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Abstract

:

The combination of lime immobilization of metals and soil dressing has been a prevalent practice in Korea for remediating metal-contaminated arable soils. However, there have been limited reports on whether this method effectively sustains soil health after remediation, particularly in arable soils. This study undertook a comparative assessment of the soil health index (SHI) across metal-contaminated arable lands, arable soils remediated with lime immobilization and soil dressing, and uncontaminated soils. A total 389 soil samples were collected from these sites and analyzed for nineteen indicators encompassing physical, chemical, and biological properties. To assess soil health, these indicators were screened using principal component analysis, yielding five minimum data set (MDS) indicators: total nitrogen, clay content, dehydrogenase activity, bacterial colony-forming units, and available phosphorus. Among these MDS indicators, total nitrogen exhibited the highest value as the principal component contributing to soil health assessment. Scores of the MDS indicators exhibited significant correlation with those of total data set indicators, affirming the appropriateness of the soil health assessment adopted in this study. The SHI of the remediated arable soils (0.48) surpassed those of the contaminated soils (0.47) and were statistically comparable to those of the uncontaminated forest (0.51) and upland (0.51) soils. The health of the contaminated soils demonstrated a high dependence on soil properties rather than metal concentrations. These findings underscore the robustness of the combined immobilization and soil dressing method for sustaining the health of contaminated arable soils post-remediation.
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1. Introduction


The contamination of arable soils with heavy metals poses a serious threat to both crop productivity and human health [1,2]. One of the primary sources of heavy metals is the solid wastes and wastewater discharged from closed and/or abandoned mines [3]. Therefore, numerous physical, chemical, and biological remediation methods have been employed to address metal-contaminated soils [4,5,6]. However, the majority of these methods have primarily focused on reducing metal concentrations, often overlooking the resilience of soil health post-remediation. In many instances, soil remediation technologies are recognized for potentially exerting adverse effects on soil quality and crop productivity [7,8,9,10,11]. Moreover, many of these methods are deemed impractical to a significant extent due to economical and time constraints when considering their implementation in arable soils.



The soil washing method effectively has reduced total metal levels in contaminated soils, such as decreasing Pb levels from 650 mg kg−1 to 62 mg kg−1 [9]. However, crop yields grown in the washed soil have shown a substantial decrease due to unfavorable soil texture disturbance and reductions in available water content, organic matter, and total nitrogen [8,9,10]. The electrokinetic method, when applied to Cd-contaminated soils, led to a decrease in soil pH, consequently inhibiting root elongation and seed germination of Sorghum bicolor var. saccharatum (sweet sorghum), Lepidium sativum (garden cress), and Sinapis alba (white mustard) [7].



When selecting a suitable method for remediating metal-contaminated soil, particularly in agricultural practices, it is crucial to not only lower heavy metal levels below legal standards but also to preserve soil health and sustain crop productivity. Consequently, there is a growing interest in minimizing the adverse effects of soil remediation on soil health.



For these reasons, the in situ metal immobilization technique using lime has been widely adopted for remediating arable soils contaminated with heavy metals [8,12,13]. This method involves increasing the soil pH through the application of lime, which helps reduce the phytoavailability of heavy metals by promoting deprotonation and precipitation processes [12,14]. The in situ immobilization technique is frequently combined with other soil remediation methods, such as soil dressing, in which a layer of an uncontaminated soil or amendment (e.g., manure, fertilizer, compost, peat) is applied to the surface of land. This integrated approach can effectively isolate the contaminated soil below the rhizosphere while concurrently diminishing the availability of heavy metals in the surface soil [15,16,17,18].



The effects of combining immobilization and soil dressing techniques on soil properties and functions have been subject to controversy regarding whether they are beneficial or detrimental [13,16,19,20,21]. For instance, pH increases caused by lime application increased the cation exchange capacity of soils [22]. Liming might reduce the phytoavailability of soil essential micronutrients [23]. Soil dressing can disturb soil physical and chemical properties, depending on the cover soil used, thus reducing crop productivity [16,21] and diversity of the soil biotic community [24,25]. However, integrating multiple remediation methods aims to enhance the effectiveness of soil remediation efforts in lowering pollutant levels and minimizing potential risks associated with heavy-metal contamination in agricultural environments [20,26,27].



Soil health is a holistic concept that encompasses not only chemical, physical, and biological properties of soil but also soil functions that are connected to soil ecosystem services [28,29,30]. As noted, the adoption of soil remediation methods alters specific soil properties, and these changes are often utilized as indicators for evaluating soil health [31,32,33,34]. However, the evaluation of soil health based on a limited number of soil properties with different units has sparked controversy regarding the ability of these properties to accurately represent overall soil health status. Therefore, several researchers have proposed a scoring system for soil health assessment aiming to incorporate as many principal variables as possible [32,35,36,37].



