial indicator of soil health, was significantly higher in CS (ranging from 173 to 3,230 μS cm−1; average, 675 μS cm−1) than in UC (ranging from 138 to 603 μS cm−1). With the exception of a few samples (EC > 1,000 μS cm−1), the majority of CS were non-saline in nature (EC < 1,000 μS cm−1), indicating that they are suitable for the growth of vegetables and soil microbial activity (67, 68). Previous studies also reported similar EC ranges in soils: Yadav et al. (65) observed EC values of 120–5,260 μS cm−1 (average, 700 μS cm−1) in Bathinda, while Kumar et al. (41) reported EC values of 360–543 μS cm−1 from the Bathinda and Talwandi Sabo block in the Bathinda district. Overall, higher EC in the cultivated soils may result from the accumulation of soluble fertilizers and salts, combined with irrigation with elevated EC-containing groundwater and high evaporation rates in the region. Apart from pH and EC, soil TOC was also significantly higher in CS (ranging from 0.11% to 2.44%; average, 0.76%) than in US (ranging from 0.22% to 1.12%; average, 0.48%). This increase is likely due to organic amendments like livestock manures, compost, and chemical fertilizers applied to cultivated fields. These findings are consistent with the recent study of Kaur et al. (36), who reported soil organic matter contents ranging from 0.74% to 2.34% in Bathinda soils. Another study by Kumar et al. (2016) reported an average of 0.57% organic matter in the Goniana and Talwandi Sabo blocks of Bathinda. Similarly, Kahlon et al. (69) reported organic matter contents of 0.63% and 0.52% for rice–wheat and cotton–wheat soils, respectively.


Table 3 | Physicochemical characteristics and metal contents in different vegetable-cultivated  and uncultivated soil from Bathinda and Mansa districts of Punjab.


	Statistic
	pH
	EC
	TOC
	Fe
	Al
	Mn
	Zn
	Cu
	Ni
	Cr
	Cd
	Pb
	As
	U


	
	
	μS/cm
	wt%
	mg/kg



	Vegetable-cultivated soils (CS)


	Nos
	149
	149
	149
	149
	149
	149
	149
	149
	149
	149
	149
	149
	149
	149


	Min
	6.56
	173.2
	0.11
	5,431.1
	2,812.0
	97.7
	14.04
	3.04
	2.87
	4.66
	0.06
	2.58
	0.18
	0.25


	Max
	9.29
	3,230.0
	2.44
	15,777.7
	17,457.5
	550.2
	79.09
	26.48
	21.50
	51.66
	0.97
	21.08
	3.40
	3.90


	Q1
	7.54
	394.2
	0.42
	8,698.1
	6,847.1
	171.6
	32.00
	6.88
	6.29
	13.86
	0.15
	5.75
	0.82
	1.15


	Med
	7.83
	563.0
	0.60
	10,315.7
	8,345.0
	203.5
	41.87
	8.78
	8.19
	21.42
	0.29
	7.17
	1.49
	1.68


	Q3
	8.30
	770.1
	0.93
	11,439.3
	10,138.4
	246.0
	49.92
	11.20
	9.78
	29.23
	0.45
	9.45
	1.80
	2.30


	Mean
	7.91
	675.4
	0.76
	10,188.6
	8,481.4
	219.8
	42.58
	9.68
	8.53
	21.44
	0.33
	7.95
	1.48
	1.72


	SD
	0.53
	462.6
	0.47
	2,151.0
	2,567.5
	72.5
	14.76
	4.25
	3.26
	9.93
	0.22
	3.45
	0.74
	0.83


	SK
	0.26
	2.8
	1.27
	0.2
	0.6
	1.4
	0.42
	1.37
	1.21
	0.36
	0.91
	1.34
	0.48
	0.23


	KU
	−0.5
	10.4
	1.21
	−0.3
	0.7
	3.1
	−0.09
	2.37
	2.06
	−0.50
	0.09
	2.16
	−0.4
	−0.5


	Uncultivated soils (UC)


	Nos
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12


	Min
	7.60
	138.0
	0.22
	4,948.0
	4,455.2
	68.9
	10.70
	0.47
	1.82
	4.54
	0.04
	0.32
	0.25
	0.15


