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Abstract

:

As and Cd in soil can be assimilated and accumulated by vegetables and can be subsequently ingested by humans. Contradictory effects of organic fertilizer application on As and Cd accumulation in soil have been reported in previous studies. An eight-year greenhouse study was conducted on a sandy loam soil in Beijing, China to investigate the effects of organic fertilizer application rate on soil properties, and As and Cd accumulation in soil. The contamination risk of pak choi grown after eight years’ application of organic fertilizer was also evaluated. Soil organic carbon increased 3.0–3.8 times with low, medium and high rates of fertilizer application in 2018 compared to the initial soil. Organic fertilizer application significantly increased soil nutrients and microbial biomass while it mildly affected soil pH. The bioavailability of As/Cd has decreased after eight years’ application of organic fertilizer. Pak choi crop harvested from all three treatments in 2018 did not pose a threat to human health, even for life-time consumption. Soil total As content significantly decreased with organic fertilizer application, mainly due to the lower As content in the applied fertilizer than that in soil. Continuous application of clean organic fertilizer can be adopted to reduce the contamination risk of highly contaminated soil in the soil–plant system.
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1. Introduction


Trace element contamination in soil poses a threat to food safety and public health. According to the first Chinese national soil pollution survey conducted from 2005 to 2013, approximately 26 million ha of arable land in China was contaminated with trace elements, with Arsenic (As) and Cadmium (Cd) being the principal contaminants in 2.7% and 7.0% of arable land, respectively [1,2]. Based on the data from 548 soil samples, the average As and Cd contents were 6.48 and 0.13 mg kg−1 in facility vegetable production nation-wide, with 1.6 and 5.3% of the area being contaminated with As and Cd, respectively [3].



Manure from intensive livestock and poultry production is one of the main sources of trace elements in agricultural soils. Excessively high As and Cd contents were reported in 162 commercial organic fertilizers where total As contents ranged from 0 to 14.1 mg kg−1 and total Cd contents ranged from 2.0 to 256.0 mg kg−1 [4]. However, a substantial improvement had been made after issuing of the industry standards on toxic and harmful substances in commercial organic fertilizer in 2012 [5]. Huang et al. [6] analyzed 126 commercial organic fertilizers and reported average As and Cd contents of 5.6 mg kg−1 (range, 0–23.3 mg kg−1) and 1.2 mg kg−1 (range, 0.1–5.3 mg kg−1), respectively.



Long-term organic fertilizer application has positive effects on soil organic matter content increases, soil enzyme activity, microbial abundance, carbon sequestration and soil productivity. Therefore, it contributes to the establishment of sustainable production with additional economic and environmental benefits [7,8,9]. However, continuous organic fertilization can increase the risk of trace element contamination risk of soil and crops. Trace element accumulation in soil and the consequent health risk from different crops (e.g., rice, peanut and vegetables) grown in these soils, following continuous fertilization with manure-derived organic fertilizer, have often been reported [4,10,11,12,13]. Nevertheless, several studies have indicated that continuous organic fertilizer application did not necessarily cause As and Cd accumulation in soil and crops. Gul et al. [14] reported that organic fertilizer, derived from cattle manure or sheep manure, reduced trace elements (including As and Cd) and bioavailability, and retarded the transfer of As and Cd from contaminated soil to crops. Chaney [15] reported increased soil As contents in some studies, but the opposite in other studies after organic fertilizer application. Organic fertilizer has been promoted as an alternative to chemical fertilizer to improve soil quality, increase crop production and alleviate contamination from manure discharges, and it is essential to minimize trace element pollution from organic fertilizer application to ensure food safety [16].



Given that organic fertilizer is frequently used in vegetable production, and the increasing demands for food safety and clean production, there is a pressing requirement for more information on As and Cd behavior in the soil–crop system following continuous organic fertilizer application. The objectives of this study were to (1) clarify the effects of long-term organic fertilizer application on soil properties, such pH, organic carbon (C), soil nutrient supply and microbial biomass, As and Cd bioavailability and accumulation in soil; (2) evaluate the health risk of pak choi grown on these soils; and (3) determine the key factor on whether As and Cd contents increase or decrease with organic fertilizer application in the soil–crop system.