Soil sampling and analysis to assess health are widely conducted on soils ranging from individual plots to regional or national scales. However, selecting pertinent soil parameters and interpreting measurements are not straightforward due to the complexity and site-specific nature of soils [38]. Consequently, when evaluating the effects of remedial methods on soil health, the assessment tools may necessitate comprehensive studies that encompass various soil types and properties. Hence, evaluating the status of soil health while considering the implications of soil remediation methods is essential for determining the compatibility of such methods in sustaining soil health. However, there has been limited research that considers this specific concern.



This study aimed to test an appropriateness of the soil health assessment protocol adopted in this study on samples that were collected from soils under various land uses. Additionally, it sought to evaluate the soil health status of arable lands previously contaminated with heavy metals from abandoned mines and remediated using a combined method involving lime immobilization and soil dressing. Furthermore, this study compared the soil health of the remediated soil with that of uncontaminated soils obtained from arable uplands, forests, and urban parks.




2. Materials and Methods


2.1. Soil Samples and Remediation


Agricultural sites across various provinces of the Republic of Korea were chosen for soil sampling. Specifically, the soils came from Gangwon Province (Chuncheon City and Jeongseon County), North-Chungcheong Province (Danyang County and Jecheon City), Gyeonggi Province (Dongducheon City, Paju City, and Pocheon City), and North-Gyeongsang Province (Yeongdeok County). These sites were contaminated due to previous mining for arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), zinc (Zn), or a combination thereof, as detailed in Table 1 and Figure 1. A total of 389 soil samples were collected for soil health assessment, comprising 9 samples from contaminated arable soils (CA), 80 samples from remediated arable soils (RA), 100 samples from uncontaminated agricultural sites (AG), 100 samples from uncontaminated forests (FO), and 100 samples from uncontaminated urban parks (UP). All soil samples were taken prior to crop cultivation, adhering to the national soil monitoring protocol established by Rural Development Administration, Republic of Korea.



All soil samples that were collected from CA, RA, AG, FO, and UP sites were obtained randomly using auger at depths ranging from 0 to 15 cm, with triplicates for analyses of soil properties including metal concentrations. Composite samples were prepared by combining and homogenizing five individual samples at each sampling site. Soil contamination by heavy metals was judged based on levels exceeding at least one metal concentration beyond the threshold danger level (TDL) or the corrective action level (CAL) (refer to Figure 1), as designated in the Korea Soil Environment Conservation Act (SECA) [39].



The contaminated arable (CA) sites underwent in situ treatment with 5% lime. Then, uncontaminated sandy loam soil was placed on top of the lime-treated soils up to 30~50 cm in thickness. The soil was then thoroughly mixed using a tractor. This protocol has been widely accepted in Korea for remediating metal-contaminated arable lands near abandoned mine sites [40]. From the remediated arable (RA) fields, eighty soil samples were collected at depths of 0~15 cm for analyses of soil properties, metal concentration, and soil health using the same sampling method as described for CA.



To compare the soil health of contaminated (CA) and remediated arable (RA) soils with that of uncontaminated soil, a total 300 of uncontaminated soil samples were collected, with 100 samples from three land use categories, including agricultural uplands (AG), forests (FO), and urban park (UP), that were sampled using the same sampling method as described for CA. The collected soil samples were placed in plastic bags, transported to the laboratory, and stored in cold storage at 4 °C. Fresh soil samples were used to determine soil biological properties, such as respiration, enzyme activities, and microbial colony-forming units (CFU). Aliquots of soil samples were air-dried and ground to pass through a 2 mm sieve for chemical analysis. Additionally, soil cores were sampled from each site at a 0~25 cm depth to determine soil bulk density, porosity, and water-stable aggregates.




2.2. Total Data Set (TDS) for Soil Health Assessment


Seventeen indicators (Table 1) were analyzed as a total data set (TDS) for soil health assessment, following the methodology outlined by Lehmann et al. [29]. The soil indicators were selected with a focus on their importance with respect to soil health and its ecosystem functions and services [29]. Also, these indicators were chosen considering national soil databases for sustainable and efficient soil health management.