	Max
	8.90
	603.0
	1.12
	11,038.0
	12,322.4
	220.9
	38.00
	8.10
	10.30
	24.70
	0.41
	4.72
	2.02
	1.80


	Q1
	8.20
	264.3
	0.28
	7,368.6
	6,385.4
	128.1
	16.23
	1.79
	3.21
	7.18
	0.05
	0.81
	0.35
	0.45


	Med
	8.40
	313.0
	0.45
	8,589.0
	7,426.0
	152.0
	20.70
	3.10
	3.89
	13.99
	0.12
	1.34
	0.56
	0.88


	Q3
	8.70
	434.3
	0.51
	10,060.7
	8,821.8
	190.3
	25.42
	4.20
	4.89
	17.78
	0.25
	2.83
	1.15
	1.22


	Mean
	8.37
	336.8
	0.49
	8,513.3
	7,768.5
	155.0
	21.12
	3.43
	4.63
	13.49
	0.15
	1.87
	0.79
	0.86


	SD
	0.40
	138.0
	0.26
	1,860.1
	2,125.4
	46.3
	7.65
	2.18
	2.37
	6.42
	0.12
	1.36
	0.57
	0.50


	SK
	−0.4
	0.4
	1.26
	−0.38
	0.51
	−0.23
	0.55
	0.72
	1.21
	0.22
	0.79
	0.81
	0.92
	0.16


	KU
	−0.8
	−0.7
	0.68
	−0.87
	−0.33
	−1.00
	−0.25
	−0.22
	0.44
	−1.15
	−0.5
	−0.64
	−0.4
	−1.0


	p-values
	0.005*
	0.00*
	0.021*
	0.014*
	0.315
	0.002*
	0.00*
	0.00*
	0.00*
	0.006*
	0.002*
	0.00*
	0.001*
	0.00*


No., number of samples; Min, minimum; Max, maximum; Med, median; SD, standard deviation; Q1, 1st quartile; Q3, 3rd quartile; SK, skewness; KU, kurtosis. *Significant p-value (<0.05) derived from the Mann–Whitney U test shows there is a statistical significant difference between the two groups (cultivated and uncultivated soils).


When the vegetable-cultivated  soil samples were analyzed with respect to the sequence of the cultivation (i.e., previous and current crop) at each sampling point, as part of the crop rotation practices, (i.e., based on previous–current crop), the VG–VG and RC–VG groups were the dominant categories (74 and 69 samples, respectively), while MZ-VG (4 samples) and CT–VG (5 samples) were few. Therefore, in the comparative assessment, the last two groups were excluded. As shown in Supplementary Table S1, EC was significantly higher in RC–VG than in the VG–VG group, possibly due to greater groundwater and fertilizer use in rice cultivation, which introduces more salt. In contrast, pH and TOC values were higher in the VG–VG group (average, 8.02 and 0.83%, respectively) than in the RC–VG group (average, 7.77 and 0.67%, respectively). The VG–VG field included both commercial farms and home garden, with the latter likely contributing to higher pH and TOC through greater livestock manures and compost application, whereas lower pH in RC–VG suggests more chemical fertilizer use (66). However, a healthy or fertile soil is generally considered to have at least 3% soil organic matter (equivalent to 1.76% TOC) (70). The low organic carbon content in our studied soil may be linked to their sandy texture. Kaur et al. (36) reported sand contents of 59% to 95% in Bathinda soils. Overall, alkaline pH, higher EC, low organic matter, and the sandy texture of the studied soils are consistent with the typical features of semi-arid agriculture soils, as evidenced in studies from India (36, 71, 72) and worldwide (73, 74).