2. Materials and Methods


This study was conducted on a sandy loam soil in a plastic solar greenhouse in Yanqing District, Beijing, China from March 2011 to December 2018. Before 2011, the greenhouse was used for organic vegetable production. Soil properties (0–30 cm) before planting in 2011 were: electrical conductivity (soil:water = 1:5, w/w) of 0.33 mS cm−1, pH (soil:water = 1:2.5, w/w) of 8.1, soil organic carbon content of 6.7 g kg−1, total nitrogen (N) content of 1.4 g kg−1, Olsen phosphorus (P) content of 106.4 mg kg−1 and exchangeable potassium (K) content of 192.3 mg kg−1. Total soil As and Cd contents were 7.73 and 0.15 mg kg−1 in March 2011, respectively.



The total cropped area of the greenhouse was 336.0 m2 (56.0 m × 6.0 m). A randomized complete block design was used with three treatments of different organic fertilizer rates. Each treatment had three replications. Each block (6.0 m × 4.2 m) consisted of three plots with the middle one as the sampling plot. There were additional border zones along the eastern and western sides of the greenhouse.



2.1. Fertilizer Treatments


There were three fertilizer rate treatments: low, medium and high application rates. From March 2011 to February 2014, 52.5, 105 and 210 t DW ha−1 of organic fertilizer (mixture of chicken and cattle manure, prepared locally) were applied twice a year before planting in March and August (incorporated with a plough to 10–15 cm) to the soil. Properties of the organic fertilizer were determined before each application with an average pH of 7.7, organic C content of 177.9 g kg−1, total N content of 8.8 g kg−1, total P content of 8.6 mg kg−1 total K content of 16.5 mg kg−1, total As content of 3.03 mg kg−1 and total Cd content of 0.14 mg kg−1 over applications from March 2011 to February 2014 [17].



To ensure a more consistent nutrient supply, the locally prepared fertilizer was replaced by a commercially produced organic fertilizer (Beijing Dongxiang Environmental Technology Co. Ltd., Beijing, China) made from sheep manure. The application rates were adjusted to 30, 60 and 90 t DW ha−1 for each application from March 2014 to August 2018 (incorporated with a plough to 10–15 cm). Organic fertilizer properties: pH of 7.6, organic C content of 224.7 g kg−1, total N content of 12.9 g kg−1, total P content of 12.6 mg kg−1, and total K content of 18.7 mg kg−1, total As content of 1.65 mg kg−1 and total Cd content of 0.42 mg kg−1 averaged over applications from March 2014 to August 2018.



Two or three different vegetable crops were grown in the greenhouse each year: tomato (Lycopersicon esculentum Mill) from March to August, and then one or two leafy vegetables such as celery (Apium graveliens L.), lettuce (Lactuca sativa L.), cabbage (Brassica oleracea var. capitate) or pak choi (Brassica rapa ssp. Chinensis) were grown from August to March. Irrigation, pest control and regular management of the crops were conducted as required, following local practices. The pak choi crop used for plant analyses was planted on November 2018 and harvested on December 2018.




2.2. Soil Sample Collection and Analysis


Soil samples (0–30 cm) were taken during August to October each year from 2011 to 2017 (excluding 2015), air-dried and then stored at room temperature. Soil samples (0–30 cm) taken on 11 December 2018 were similarly processed. All soil samples from 2011 to 2018 were analyzed for soil pH, soil organic C content, total As and Cd contents, HCl extractable As content (HCl-As) and diethylenetriamine pentaacetic acid (DTPA) and extractable Cd content (DTPA-Cd). In addition, soil microbial biomass C (MBC), soil microbial biomass nitrogen (MBN), soil total N, Olsen P and exchangeable K were determined in soil samples taken in 2018.