Total heavy metal concentrations in all soil samples were determined using ICP-OES (iCAP 6000 Series, Thermo Scientific, Cambridge, UK) following aqua regia digestion of the soil in a trace metal digestion system (SMA 20A, C. Gerhardt UK Ltd., Königswinter, Germany) [12]. Specifically, soil was digested with aqua regia at 105 °C for 2 h using a commercial trace metal digestion system, and the suspension was subsequently diluted with 0.5 M HNO3. According to this procedure, samples were filtered through Whatman no. 42 filter papers before determination of total heavy metal concentrations using ICP-OES. Other soil chemical and physical properties were analyzed according to protocols of the National Institute of Agricultural Science and Technology [41]. For the biological properties of the soils, soil respiration was analyzed using the Oxitop soil respiration measurement system (WTW, Weilheim in Oberbayern, Germany) [42]. Dehydrogenase (DHA) assays were performed using soluble tetrazolium salt (TTC) [43]. Activities of β-glucosidase (GLU), phosphatase (PHA), and arylsulfatase (ARS) were assessed following procedures adapted from Tabatabai and Bremner [44,45] and Eivazi and Tabatabai [46]. Urease activity (URE) was determined using the buffered method described by Kandeler and Gerber [47]. Colony-forming units (CFUs) of soil bacteria were determined with serial dilution and plating on tryptic soy agar (TSA) [48].




2.3. Minimum Data Set (MDS) for Soil Health Assessment


The minimum data sets (MDS) for soil health indicators were screened from seventeen soil variables (Table 1 and Table 2) using principal component analysis (PCA). In PCA, principal components (PCs) with eigenvalues greater than 1 and those explaining at least 5% of the total variation of the dataset were identified as MDS. For each PC, only highly loaded indicators, with loading values greater than 10% of the highest weighted loading, were retained as important soil health indicators, following the methodology of Andrews et al. [35]. In cases where multiple indicators were retained within a single PC, indicator redundancy was assessed using Pearson’s correlation analysis [35].



Each indicator within the MDS was scored using the non-linear standardized scoring system, which was normalized using a long-term national soil database (Figure 2). The y-axis represents soil health scores ranging from 0 to 1, while the x-axis depicts the measured values of the corresponding indicator. The non-linear scoring systems for soil health indicators were grouped into “more is better”, “optimum is best”, and “less is better” functions, following the approaches proposed by Rinot et al. [36] and Sintim et al. [37]. To verify how effectively the selected soil health indicators (MDS) represented the total dataset (TDS), all other soil property variables were also transformed and scored using the same non-linear scoring function as described above.



After calculating the scores for each soil health indicator of MDS, the integrated soil health index (SHI) was calculated with following equation:


   SHI    =   ∑   i = 1  n   S i  ×  w i   



(1)




where Si represents score of soil health indicator,    w i    is weight factor of i indicator, and n is number of the soil health indicator in the MDS. Once transformed, a weight factor (   w i   ) for each indicator was estimated based on the results of the PCA. These weights were derived by calculating the variation of each respective PC (%) divided by the total percentage of variation of all PCs with eigenvectors greater than 1. A higher SHI score defines better soil health.




2.4. Data Treatment and Statistics


All data in the tables and figures are mean values with standard deviations. Statistical significances were determined at p < 0.05 with ANOVA using SAS 9.3 software (SAS for Windows v. 9.3, SAS Institute Inc., Cary, NC, USA). The curve fitting for non-linear standardized scoring system was generated with CurveExpert Professional 1.6.10 software (CurveExpert Pro-fessional v1.6.10, Hyams Development, Madison, AL, USA).





3. Results and Discussion


3.1. Heavy Metals in Soil


Figure 1 shows the average concentrations of six heavy metals in soil samples taken from the contaminated arable (CA) soils, the remediated arable (RA) soils, and the uncontaminated forests (FO), agricultural uplands (AG) and urban parks (UP). Concentrations of As, Pb, and Zn in CA soils exceeded those of the threshold danger level (TDL), indicating contamination. However, concentrations of other metals in all samples remained below TDL.



The average concentrations of heavy metals in RA soil samples were lower than those in CA soils; however, there was no significant difference (p > 0.05). Furthermore, metal concentrations in RA soil fell below the TDL, as stipulated in the SECA guideline [39]. This suggests that the combination of lime immobilization of metals and soil dressing reduced heavy metal concentrations, demonstrating compatibility and efficacy in remediation. Concentrations of As, Cd, Pb, and Zn in RA samples, representing major metal contaminants in CA soils, remained significantly higher (p < 0.05) than those in the uncontaminated soils (FO, AG, and UP). While the application of the combined lime and soil dressing methods lowered metal levels in soils, limited information is available regarding how these methods alter soil health.