3.4 Distribution of metals in cultivated vs. uncultivated soils and influence of crop rotation

The descriptive statistics of the concentrations of metals in CS and US are given in Table 3. The results show that there is a substantial variation in PTE content in soils, with higher standard deviations and moderately to highly skewed values for CS, indicating a more heterogeneous distribution of metals in cultivated lands. The average concentrations of elements followed the order: Fe > Al > Mn > Zn > Cr > Ni > Pb > Cu > As > U > Cd. This shows that essential micronutrients such as Fe, Mn, and Zn were most abundant in vegetable-cultivated soils compared to non-essential toxic elements like Cd, which presented the lowest value. The specific ranges of metals (mg/kg) in CS were as follows: Fe (5,431–15,778), Al (2,812–17,457), Mn (97–550), Cu (3.04–26.48), Zn (14.06–79.09), Cr (4.66–51.66), As (0.18–3.4), Ni (2.87–21.50), Pb (2.58–21.08), Cd (0.06–0.97), and U (0.25–3.9). Similarly, the ranges (mg/kg) in US were as follows: Fe (4,948–11,038), Al (4,455–12,322), Mn (68.9–220), Cu (0.47–8.1), Zn (10.7–38), As (0.25–2.02), Ni (1.82–10.3), Cr (4.54–24.7), Pb (0.32–4.7), Cd (0.04–0.41), and U (0.15–1.8). The Mann–Whitney U test results (Table 3) showed a significant difference (p < 0.05) for most of the PTEs (except Al) between the two groups (CS and US), with higher levels in the latter.

Lead accumulation was nearly four times higher in CS (mean, 7.95 mg/kg) than in US (mean, 1.87 mg/kg). However, when compared to the regional studies conducted in Punjab, India (Table 4), Pb contents in this study were relatively lower. For example, Chaudhari et al. (38) reported significantly higher levels of Pb (average, 31.5 mg/kg) in agricultural soils from three southwest districts of Punjab (Moga, Faridkot, and Muktsar). Similarly, Sonkar et al. (78) documented an average Pb content of 90.02 mg/kg from SAS Nagar in Punjab, which could be due to anthropogenic factors like excessive application of agrochemicals. In another study, Kaur et al. (75) reported higher Pb levels of 15.6 mg/kg in Mansa, whereas Ahmad and Pandey (40) recorded lower concentrations (average of 4.33 mg/kg) in Bathinda. In Fatehgarh Sahib, Kumar et al. (41) observed seasonal variations, with mean Pb concentrations of 7.8 mg/kg in soils under pre-monsoon and 9 mg/kg under post-monsoon conditions. Similarly, Bhatti et al. (33) recorded Pb concentration ranging from 5.5 to 9.67 mg/kg in the Doaba region of Punjab, associating metal buildup with agricultural inputs such as fertilizers and pesticides, whereas Bala et al. (87) reported a mean Pb concentration of 19.3 mg/kg from the Barnala district of Punjab. Chromium concentration was nearly twice as high in CS (average, 21.44 mg/kg; Table 3) as in US (average, 13.49 mg/kg), reinforcing the influence of agricultural practices. Higher Cr concentrations have been reported across different regions of Punjab. Kaur et al. (75) documented higher Cr concentrations of 37.5 mg/kg in Mansa, while Ahmad and Pandey (40) observed elevated Cr levels of 34.32 mg/kg in Bathinda. A study by Kumar et al. (41) found an average Cr concentration of 24.14 mg/kg in Fatehgarh, Southeast Punjab, showing moderate accumulation.

Similar to Pb, there is a great disparity in Cd levels between CS and US, reflecting fertilizer-related contamination (Table 3). Statistical analysis showed a significant difference in Cd accumulation between the two soil types, with significantly lower Cd levels (0.15 mg/kg) in the US. Previous studies have reported varying Cd concentrations in the region. Kaur et al. (75) documented much higher Cd levels of 3.1 mg/kg in Mansa, in contrast with the findings in this study. Ahmad and Pandey (40) reported much lower Cd concentrations, with a mean of 0.06 mg/kg in Bathinda’s agricultural fields. Bhatti et al. (33) observed Cd concentrations ranging from 0.516 to 1.58 mg/kg in Punjab’s Doaba region, linking Cd buildup to pesticide and fertilizer use. In case of As, US soils contained significantly lower As levels (0.79 mg/kg) compared to CS (mean 1.48 mg/kg). Other studies have also reported comparatively higher As concentrations in this region. Kaur et al. (75) documented a mean As concentration of 8.1 mg/kg in Mansa, while Ahmad and Pandey (40) recorded 6.24 mg/kg in Bathinda. Similarly, Kumar et al. (2016) reported a collective mean concentration of 6.06 mg/kg from the Talwandi Sabo and Goniana blocks of Bathinda. Among micronutrients, Zn, Cu, and Ni were also significantly higher in CS than in US. For example, Zn averaged 21.12 mg/kg in US compared to 42.58 mg/kg in CS (Table 3); a similar enrichment pattern was also observed for Cu and Ni. Kaur et al. (88) reported elevated Zn and Cu in agricultural soils from Amritsar.