Soil pH (soil:water, 1:2.5, w/w) was determined with air-dried soil. Soil organic C was determined following digestion with 0.8 M K2Cr2O7 and 18.4 M H2SO4, by titration with 0.2 M FeSO4 after the addition of 2–3 drops of phenanthroline complex as an indicator [18]. Soil MBC and MBN were determined according to Vance et al. [19] with a total organic C and total N analyzer (Multi N/C 3100, Analytic Jena, Jena, Germany). Air-dried soil samples were microwave digested with HNO3 (68%, GR) and HF (40%, GR) (HNO3:HF, 7:3, v/v) and then the total As and Cd contents in soil were determined with an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700X, Agilent Technologies Inc., Santa Clara, CA, USA) [20].



For the determination of total N, air-dried soil samples were digested with 18.4 M H2SO4 using a mixed K2SO4-CuSO4-Se (ratios 100:10:1) catalyst; analysis was conducted with a continuous flow analyzer (Auto Analyzer 3 System, SEAL Analytical GmbH, Germany) after filtration. Olsen P content was determined according to Olsen et al. [21] Soil-exchangeable K was extracted with 1 M ammonium acetate, and analyzed with an atomic absorption spectrophotometer (ZEEnit700P, Analytic Jena, Jena, Germany).



DTPA-Cd was extracted with 5 mM DTPA solution, following the method issued by the Ministry of Ecology and Environment of the People’s Republic of China [22]. HCl-As was extracted with 0.1 M HCl following Zhang et al. [23] Sequential extractions of As (exchangeable, surface absorption, bound to iron and aluminum, bound to calcium and residual fractions) and Cd (exchangeable, bound to carbonates, bound to iron and manganese oxides, bound to organic matter and residual fractions) were conducted according to Shiowatana et al. [24] and Tessier et al. [25], respectively. As and Cd contents of different fractions were determined with ICP-MS.




2.3. Plant Sample Collection and Analysis


Leaf samples were taken from six pak choi plants from the sampling plot of each treatment on 4 December 2018. Theleaves were washed by distilled water, dried and ground. After digestion with HNO3 (68%, GR: guaranteed reagent) and H2O2 (30%, GR) (HNO3:H2O2, 5:3, v/v) in a teflon digestion vessel [26], leaf As and Cd contents were determined using an ICP-MS.




2.4. Data Analysis


Analysis of variance (ANOVA) for soil pH, soil organic C and trace elements accumulation (total soil As and Cd, HCl-As and DTPA-Cd) as a function of fertilizer application rate and year were conducted using the PROC MIXED procedure in the SAS statistical software package (SAS Institute Inc., Cary, NC, USA). Repeated measures were used for year effect. Soil properties (MBN, MBC, total N, Olsen P and available K), crop yield, and plant As and Cd contents in 2018 were analyzed with PROC ANOVA as a function of fertilizer application rate. Means were compared using the Least Significant Difference (LSD) test at the 5% probability level. Means of soil pH, organic C, HCl-As, DTPA-Cd, total As and Cd were compared within treatments for year effect.



The health risk assessment criteria and equations used are listed below:


  Bioconcentration   factor   ( BCF ) =   C p l a n t   C s o i l    



(1)




where   C p l a n t   is the As/Cd content in pak choi leaf, and   C s o i l   is the total As/Cd content in soil [27].


  Target   hazard   quotients   ( THQ ) =   E F r × E d × F i r × C   R f d × W a b × A T n   ×  10  − 3    



(2)







  E F r   is the exposure frequency (365 days per year);   E d   is the exposure duration (70 years);   F i r   is daily vegetable consumption (0.35 kg vegetable consumption per day per capita in China) [28];  C  is the As/Cd content of pak choi leaf in fresh weight (mg kg−1);   R f d   is the reference dose (0.3 × 10−3 mg kg−1 body weight per day and 1 × 10−3 mg kg−1 body weight per day for As and Cd, respectively) [29];   W a b   is the average body weight (60 kg).   A T n   is the averaged exposure time (365 days per year) [30,31].