3.2. Total Data Set for Soil Health Assessment


The average values of nineteen soil physical, chemical, and biological properties are presented in Table 1. These parameters, constituting the total data set (TDS), were used to screen the minimum data set (MDS) that was utilized to assess soil health. Values for chemical indicators, such as pH, EC, organic matter, and exchangeable cations, of AG and FO soils fell within a range comparable to national, representative soil samples [49,50,51].



The RA soil exhibited higher pH and EC values compared to other soils, which was attributed to lime application; however, there were no significant differences (p > 0.05). This trend is consistent with findings reported by Li et al. [52]. In addition, the use of the dressing soil for remediation resulted in the RA soil having the highest clay content and the lowest organic matter content and water-stable aggregate ratio compared to the other uncontaminated three soil samples.



Heavy metals are known to potentially have a negative impact on soil biological properties, including soil respiration and soil enzyme activities [53,54,55]. Though the biological properties of RA soil and some types of soils showed no significant differences (p > 0.05), the average values of respiration and enzyme activities in RA soils were lower than those in other soils. Particularly, the average dehydrogenase (DHA) activities in CA and RA soil were lower than those of the uncontaminated soils by 54~71% and 52~70%, respectively. Dehydrogenase activity is widely used to estimate microbial oxidative activities [56] and is considered a more suitable indicator for the effects of heavy metals on soil microbial properties than other soil parameters [57,58]. For example, Dotaniya and Pipalde [59] observed that increasing the level of soil Pb (up to 300 mg kg−1 soil) inhibited 54% of DHA of the soils.



In contrast, the CFU of soil bacteria and ARS activities in RA soil showed higher values than those in other soils. This increase might be attributed to a rise in soil pH due to lime application. Bååth and Arnebrant [60] observed that the number of culturable bacteria was up to 5.1 times higher in higher pH soils. Additionally, ARS activities in soils were significantly correlated with soil pH [61]. Aponte et al. [53] reported that heavy metal contamination reduced ARS activities in soils, but this negative effect was mitigated by an increase in soil pH.



Chemical and physical properties of the RA soil appeared to be influenced by those of the dressing soil. As a result, individual chemical and physical properties of the RA soil were either higher or lower than those of the CA soil. These fluctuations did not clearly reveal any change in soil health. However, the ratios of soil biological properties for RA/CA were generally higher than 1, suggesting soil biological activities appeared to be improved. This underscores the need for a holistic evaluation of soil health using key parameters, such as MDS, rather than relying on all of the nineteen parameters.




3.3. Selection of the Minimum Data Set (MDS)


The soil health assessment process using the TDS could significantly increase labor, time, and the cost of laboratory analysis [62]. For effective soil health assessment, it is essential to screen the minimum data set (MDS) to configure soil health indicators [30]. Principal component analysis (PCA) coupled with correlation analysis, as a data reduction technique, is widely accepted for screening minimum data sets (MDS) from all measured soil properties [63].



Table 2 shows the first five principal components (PCs) with eigenvalues greater than 1.0 and cumulatively expressing 61% of the total variation based on the PCA. The respective contributions of PC1, PC2, PC3, PC4, and PC5 were 26.8%, 10.5%, 9.5%, 7.7%, and 6.4%. Total nitrogen (TN) exhibited the highest loading value under PC1. Loading values of organic matter, bulk density, porosity, soil respiration, and PHA were within 10% of the TN loading value. Total nitrogen showed significant correlation with these variables (Table 3), leading to the selection of TN as the only indicator among PC1 indicators.



From PC2, clay content and water-stable aggregates (WSA, %) emerged as potential candidates for MDS, but clay content was ultimately considered as the sole soil health indicator due to its significant correlation with WSA (Table 3). In PC3, the loadings were dominated by DHA and ARS, with ARS’s loading being within 10% of that of DHA. Given the higher correlation between DHA and ARS (Table 3), DHA was retained as the most important indicator for PC3. Available P in PC4 was selected for the MDS because it had the highest loading value, and no other indicator was within 10% of the loading value of available P. The CFU of soil bacteria had the highest loading value under PC5; thus, it was selected as the soil health indicator for the MDS.



Based on PCA and correlation analysis, the minimum data set (MDS) for soil health assessment was screened to include total nitrogen, clay content, DHA, available P, and CFU of soil bacteria. These parameters encompassed the physical, chemical, and biological properties of the soil. Previous research by Dengiz [64], Datta et al. [65], and Dubey et al. [66] indicated that the MDS should represent the overall properties of the soil and be relevant for testing soil management options, including remediation, to determine whether they recover soil health or not.