Overall, most metals were significantly higher (p < 0.05) in CS than in US, reflecting agricultural practices like fertilization and irrigation, and other possible pollution sources lead to the accumulation of heavy metals in cultivated lands. However, there is a wide range of metal concentrations across different agricultural regions, highlighting variations in contamination sources and environmental influences. Uncultivated soils, by contrast, are chemically less enriched and had slightly higher pH, indicating more natural balance. Comparing soil metal accumulation based on crop rotation categories (Figure 2), it can be seen that most of the PTEs were higher in the RC–VG category than in the VG–VG category, although Mann–Whitney U test (Supplementary Table S1) indicated no significant differences. Higher metal content in the rice based vegetable cultivated field is likely due to more commercial practices that associated with more chemical fertilizer use and greater irrigation input. When compared with earlier studies, either in the same study area (40, 75) or in the other regions of Punjab (41, 87), PTE levels in this study were relatively lower. The reason for this could be the farm types, as previous studies mainly assessed rice–wheat crop systems, which require higher irrigation (for rice) and more fertilization (for both) compared to vegetable farming. Fertilizer analysis in this study revealed elevated levels of Pb, Cd, Cr, Ni, and U in some chemical fertilizers, mostly DAP and SSP fertilizers, confirming that their role as a key source of these metals in agricultural soils of the region could be due to the excessive application of phosphatic fertilizers. Atafar et al. (89) indicated that Cd, Pb, and As concentrations were increased in the cultivated soils due to phosphate-based fertilizer application. Additionally, the application of pesticides and insecticides can also contribute to increased metal contamination like Pb and Cd to soils (60, 90). The level of Cr may have originated either from fertilizers or from the presence of Cr in bedrocks. Thus, intensive farming practices involving the overuse of phosphate fertilizers and pesticides can pose a serious concern for crop production in the region. The main sources of Cu in these soils are likely over-application of agrochemicals, including fungicidal sprays, that can reach the soil directly or indirectly through leaf litter (9). Notably, the higher level of U in cultivated soils could be attributed to the irrigation of U-contaminated groundwater or the application of phosphate fertilizer.

[image: Box plot comparing concentrations of various elements in mg/kg for RC-VG and VG-VG. Elements include uranium, copper, zinc, arsenic, cadmium, lead, nickel, and chromium. Concentrations are indicated with interquartile ranges, medians, and outliers.]
Figure 2 | Box plot showing the distribution of various elements in soils under different crop rotation fields. Crop codes indicate the sequence of cultivation at each site, where the first term refers to the previous (summer) crop and the second to the current (winter) crop (e.g., RC–VG = summer rice followed by winter vegetable; VG–VG = summer vegetable followed by winter vegetable). Concentrations are indicated with interquartile ranges, medians, and outliers.
Soil heavy metal concentrations in the study area were also compared with various international guidelines values (Table 4), including world background soils (WBS; 80) and upper continental crust (UCC; 21). Furthermore, various regulatory authorities from different countries/organizations—EU, WHO, FAO, USEPA, MAC China, and India—have established permissible limits for heavy metals in agricultural soil. For instance, Indian standards (79) specify the following guideline values of heavy metals in agricultural soil: 135–270, 250–500, 300–600, 75–150, 3–6, and 300–600 mg/kg for Cu, Pb, Co, Ni, Cd, and Zn, respectively. The FAO/WHO, Food and Agricultural Organization (FAO)/World health organization (WHO) (86) guidelines recommend limits of 600 mg/kg for Mn, 1,000 mg/kg for Zn, 300 mg/kg for Cu, 75 mg/kg for Cr, 50 mg/kg for Pb, 20 mg/kg for As, and 3 mg/kg for Cd. China’s recommended maximum allowable concentration (MAP) of heavy metals for paddy soils (GB15618-2008) specifies the limits of Zn (250 mg/kg), Cu (100 mg/kg), Pb (80 mg/kg), and Cd (0.5 mg/kg) among others (85). Similarly, the German Federal Soil Protection Ordinance has given precautionary values for heavy metals for loam/silty soil type (84), while the Canadian soil environmental quality guidelines (83) provide permissible limits of toxic elements for agricultural soils. It can be seen that there is a great variation in the limits of heavy metals across different guidelines/countries, which may be due to differences in climatic conditions, soil characteristics, and different strategies adopted by them. When compared to these references, it was observed that most of the PTEs in studied soils were found to be considerably lower than the safe range of Indian Standards (79) as well as the WBS (Table 4). Likewise, all values fell below the permissible limits of other soil quality guidelines developed to protect ecological health and agricultural productivity (Table 4). Similarly, the average U concentrations in the studied soils also remained within the range of WBS (0.79 to 11 mg/kg; 80), UCC (2.6 mg/kg; 81), and the Canadian preliminary soil quality guideline for U in agricultural land use (83).