Estimated soil total As and Cd contents were calculated under the assumptions of consistent organic fertilizer supply, zero plant uptake and zero soil leaching.


  Estimated   trace   element   content   in   soil =     ∑   2011  n  Cfertilizer × Wfertilizer +  Csoil × Sbd × Area × SDepth      ∑   2011  n  Wfertilizer +  Sbd × Area × SDepth     



(3)




where   Cfertilizer   is the average content of trace element in the applied organic fertilizer from 2011 to 2018 (2.36 and 0.28 mg kg−1 for As and Cd, respectively);     Wfertilizer    is the average annual input of organic fertilizer from 2011 to 2018 (80, 159 and 285 t ha−1 for low, medium and high application rates, respectively);   Csoil   is the trace element content in the initial soil (7.73 and 0.15 mg kg−1 for As and Cd, respectively);   Sbd   is the soil bulk density (1.4 g cm−3) in the initial soil;   SDepth   is the sampling soil depth (0.3 m). All figures were plotted with Originpro 2016 (OriginLab Corporation, Northampton, MA, USA).





3. Results and Discussion


3.1. Soil Properties


Soil pH was mildly affected by organic fertilizer application rate and year (within a range from 7.7 to 8.2 for all treatments from 2011 to 2018, Figure 1a). Soil organic C was significantly increased with increasing organic fertilizer application rate and year (Figure 1b). By 2018, soil organic C contents had increased by 2.0, 2.3 and 2.8 times for low, medium and high application rates, respectively, in comparison to its content in the initial soil. Soil organic C content gradually increased when the low rate organic fertilizer was continuously applied. For medium and high rate organic fertilizer treatments, it increased appreciably after one year and then changed slightly thereafter.



At the end of the study in 2018, soil nutrient contents (total N, Olsen P and exchangeable K) and microbial biomass (MBC and MBN) significantly increased with organic fertilizer application rates (Table 1). MBC and MBN contents in soil of the high fertilizer treatment were 50% and 48% higher than in soil that received the low fertilizer treatment, respectively. Total N, Olsen P and exchangeable K greatly increased from 1.4 g kg−1, 106.4 mg kg−1 and 192.3 mg kg−1 in the initial soil in 2011 to 2.6 g kg−1, 312.7 mg kg−1 and 229.2 mg kg−1 in high rate fertilizer treatment in 2018, respectively.



The significant increases in soil organic C, soil microbial biomass and Olsen P from continuous manure application observed in the present study are consistent with the results of a meta-analysis of data from 132 long-term studies (≥10 years) of organic fertilizer application on soil properties [32]. Large additions of organic material from organic fertilizer application were responsible for observed increases in these soil characteristics [33,34].



Soil pH was little affected in the three organic fertilizer treatments after eight years of application, the similar pH values of the initial soil (8.1) and organic fertilizer (7.6 and 7.7) being the likely explanation. Results from previous studies suggest that organic fertilizer application can either increase the pH of acidic soil or decrease the pH of alkaline soil [35,36,37]. Differences between pH of the initial soil and of the applied organic fertilizer partially explain the changes in soil pH [32,38], organic acids from increased microbial activity associated with the decomposition of applied organic fertilizer being an additional factor [39].



According to the Beijing soil nutrient index scoring system [40], total N (1.87–2.58 g kg−1), Olsen P (227.40–312.70 mg kg−1), and exchangeable K (145.36–229.20 mg kg−1) contents of all treatments in 2018 were rated as being high or extremely high. Thus, non-point source pollution should also be considered when applying organic fertilizer in a large amount or for long-term use.