Based on the PCA results, each PC explained a certain percentage of the variations in the total data set (TDS). This percentage provided the weighting factor when the variance from each PC was divided by the cumulative variance (60.785% in this case; Table 2), which was derived from PCs with eigenvalues greater than 1 [67]. The weighting factors for the variables in PC1 (total nitrogen), PC2 (clay content), PC3 (DHA), PC4 (available P), and PC5 (CFU of soil bacteria) were 0.44, 0.17, 0.16, 0.13, and 0.10, respectively. These weighting factors were used to calculate the SHI (Equation (1)).




3.4. Scores of Soil Health Index (SHI)


The selected five soil health indicators (MDS) were transformed into dimensionless scores, ranging from 0 to 1, using a non-linear scoring function (Figure 2). In this study, we adopted the “more is better” and “optimum is best” groups to score the soil health indicators, a methodology suggested by other studies [36,37,68,69,70]. The “more is better” group included TN, DHA, and CFU, while the “optimum is best” group comprised clay content and available P.



In an attempt to validate the suitability of using the MDS for soil health assessment, scores of five MDS indicators and nineteen indicators (TDS: Table 1) were calculated and correlated (Figure 3). A highly significant correlation was observed between the scores of MDS and TDS, with a slope of 1.20 (R2 = 0.73). This result supports the fact that MDS indicators reasonably represent TDS indicators in soil health assessment.



Figure 4 illustrates changes in MDS scores, without incorporating the weighting factors, expressed as score ratios (%) of MDS in uncontaminated soils (RA, AG, FO, and UP) compared to those in contaminated soil (CA). These ratios depict the increase (positive value) or decrease (negative value) in MDS indicator scores relative to the contaminated soil. Scores for CFU, DHA, and available P indicators in uncontaminated soils increased compared to those in contaminated soil, with substantial increases observed in the available P score ratios (Figure 4). Conversely, score ratios for TN and clay indicators decreased. It is important to note that changes in MDS scores do not necessary reflect changes in soil health, as MDS scores were calculated using models (Figure 2) before incorporating weighting factors obtained from PCA analysis. Since each MDS indicator contributes differently to soil health (Equation (1)), soil health should be evaluated holistically based on the SHI (Equation (1)).



Soil health index (SHI) was calculated using Equation (1) with scores and weighting factors of MDS indicators. Figure 5a displays SHI values of five soils by summing SHI values of the five MDS indicators. As expected from the weighting factors in the SHI calculation (Equation (1)), TN made the largest contribution to the SHI. The relative contributions of TN to the SHI value for CA, RA, AG, FO, and UP soils were 53%, 42%, 47%, 46%, and 36%, respectively (Figure 5a). The relative contributions of clay, DHA, available P, and bacterial CFU were smaller than those of TN in the five soils.



Figure 5b illustrates changes in the SHI (∆SHI) of the uncontaminated soil (RA, AG, FO, and UP soils) expressed as a percentage ratio (%) over the SHI of the contaminated soil (CA) using mean values of each soil. The ∆SHIs of RA/CA, AG/CA, and FO/CA soils were approximately 1%, 7%, and 8%, respectively, indicating that the soil health of the uncontaminated soil was superior to that of the contaminated soil, albeit not substantially. Kim et al. [20] reported changes in soil health of metal contaminated soil before and after the application of five metal stabilizers, including acid mine drainage sludge, coal mine drainage sludge, steel slag, lime, and cement. Consequently, the SHIs of all stabilized soils became ‘bad’ or ‘very bad’ while the contaminated soil was evaluated as ‘normal’ due to the soil disturbance caused by the application of stabilizers. For this reason, they suggested that the stabilized soil of contaminated soil should be combined with soil dressing techniques. From this study, it was demonstrated that the combined lime immobilization of metal and soil dressing method had no adverse impacts on soil health.



The mean SHI value with the application of weighting factors of RA was 0.48. This value was similar to those of CA (0.47), FO (0.51), and AG (0.51) soils and higher than that of UP soil (Figure 5a,b). The lower SHI value of UP soil could be attributed to lower TN and clay content (Table 1).



When the MDS indicators and other chemical indicators (organic matter and CEC) were classified into two or three groups based on their levels, the changes in the SHI (∆SHI) of RA over CA soil were highly dependent on the scoring functions for individual soil indicators (Table 4). For example, ∆SHI values of TN, DHA, CFU, organic matter, and CEC, which are categorized as “more is better”, revealed relatively high positive values when these soil levels were high but had negative or relatively low positive values when these soil levels were low. Similarly, ∆SHI values of clay and available P, categorized as “optimum is best”, were positive when these soil levels were optimum. These results indicate that even if soils are contaminated, remedial methods can have a positive impact on soil health if soil conditions are appropriate, whereas degraded soils with poor properties are challenging to enhance soil health.