Table 4 | Comparison of average heavy metals concentrations in vegetable-cultivated soils of present study with regional studies and reference values/threshold limits set by different countries/organizations.


	Locations
	Fe
	Mn
	Zn
	Cu
	Pb
	Ni
	Cr
	As
	Cd
	U
	References



	Concentration (mg/kg)


	Bathinda and Mansa
	10,189
	219.78
	42.58
	9.68
	7.95
	8.53
	21.44
	1.48
	0.33
	1.72
	Present Study


	Bathinda, Punjab
	 
	 
	 
	 
	19.67
	19.85
	47.02
	 
	1.36
	 
	Kaur et al. (36)


	Barnala, Punjab
	25,722
	364
	55.7
	17.1
	19.3
	27.6
	64.8
	9.9
	 
	 
	Karanveer et al. (37)


	Southwest Punjab
	10,382
	186.3
	67.4
	12
	31.5
	3.9
	22.9
	1.7
	 
	 
	Chaudhari et al. (38)


	Mansa
	14,000
	 
	 
	 
	15.6
	47.7
	37.5
	8.1
	 
	 
	Kaur et al. (75)


	Bathinda
	28,803
	 
	114.7
	28.8
	6.6
	56
	94
	15
	 
	 
	Ahmad and Pandey (40)


	Ludhiana
	 
	 
	71.5
	40.3
	31.5
	 
	 
	115.7
	 
	 
	Sharma et al. (76)


	Amritsar
	 
	 
	96.5
	58.1
	24.8
	24.7
	 
	 
	 
	 
	Kaur et al. (72)


	Rupnagar and Ludhiana
	1,498
	342
	70.1
	30.5
	47.5
	33.3
	36.2
	 
	 
	 
	Setia et al. (77)


	(SAS) Nagar
	 
	 
	32.6
	5.1
	90
	6.5
	5.2
	2.7
	 
	 
	Sonkar et al. (78)


	Fatehgarh Sahib
	9,014
	257.6
	26.8
	16.5
	9
	 
	24.1
	1.74
	 
	0.84
	Kumar et al. (41)


	Indian Std
	 
	 
	300–600
	135–270
	250–500
	75–150
	 
	 
	3–6
	 
	Awashthi (79)


	World background soil
	 
	571
	67.8
	28.2
	28.4
	17.8
	70.9
	11.4
	 
	0.79–11
	Kabata-Pendias and Pendias (7, 80)


	Upper continental crust
	 
	900
	52
	14
	17
	19
	35
	2
	 
	2.6
	Wedepohl (81)


	EU threshold limit
	 
	 
	200
	100
	60
	50
	100
	 
	1
	 
	MEF (Ministry of the Environment, Finland) (82)