3.2. As and Cd Bioavailability and Plant Uptake


The bioavailability of As/Cd was evaluated by single extraction (HCl and DTPA extraction) and sequential extraction (Figure 2 and Figure 3). Continuous organic fertilizer application generally increased soil HCl-As and soil DTPA-Cd contents during this study (Figure 2). Soil HCl-As significantly increased from an initial value of 18.2 μg kg−1 in 2011 to 28.7, 31.4 and 32.6 μg kg−1 in 2018 in the low, medium and high fertilizer rate treatments, respectively (Figure 2a). Soil DTPA-Cd significantly increased from an initial value of 28.6 μg kg−1 in 2011 to 37.1, 43.0 and 44.7 μg kg−1 in 2018 in the low, medium and high fertilizer rate treatments, respectively (Figure 2b).



The residual fraction was the main form of both As and Cd, which decreased after eight years of application of organic fertilizer, in comparison to that in 2011 (Figure 3). However, the most susceptible fraction of As and Cd for plant uptake was the exchangeable fraction, which substantially decreased compared to that in 2011. During the same period, the fractions less susceptible to plant uptake, such as As-bound to iron and aluminum (increased by about 9%), Cd-bound to iron and manganese (increased by about 10%) and Cd-bound to organic matter (increased by about 11%), all increased. These results suggest that organic fertilizer application to this alkaline soil contributed to the conversion of As and Cd to fractions less susceptible for plant uptake. Compared to single extraction, sequential extraction of trace elements is more helpful in elucidating their transformation between inert and labile fractions.



In 2018, pak choi yield (ranging between 21.5 to 26.1 t ha−1) increased with increasing organic fertilizer application rates (Table 2). The As content in pak choi leaves is significantly decreased, with increasing organic fertilizer application rates, while leaf Cd contents did not significantly change (Table 2). The highest leaf As and Cd contents were 0.008 and 0.003 mg kg−1 FW respectively, which are within the maximum permitted contents for leafy vegetables (0.5 mg kg−1 for As and 0.2 mg kg−1 FW for Cd) in China [41]. The BCF and THQ values of As and Cd in all three treatments were much less than 1, indicating that pak choi in this study did not act as an accumulator and did not constitute a risk to human health for life-time exposure (Table 2). Based on yield and plant uptake, pak choi leaves in this study absorbed 0.17 g ha−1 As and 0.07 g ha−1 Cd at a maximum in 2018.



The bioavailability of trace elements has often been determined by single or sequential extractions [42]. Variable effects of organic fertilizer applications on As and Cd availability determined by single extractions have been reported, as increases [43,44] or decreases [45,46]. Sequential extraction provides detailed information on the changes in trace element fractions. Previous studies reported reduced content of exchangeable Cd fraction [45,46], and the transformation of the exchangeable Cd fraction into fractions bound to iron and manganese oxides or organic matter with organic fertilizer application [47,48]. Additionally, these studies reported that residual As fraction transformed to the Fe and Mn oxide bound fraction [46]. The results from this study were consistent with these observations of soil Cd and As transformation to less labile fractions.



Organic fertilizer changes the bioavailability of As and Cd by altering soil properties, such as organic matter content and soil pH [46,48,49,50]. Increased microbial degradation of organic matter provides increased amounts of functional groups such as carbonyl and phenolic-OH that can increase trace elements binding [51,52]. Another important reason may be that manure application adds trace element sorbents such as Fe, Mn and Al oxides to soil, which could bind with trace elements, thereby decreasing the exchangeable fractions [53]. These various mechanisms may explain the transformation of As and Cd to less susceptible fractions for plant uptake in this study. Plant As and Cd in 2018 decreased (significant or not) with increasing organic fertilizer application rates in this study. Reduced As and Cd solubility in soil after organic fertilizer application were responsible for reduced As/Cd content in plants in previous studies [46,54]. While the exchangeable contents of As and Cd in soil were not significantly different between treatments, higher yields with higher organic fertilizer application rates resulted in lower As and Cd contents in the plant. THQ values less than 1 from contaminated soil have been reported in previous studies. Bui et al. [55] reported THQ values of As (range of 0.50–0.90) and Cd (range of 0.10–0.25) in vegetables (including leafy, stem and roots vegetables) grown on trace elements contaminated soil (Cd: 1.9–3.8 mg kg−1, As: 28.9–39.3 mg kg−1). Similar results were reported by Garg et al. [56], of a THQ value of 0.013 for Cd in Brassica campestris leaves with a 240 g per day consumption rate on a Cd contaminated soil (average Cd content of 6.05 mg kg−1). The results from previous studies and this study indicated that life-time consumption of vegetables may not necessarily cause damage to human health, even when they are harvested from contaminated soil. Differences in trace elements uptake and transfer to the edible parts between species can influence such risk assessments.