However, the SHIs of the uncontaminated soils were not drastically higher than those of the CA soils because soil properties of CA soils were likely similar to those of RA, AG, and FO soils, despite the CA soil having a higher level of heavy metal concentrations. Heavy metal contamination of soil and the relevant remediation process generally exhibit adverse impacts on soil health by altering soil properties, qualities, and functions [13,16,21,58,71,72]. The SHI values of RA soil were similar to those of FO and AG soils (Figure 5b), even though the average concentrations of As, Cd, Pb, and Zn in RA soil were higher than FO and AG soils (Figure 1). Furthermore, when compared with CA soil, RA soil showed higher scores for bacterial CFU and available P, lower scores for TN and clay, and a similar score for DHA. Consequently, the SHI value of RA was slightly higher than that of CA but that difference was not significant.



The ∆SHI of UP/CA was about −17%, revealing that the soil health of CA soil was higher than that of UP soil. This could be attributable to the poor values of properties governing soil fertility and health in UP soil, such as CEC, OM, clay content, bulk density, and total nitrogen (Table 1).



These results indicate that soil health was more reliant on soil properties (TDS) than types and concentrations of heavy metals. The SHI of RA soil was similar to those of AG and FO soils, demonstrating that the combined methods of lime immobilization of metals and soil dressing do not negatively affect soil health and might sustain soil health. The results suggest that effect of different dressing soils incorporated into soils with various levels of heavy metal contamination warrants further study.





4. Conclusions


To restore soil health of contaminated soil, the remediation method should lower the level of contaminants while minimizing disturbance to soil health. Particularly in arable soils, sustaining soil health after remediation is crucial to ensure sustainable and healthy crop production. Soil health assessment in this research was done in steps, including soil property analyses as the total data set (TDS), selection of a minimum data set (MDS), and the use of weighting factors from PCA analysis to develop a holistic soil health index (SHI). Among nineteen indicators in the TDS, five indicators, namely, TN, clay content, dehydrogenase activity, available P content, and soil bacterial CFU, were selected as the MDS. Scores of MDS indicators were significantly correlated with those of TDS, supporting the appropriateness of the soil health assessment protocol adopted in this study. The SHI of the uncontaminated soils, such as RA, AG, and FO soil, was higher than that of CA soil, and SHI values of RA soil fell within ranges for those of AG and FO soils. The SHI of UP soil was lowest among soils used in this study. The results demonstrated that the soil health of the contaminated soil was more dependent upon the soil properties than metal concentration. The application of the combined methods of lime immobilization of metals and soil dressing resulted in the soil health of the remediated contaminated soil being similar to that of the uncontaminated soil. For a sustainable implication of the combined method in sustaining soil health in metal-contaminated arable soil, further research on the effects of crop cultivation under various soil practices and environmental conditions is essential.
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Figure 1. Means and standard deviations of heavy metal concentrations in soil samples collected from contaminated arable land (CA), remediated arable land (RA), and uncontaminated reference sites, which included forests (FO), agricultural upland (AG), and urban parks (UP). The threshold of danger level (TDL) and corrective action level (CAL) of each metal listed by the Korea Soil Environment Conservation Act are included. Different letters above bars indicate significant differences at p < 0.05 among different soil types. 
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Figure 2. The non-linear scoring function curves of the selected five soil health indicators: total nitrogen (TN), clay content, dehydrogenase activity, available P, and bacterial CFU. Lines and circles are fitted model curves and measured soil data, respectively. 
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Figure 3. Correlation of soil health indices between those estimated from the minimum data set (MDS) and total data set (TDS). 
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Figure 4. Changes in score ratios of the minimum data set (MDS) indicators of four uncontaminated soils, including remediated arable land (RA), uncontaminated forests (FO), agricultural upland (AG), and urban parks (UP); score ratios in uncontaminated soil samples. 
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Figure 5. (a) Scores of the overall soil health indices and relative contributions of five minimum data set indicators to soil health for five soil types (refer to Figure 1). The same letter above a bar indicates a non-significant difference (p > 0.05). (b) Changes of the soil health indices of remediated arable land (RA), agricultural upland (AG), forests (FO), and urban parks (UP), when their indices were divided by those of the contaminated soil (CA). 
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Table 1. Physical, chemical, and biological properties of soil samples collected from contaminated arable land (CA), remediated arable land (RA), uncontaminated agricultural upland (AG), uncontaminated forests (FO), and uncontaminated urban parks (UP). The same letters in a row represent a non-significant difference at p < 0.05.
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Properties