	CSQGL, Canada
	 
	 
	200
	63
	70
	50
	64
	12
	1.4
	 
	CCME (83)


	BBodSchV, German
	 
	 
	150
	40
	60
	50
	60
	 
	1
	 
	BBodSchV (84)


	MAC China
	 
	 
	250
	100
	80
	90
	300
	25
	0.5
	 
	MEP (Ministry of Environmental Protection of the People's Republic of China), (85)


	FAO/WHO
	 
	600
	1,000
	300
	50
	50
	75
	20
	3
	 
	FAO/WHO, Food and Agricultural Organization (FAO)/World health organization (WHO) (86)


	LGB
	9,633
	194
	26.18
	4.3
	2.95
	5.34
	16.86
	1.16
	0.2
	1.18
	Present Study


MAC China values of heavy metals are the second maximum allowable concentration of Environmental quality standards for paddy soils (GB15618-2008; 85); BBodSchV, German, German Federal Soil Protection Ordinance given precautionary values for metals for loam/silty soil type; Indian Std, Indian standard of potential toxic element for agricultural soils (79); CSQGL, Canadian soil environmental quality guidelines for agricultural land use (83). LGB, local geochemical background values estimated from uncultivated soils from the study area.


Overall, this comparison with national and international criteria as well as regional literatures reveals that the soil is in good condition concerning heavy metal accumulations; however, long-term irrigation with contaminated groundwater combined with the continuous application of chemical fertilizers and pesticides can degrade soil quality and disrupt soil metal balance by increasing the accumulation of toxic PTEs in the cultivation lands.



3.5 Environmental/ecological risk assessment

Because of the lack of geochemical background studies in some specific study sites, many studies use global reference values, such as the WBS and the UCC, to assess anthropogenic contamination in soils or sediments. However, these global values can be sometimes misleading, as they often result in either overestimation or underestimation of contamination levels (44). This limitation arises because such values do not consider local geological setting/mineralogy/soil types, which plays a crucial role in defining the actual pollution status (91, 92). Therefore, establishing appropriate local or site-specific geochemical background seems to be more relevant for accurately determining the magnitude of the anthropogenic metal contamination (44). This is evident in the present study, as there is a significant variation of LGB values from global and national reference values (Table 4). Hence, in this study, the LGB values were used to calculate pollution indices.

Overall, EF data (Figure 3a) revealed that overall most of the cultivated soil samples fell into the no to minimal (67%) and moderate (29.5%) enrichment categories for PTEs. Only 3% of samples showed significant enrichment, suggesting that localized contamination most likely associated with anthropogenic input. Certain elements, notably, Pb, Cd, and Cu, appeared in the significant enrichment categories (EF >5) in a small proportion of samples (14%, 4%, and 8%, respectively), pointing to possible inputs from agricultural activities such as chemical fertilizer and pesticide application. Similarly, the CF values (Figure 3b) showed that most elements exhibited moderate pollution (1 ≤ CF <3) in nearly 69% of samples. Low contamination (CF < 1) accounted for 24.2% of samples, while considerable contamination (3 ≤ CF < 6) occurred in 6.2% of samples. On average, CF values in the cultivated soils followed the order: Pb > Cu > Zn > Ni> Cd > U > As > Cr > Mn > Fe. This ranking shows that Mn and Fe had the highest proportion of low contamination values, while Pb has the highest average CF value, which exhibited considerable contamination in nearly 25% of samples, followed by Cu in 17.45% and Cd in 12% of samples. Also, a very small fraction (2% sites) of Pb belongs to the very high contamination category, which needs urgent attention. Overall, these contamination indices underline the importance of targeted monitoring and management strategies for contaminants like Pb and Cd, which can pose higher ecological and health risk due to their persistence and toxicity.