3.3. As and Cd Accumulation in Soil


The total As content in soil significantly decreased with continuous organic fertilizer application for all three treatments during this study (Figure 4a). By the end of study in 2018, soil total As contents decreased from 7.73 mg kg−1 in the initial soil to 6.53, 6.46 and 6.58 mg kg−1 with low, medium and high fertilizer application rate treatments, respectively. Soil total Cd contents of the three treatments fluctuated within a narrow range (0.13–0.16 mg kg−1) throughout the study (Figure 4b). By the end of the study in 2018, soil total Cd contents were 0.12, 0.14 and 0.13 mg kg−1 for low, medium and high fertilizer application rates treatments, respectively, which were not significantly different to the initial content of 0.15 mg kg−1 in 2011.



Lower As content (an average of 2.36 mg kg−1) in applied organic fertilizer than the initial soil (7.73 mg kg−1) was considered the reason for the decreased soil As contents in this study. To further examine this hypothesis, we estimated soil total As content in the following 100 years under the same condition as those in this study. Organic fertilizer with average As and Cd contents of 2.36 and 0.28 mg kg−1, respectively applied at low, medium and high rates of 80, 159 and 285 t ha−1 respectively were averaged over eight years of this study. Plant uptake of As and Cd were relatively small (2.5 g ha−1 As and 0.7 g ha−1 Cd as estimated leaf uptake of ten growing seasons for pak choi each year, respectively) in relation to the annual input from organic fertilizer (194.88 and 20.60 g ha−1 for As and Cd in the low rate treatment) and therefore were neglected in the calculation. The top soil (0–30 cm) was considered as a sink (containing total As content of 32,466 g ha−1 in 2011 with a soil bulk density of 1.4 g cm−3) with continuous As addition (average As input of 194.88, 389.76 and 723.83 g ha−1 in low, medium and high organic fertilizer treatments each year, respectively) under the assumptions of zero plant uptake and soil leaching (Figure 5a).



Estimated soil As content decreased with increasing organic fertilizer application year and rate, gradually to the As level in the organic fertilizer (2.36 mg kg−1) over the next 100 years (Figure 5a). A strong diluting effect of the relatively clean organic fertilizer on soil total As contents occurred at a relatively high rate in the first 30 years and then reached a plateau. Extrapolating this calculation to 2110, the estimated total As contents would be 4.27, 3.55 and 3.21 mg kg−1 in the top 30 cm soil for the low, medium and high organic fertilizer treatments, respectively. In contrast, organic fertilizer contained higher Cd content (an average of 0.28 mg kg−1) than in the initial soil (0.15 mg kg−1). Total Cd content in the top 30 cm soil was 630 g ha−1 in 2011, while the average Cd inputs were of 20.60, 41.21 and 68.25 g ha−1 in low, medium and high fertilizer application rates each year, respectively. Therefore, the estimated total soil Cd contents with on-going organic fertilizer application increased gradually towards the value of the Cd content of organic fertilizer (Figure 5b). After 100 years, in 2110, the estimated soil total Cd contents would be 0.22, 0.23 and 0.23 mg kg−1 in the top 30 cm soil for the low, medium and high organic fertilizer treatments, respectively.