	
Soil Samples




	
CA

	
RA

	
AG

	
FO

	
UP






	
pH

	
6.3 ± 0.8 a

	
6.6 ± 0.8 a

	
6.2 ± 0.9 a

	
5.6 ± 1.0 b

	
6.2 ± 1.3 a




	
EC (dS m−1)

	
0.5 ± 0.2 a

	
0.6 ± 0.9 a

	
0.5 ± 0.3 a

	
0.5 ± 0.3 a

	
0.4 ± 0.4 a




	
CEC † (cmolc kg−1)

	
18.3 ± 3.5 a

	
12.2 ± 3.6 b

	
11.9 ± 4.6 b

	
13.3 ± 5.3 b

	
9.0 ± 3.9 c




	
OM (g kg−1)

	
44.0 ± 33.4 ab

	
19.7 ± 15.0 c

	
35.8 ± 17.3 b

	
46.8 ± 29.6 a

	
25.3 ± 13.8 c




	
Available P (mg kg−1)

	
2062.5 ± 779.4 a

	
267.1 ± 316.2 c

	
487.6 ± 636.2 b

	
104.3 ± 159.5 c

	
96.2 ± 117.9 c




	
TN (%)

	
0.14 ± 0.03 a

	
0.11 ± 0.09 ab

	
0.14 ± 0.13 a

	
0.14 ± 0.12 a

	
0.07 ± 0.07 b




	
BD (g cm−3)

	
1.34 ± 0.09 b

	
1.30 ± 0.20 b

	
1.35 ± 0.16 b

	
1.23 ± 0.23 c

	
1.46 ± 0.17 a




	
Porosity (%)

	
49.27 ± 3.3 b

	
50.8 ± 7.4 ab

	
49.3 ± 6.2 b

	
53.5 ± 8.7 a

	
45.2 ± 6.6 c




	
Water-stable aggregate (%)

	
33.0 ± 5.6 b

	
22.7 ± 13.4 c

	
40.3 ± 20.6 b

	
55.2 ± 22.6 a

	
42.4 ± 22.0 b




	
Soil respiration (CO2 mg−1 kg−1 day−1)

	
110.2 ± 58.5 a

	
45.5 ± 26.9 c

	
56.1 ± 31.4 bc

	
71.0 ± 54.4 b

	
57.2 ± 38.7 bc




	
Arylsulfatase (μmol PNP h−1 g−1)

	
7.3 ± 3.9 a

	
12.7 ± 22.5 a

	
8.6 ± 9.0 a

	
14.1 ± 17.9 a

	
8.8 ± 11.9 a




	
Dehydrogenase (μg TPF g−1)

	
10.6 ± 6.8 b

	
11.2 ± 22.3 b

	
23.3 ± 35.6 ab

	
36.9 ± 50.0 a

	
30.9 ± 38.6 ab




	
β-Glucosidase (μmol PNP h−1 g−1)

	
2.7 ± 1.2 ab

	
2.1 ± 2.4 b

	
2.9 ± 1.9 ab

	
3.5 ± 2.9 a

	
2.3 ± 2.7 ab




	
Phosphatase (μmol PNP h−1 g−1)

	
9.4 ± 4.0 c

	
10.3 ± 6.3 c

	
14.2 ± 7.5 b

	
18.7 ± 7.6 a

	
11.5 ± 7.4 bc




	
Urease (μg N g−1 2 h−1)

	
81.8 ± 56.3 b

	
78.2 ± 91.4 b

	
121.4 ± 115.0 ab

	
138.2 ± 96.3 a

	
91.9 ± 106.7 ab




	
Bacterial colony-forming units (CFU × 106 g−1)

	
1.9 ± 0.5 b

	
23.2 ± 50.2 a

	
9.9 ± 21.2 ab

	
12.5 ± 28.2 ab

	
18.9 ± 33.1 ab




	
Clay (%)

	
18.2 ± 4.9 b

	
25.3 ± 12.7 a

	
16.1 ± 8.1 bc

	
17.2 ± 7.2 b

	
12.7 ± 5.4 c








Silt and sand contents are not included in this table. † CEC: Cation exchange capacity; OM: Organic matter; TN: Total nitrogen; BD: Bulk density; PNP: p-nitrophenol; TPF: Triphenylformazan.