[image: Box plots illustrate the enrichment factor (EF) and contamination factor (CF) for various elements: U, Cu, Zn, Fe, As, Cd, Pb, Mn, Ni, and Cr. Chart (a) shows EF with thresholds labeled as minimal, moderate, and significant. Chart (b) displays CF with low, moderate, considerable, and very high levels. Data points, median lines, and outliers are visible in each plot.]
Figure 3 | Box plot illustrates the environment factor (EF) and contamination factor (CF) for various elements in vegetable cultivated soils of the study area. Chart (a) shows EF with thresholds labeled as minimal, moderate, and significant. Chart (b) displays CF with low, moderate, considerable, and very high levels. Data points, median lines, and outliers are visible in each plot.
When evaluated with respect to crop rotation types, overall the RC–VG category showed higher CF values than others. Approximately 21% and 30% of sample sites of VG–VG and RC–VG were classified as having considerable levels of Pb contamination, respectively. Moreover, dominating of low to moderate contamination levels of other elements were noticed for both VG–VG and RC–VG. The comprehensive contamination level was estimated in the agricultural soils based on PLI. PLI values (Figure 4; Supplementary Table S2) also show that majority of the sites (about 89%) fell under the moderate level of pollution (PLI 1 to 2), while heavy pollution conditions (PLI 2 to 3) were recorded in only 10.7% of cases, with higher cases in the RC–VG compared to the VG–VG cropping system. This suggests that crop type and associated management practices are important factors influencing metal accumulation in vegetable-cultivated soils. Furthermore, the ecological risk factor (Ei) of individual metal was determined to detect the presence of priority hazard metals that constitute a possible threat to agricultural soils. Results varied significantly between elements (Supplementary Table S2). The highest Ei values were observed for Cd (9 to 137), followed by Pb (4.37 to 35.7), Cu (3.5 to 30.79), and others, while the majority of samples fell into the low ecological risk category (Ei < 40), and Cd had moderate risk (40 ≤ Ei < 80) in 5% of samples and considerable risk in 2.4% of samples. This highlights that Cd stands out as an important pollutant and is an ecological risk in the study area, warranting further study and remedial measures. The potential ecological risk index (RI), which represents the sensitivity of various biological communities, indicates the overall ecological risk caused by combined metal pollution. The RI values range from 41 to 250 (Figure 4; Supplementary Table S2), with most samples (73%) falling into the low-risk category, while over a quarter of samples (26.9%) are classified as moderate risk and no site reached the considerable or very high-risk threshold when considering local uncultivated soil as background value. This result indicates that heavy metal contamination generally remained below the levels expected to cause substantial ecological harm in the study area.

[image: Two box plots display pollution levels. Plot a) shows PLI values forRC and VG, indicating categories: unpolluted, moderately polluted, and highly polluted. Plot b) presents RI values for RC-VG and VG-VG crop fields, indicating low to moderate ecological risk. Data points and outliers are marked.]
Figure 4 | Box plot showing (a) the pollution load index (PLI) and (b) the potential ecological risk index (RI) in soils under different crop rotation fields. Crop codes indicate the sequence of cultivation at each site, where the first term refers to the previous (summer) crop and the second to the current (winter) crop (e.g., RC–VG = summer rice followed by winter vegetable; VG–VG = summer vegetable followed by winter vegetable).


3.6 Multivariate analysis and identification of potential factors of contamination

Since the cultivated soil samples in the region contain a higher content of PTEs compared to the uncultivated samples, it clearly indicates anthropogenic contamination from agricultural activity. Therefore, it is important to identify the potential factors of contamination. To achieve this, multivariate statistical analyses such as PCA and Spearman rank coefficients were applied (93). PCA was performed on geochemical data of cultivated soils including physicochemical parameters and PTEs. The four components of PCA with eigenvalues > 1 were found. Figure 5 shows the PCA loadings, where PC1 (Dim 1) accounts for 32.6% of total variance and is strongly correlated with Fe, Mn, Cu, Cr, Ni, Zn, Pb, Cd and U; PC2 shows 9.7% of total variance with a heavy loading of pH and TOC and moderately loading with Cu. The tight clustering of lithogenic elements (Fe, Al, and Mn) along with other PTEs in the biplot suggests a shared source or a common controlling factor for their distribution in soils (9). The strong positive correlations of these metals with Fe and Mn (Figure 5) imply that adsorption onto secondary mineral oxides (e.g., Fe-Mn oxyhydroxides) may be a key factor influencing their retention in soils. The organic matter is reported to act as an effective scavenger of trace elements by reducing their mobility and bioavailability in soils (94). However, very weak correlations were observed between soil TOC and PTEs, and no correlation was observed between pH and EC and other PTEs (Figure 6).