Agricultural products are considered to be a negligible safety risk when they are grown in soils with trace element contents lower than the risk screening values for agricultural land (25 mg kg−1 for As and 0.6 mg kg−1 for Cd at soil pH > 7.5, respectively) in China. However, cultivation of edible agriculture products is not allowed once the soil trace element contents reach the risk intervention values (100 mg kg−1 for As and 4 mg kg−1 for Cd at soil pH > 7.5, respectively) [57]. Based on the conclusion from this study that soil trace element contents can be decreased by continuous application of clean organic fertilizer with low trace elements contents, we propose the application of clean organic fertilizer to lower the contamination risk of soil with high As and Cd levels. Therefore, we estimated the change of soil As and Cd contents under the consumption of continuous organic fertilizer application (as in this study) on a soil with the risk intervention values (100 mg kg−1 for As and 4 mg kg−1 for Cd at soil pH > 7.5, respectively, Figure 5c,d). The results showed that it would take 50 and 88 years of application of organic fertilizer at high and medium rates to reduce the soil As content below 25 mg kg−1, respectively. In 2110, after 100 years of application, soil As content (36.12 mg kg−1) would still be higher than the risk screening value with the low application rate. For an initial soil with Cd of 4 mg kg−1, continuous organic fertilizer application like this study also would decrease soil Cd content. However, soil total Cd content would still be higher than 0.6 mg kg−1 (range of 0.72–1.55 mg kg−1) after 100 years application for all three treatments (Figure 5d). It would take 139, 263 and 525 years to decrease soil Cd content from 4 mg kg−1 to less than 0.6 mg kg−1 if the organic fertilizer was applied at the high, medium and low application rates as used in this study, respectively.



In a relatively closed environment, such as a greenhouse, soil trace element contents depend on the organic fertilizer input, the rate and frequency of its application and the crops grown [58]. The result in this study demonstrated that differences of trace element contents between soil and organic fertilizer determines whether they will accumulate in soil or not. Similar results were reported in a vegetable production field by Zhen et al. [44], where total soil As content significantly decreased from 8.63 to 7.14 mg kg−1, and total soil Cd significantly increased from 0.11 to 0.54 mg kg−1 after 15 years application of organic fertilizer that contained lower As content and higher Cd content that the initial soil, respectively. Previous studies also reported soil Cd accumulation following continuous application of organic fertilizer with higher Cd content than that of the initial soil [45,46,59,60,61].



Decreased trace elements in soil after long-term organic fertilizer application was explained as the equilibrium state of trace elements in soil–plant systems in the relatively closed environment [44,62]. However, crop removal and soil leaching were almost negligible compared to their high addition from organic fertilizer. Xu et al. [61] reported that crop removal (soybean and maize) and soil leaching amount of the trace element was less than 8.49% and 1.29% (4.36 and 0.73 g ha−1, respectively) of the input quantity from organic fertilizer application. Zhou et al. [63] reported maize and wheat uptake (straw and grain) of Cd were 2.03 and 1.92 g ha−1 when applied with 42 t ha−1 manure fertilizer each season, and most of the trace elements applied from organic fertilizer remained in the top 30 cm soil layer.



Xu et al. [61] had the similar level of Cd annual input from organic fertilizer with this study (26.3 and 65.7 g ha−1 in their study, and 20.60 and 68.25 g ha−1 in this study for low and high application rates, respectively) on uncontaminated soils (0.2 mg kg−1 in their study and 0.15 mg kg−1 in this study). However, the organic fertilizer they applied contained about a 10 times higher Cd content (2.87 mg kg−1) than it is in this study (0.28 mg kg−1). Consequently, soil total Cd content increased by 84.34–362.66% after ten years in their study, while it did not significantly change after eight years in this study. These results prove our theory that long-term application of clean organic fertilizer with low trace element contents can decrease their content in soil.



To ensure food safety and clean production, measurements such as controlling trace elements in fertilizers, decreasing its availability in soil by amendments (manure, zeolites, lime and biochar etc.), and adopting low trace elements accumulating cultivars are recommended [2,14,44]. Continuous organic fertilizer application in this study has controlled trace element input, decreased trace elements bioavailability for plant uptake and reduced trace element contents in soil, while providing vegetables with no health risk, which is a good choice for clean production.