 





Table 2. Results of principal component analysis (PCA) of soil properties for screening five principal components (PC).
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	Principal Component
	PC 1
	PC 2
	PC 3
	PC 4
	PC 5





	Eigenvalue
	4.556
	1.781
	1.612
	1.302
	1.083



	Percent
	26.798
	10.478
	9.479
	7.656
	6.373



	Cumulative percent
	26.798
	37.276
	46.756
	54.412
	60.785



	Eigenvectors
	
	
	
	
	



	pH
	−0.106
	0.424
	0.485
	0.199
	0.394



	EC
	0.307
	0.215
	0.008
	0.207
	−0.072



	CEC †
	0.540
	0.445
	0.227
	0.176
	0.097



	OM
	0.696
	−0.223
	−0.100
	0.328
	0.091



	Available P
	0.202
	0.269
	−0.265
	0.700
	0.053



	TN
	0.702
	0.005
	−0.023
	0.295
	−0.001



	BD
	−0.692
	−0.282
	0.489
	0.305
	−0.164



	Porosity
	0.697
	0.275
	−0.485
	−0.300
	0.169



	Water-stable aggregate
	0.346
	−0.635
	−0.221
	−0.010
	0.267



	Soil respiration
	0.639
	−0.073
	0.350
	0.180
	0.018



	Arylsulfatase
	0.547
	0.056
	0.497
	−0.232
	0.112



	Dehydrogenase
	0.426
	−0.278
	0.551
	−0.207
	−0.071



	β-Glucosidase
	0.559
	0.001
	0.068
	−0.143
	−0.167



	Phosphatase
	0.659
	−0.262
	−0.082
	−0.098
	−0.127



	Urease
	0.625
	−0.149
	0.177
	−0.070
	−0.194



	Bacterial colony-forming units
	−0.128
	0.047
	0.074
	−0.249
	0.753



	Clay
	0.106
	0.706
	0.034
	−0.308
	−0.331







† CEC: Cation exchange capacity; OM: Organic matter; TN: Total nitrogen; BD: Bulk density.













 





Table 3. Correlation matrix among the highly weighted variables with high factor loading from the principal component analysis.
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	PC1 Variables
	TN
	OM
	BD
	Porosity
	SR
	PHA





	Total nitrogen (TN)
	1
	-
	-
	-
	-
	-



	Organic matter (OM)
	0.516 **
	1
	-
	-
	-
	-



	Bulk density (BD)
	−0.364 **
	−0.345 **
	1
	-
	-
	-



	Porosity
	0.368 **
	0.351 **
	−0.996 **
	1
	-
	-



	Soil respiration (SR)
	0.405 **
	0.436 **
	−0.234 **
	0.242 **
	1
	-



	Phosphatase (PHA)
	0.416 **
	0.489 **
	−0.355 **
	0.362 **
	0.342 **
	1



	PC2 Variables
	Clay
	WSA
	
	
	
	



	Clay
	1
	-
	
	
	
	



	Water-stable aggregate (WSA)
	−0.358 **
	1
	
	
	
	



	PC3 Variables
	DHA
	ARS
	
	
	
	



	Dehydrogenase (DHA)
	1
	-
	
	
	
	



	Arylsulfatase (ARS)
	0.424 **
	1
	
	
	
	







** p < 0.01.













 





Table 4. Soil health indices of the minimum data sets and other chemical indicators for remediated soil (RA) and contaminated soil (CA) when soil health indicators were classified into groups based on their levels.
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Soil Health Indicators and Grouping

	
Soil Health Index (SHI)

	
Δ(SHI) Based on CA (%) ¶




	
RA

	
CA






	
MDS

indicator

	
TN § (%)

	
>0.15 ‡

	
0.644

	
0.522

	
23.4




	
<0.15

	
0.423

	
0.451

	
−6.2




	
Clay (%)

	
>24

	
0.476

	
0.474

	
0.3




	
12~24

	
0.516

	
0.485

	
6.5




	
<12

	
0.382

	
0.406

	
−5.9




	
Dehydrogenase

(μg TPF g−1)

	
>15

	
0.589

	
0.510

	
15.5




	
<15

	
0.453

	
0.457

	
−1.0




	
Available P (mg kg−1)

	
>300

	
0.609

	
0.482

	
26.3




	
50~300

	
0.550

	
0.419

	
31.2




	
<50

	
0.453

	
ND †

	
-




	
Bacterial colony-forming units (CFU × 106 g−1)

	
>1.6

	
0.480

	
0.466

	
3.0




	
<1.6

	
0.473

	
0.493

	
−3.9




	
Other chemical indicators

	
OM (g kg−1)

	
>30

	
0.565

	
0.484

	
16.7




	
15~30

	
0.546

	
0.481

	
13.5




	
<15

	
0.395

	
0.406

	
−2.8




	
CEC (cmolc kg−1)

	
>15

	
0.526

	
0.4