[image: PCA biplot showing variable contributions with arrows indicating directions of pH, TOC, EC, and elements like Cu, Zn, Fe. Dim1 accounts for 32.6% and Dim2 for 9.7% of variance. A color scale indicates contribution levels from blue to red.]
Figure 5 | PCA biplot shows variable contributions in cultivated soils of the study area, where Dim1 captures 32.6% of the variance and Dim2 accounts for 9.7%. A color scale from blue to red shows the magnitude of these contribution, with longer arrows signify stronger contributions to the respective principal component.
[image: Correlation matrix heatmap showing relationships between various environmental factors such as pH, electrical conductivity (EC), total organic carbon (TOC), and metal concentrations (U, Cu, Zn, Fe, Al, As, Cd, Pb, Mn, Ni, Cr). Color ranges from blue (positive correlation) to red (negative correlation), with numerical correlation values provided in each cell.]
Figure 6 | Spearman correlation matrix heatmap showing relationship between variables in cultivated soils of the study area. Color ranges from blue (positive correlation) to red (negative correlation), with numerical correlation values provided in each cell.
Furthermore, the strong positive relationships observed among PTEs (Figure 5) signify that they share a common source, which can be linked to anthropogenic contribution such as agricultural practices, as significantly higher concentrations of PTEs were recorded in cultivated soil compared to uncultivated soils. Important sources of PTEs such as Zn, Cu, Cd, As, Pb and U to agricultural soils could be due to the excessive application of agrochemicals, such as phosphate fertilizers, associated with specific crop rotation practices (88). The analysis of different chemical fertilizers and manures indicated that phosphate fertilizers are a major contributor to this contamination, while manures play a comparatively minor role. In addition, the application of pesticides and fungicides could also be an additional source of As, Cu, Cd, and Pb in the agricultural field (17). Zinc can be related to agrochemicals and natural factors (95). Although contaminated groundwater is predominantly used for irrigation in the study area, its contamination is largely limited to TDS and U, because other elements were mostly either below the detection limit or within the permissible limit. Moreover, despite having a high U content in groundwater and phosphate fertilizers, the U level remained at low to moderate levels in cultivated soils, which could be due to the sandy texture and low organic carbon content of the soils.




4 Conclusions

This study revealed that the cultivated soils in the region are characterized by an alkaline pH, high salt content, low organic carbon, and sandy texture, which are typical characteristics of semi-arid agriculture soils. The accumulation of U and PTEs in these soils varied, with average concentrations in vegetable-cultivated soils following the order: Fe > Al > Mn > Zn > Cr > Ni > Pb > Cu > As > U> Cd. Compared to undisturbed soils, a significantly higher content of PTEs was found in vegetable-cultivated soils. However, none of these elements exceeded the national and international soil reference values. Between different crop rotation types (based on the sequence of previous and current crops), slightly higher PTE levels were observed in the RC–VG category, likely due to greater fertilizer inputs required for rice/wheat crops. The pollution indices, calculated using the local background values, indicated low to moderate pollution with the PTEs, except Pb, which showed moderate to very high levels of pollution. This highlights the significant role of Pb accumulation in cultivated soils, which could be due to the application of higher doses of chemical fertilizers, especially phosphate-based fertilizers. In case of U, its higher values in cultivated soils compared to uncultivated soils could be attributed to both phosphate fertilizers and the irrigation of U-contaminated groundwater. PCA and Spearman correlation revealed the grouping of Fe-Mn-As-Ni-Cr-U-Cu-Zn on PC1, emphasizing the predominant role of Fe/Al/Mn oxyhydroxides as a major scavenger of PTEs in soil. Overall, this study provides the baseline status of the PTEs in vegetable-growing soils in the region and underscores the role of anthropogenic factors such as chemical fertilizer use and different cropping patterns. These findings are valuable for pollution control strategies in the Malwa region, contributing to the sustainable management of the region’s soil and crop quality, environmental protection, and human health.
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