4. Conclusions


In this study, eight years’ application of organic fertilizer significantly affected soil properties by increasing soil nutrients, soil organic C and microbial biomass (MBC and MBN). Soil pH was less affected because of the similar pH of the soil and the organic fertilizer used.



Compared to single extraction, sequential extraction was more precise to evaluate the bioavailability of trace elements. Long-term application of organic fertilizer with low trace element contents to alkaline soil in northern China transformed the susceptible fraction of As and Cd into less soluble fractions compared to those in the initial soil. Pak choi grown in this study did not constitute a risk for human health after eight years’ application of organic fertilizer.



Differences in trace element contents between the applied organic fertilizer and the initial soil are important determinants of whether trace elements will accumulate in soil during long-term application. The application of clean organic fertilizer with lower trace element contents compared with that in soil can decrease the contamination risk of soil. Trace element contents in soil and organic fertilizer, soil properties, soil nutrients, fertilizer composition, fertilizer application rate and frequency should be considered when certain organic fertilizer is applied, especially when organic fertilizer contains higher contents of trace elements than soil or on highly contaminated soils which creates the potential risk of trace element accumulation.
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Figure 1. Soil pH (a) and organic carbon (b) of three treatments from 2011 to 2018. Different letters above the vertical bars indicate significant differences (p < 0.05). 
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Figure 2. Soil HCl-As (a) and DTPA-Cd (b) of three treatments from 2011 to 2018. Different letters above the vertical bars indicate significant differences (p < 0.05). 
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Figure 3. Forms of soil As (a) and Cd (b) in 2011 and in all three treatments in 2018. Percentage of As and Cd forms less than 2% are not labeled. 
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Figure 4. Soil total As (a) and Cd (b) contents in three fertilizer rate treatments from 2011 to 2018. Different letters above the vertical bars indicate significant differences (p < 0.05). 
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Figure 5. Estimated soil total As (a,c) and Cd (b,d) contents with continuous organic fertilizer application. Dotted line in a and c indicates a soil As risk screening value of 25 mg kg−1, while it indicates a soil Cd risk screening value of 0.6 mg kg−1 at soil pH > 7.5. 
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Table 1. Soil nutrients and microbial biomass in the initial soil in 2011 and in three treatments in 2018.
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	Treatment
	Total N (g kg−1)
	Olsen P (mg kg−1)
	Exchangeable K (mg kg−1)
	MBC (mg kg−1)
	MBN (mg kg−1)





	2011
	1.4
	106.4
	192.3
	--
	--



	2018 Low
	1.9 b
	227.4 b
	145.4 c
	164.5 b
	26.8 b



	2018 Medium
	2.4 a
	279.7 ab
	183.0 b
	201.0 ab
	29.0 b



	2018 High
	2.6 a
	312.7 a
	229.2 a
	246.8 a
	39.5 a



	p value
	0.0197
	0.0335
	0.0040
	0.0089
	0.0142







Note: different letters following the means indicate significant differences (p < 0.05).
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Table 2. Pak-choi yield, trace elements uptake and health risk assessment in 2018.
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Treatment

	
Yield

	
Plant Content

(mg kg−1 FW)

	
Bioconcentration Factor

	
Target Hazard Quotients




	
(t ha−1)

	
As

	
Cd

	
As

	
Cd

	
As

	
Cd






	
Low

	
21.5 b

	
0.008 a

	
0.003

	
0.026

	
0.438

	
0.019

	
0.001




	
Medium

	
19.2 b

	
0.007 a

	
0.003

	
0.021

	
0.402

	
0.009

	
0.001




	
High

	
26.1 a

	
0.004 b

	
0.002

	
0.014

	
0.393

	
0.005

	
0.001




	
p Value

	
0.0043

	
0.0024

	
0.9127

	
--

	
--

	
--

	
--




	
Threshold

	
--

	
0.5

	
0.05

	
1

	
1

	
1

	
1








Note: different letters following the means indicate significant differences (p < 0.05).
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