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Abstract

:

Compost is considered to be superior fertilizer for soil quality and productivity, and is commonly used with chemical fertilizer. The optimal mixed ratio of compost with chemical fertilizer and the best application time is necessary to know for sustainable agriculture practices and management. Compared to the control treatment, this study comprehensively evaluated the effects of four mixed ratios of compost with chemical fertilizer, two nitrogen application times of chemical fertilizer, and their interaction on the soil properties, plant traits, yield, and quality of tomato plants. The soil properties, plant traits, and yield of tomato with all compost-mixed fertilizers performed better than the treatment without fertilizer. Furthermore, the amounts of available nitrogen, phosphorus, organic matter, plant weight, and yield in a 30% chemical fertilizer + 70% compost treatments (CF30) were even better than those with pure chemical fertilizer (CF100). No significant effect of nitrogen application time and its interaction with the mixed ratio treatment was detected, and the quality of fruit remained consistent among treatments. This study demonstrated a suitable practical application method for cow manure compost as a nutrient source in tomato crop production under silty loam soil.
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1. Introduction


The intensive agricultural practices using chemical fertilizers have helped in increasing crop yields; however, more and more negative effects on soil quality and environmental pollution have been found in areas where chemical fertilizers were overused and/or used for the long-term [1,2,3,4]. Therefore, organic amendments such as crop residues, animal manures, or compost have been widely recognized as a vital agricultural fertilizer resource to improve the soil health and grain yield in an agroecosystem [5]. Furthermore, organic and bio-organic amendments replace part of the waste utilization [3,6,7]. To promote the wide application of this technology, many related subjects, such as the type and dosage of organic amendment [6,8,9,10], the appropriate ratio mixed with chemical fertilizer [9,11,12], nitrogen application time [13,14], and other factors such as mixing of organic amendments with different soil organisms (e.g., phosphate-solubilizing bacteria, native free-living nematodes, and epigeic earthworms [9,15]) have been studied for various crops and vegetables in many countries and regions. However, fewer previous studies have detected two or more factors simultaneously, and the interactions between factors have been mostly ignored [6,16,17]. Furthermore, a comprehensive evaluation from soil to plant, that is, including soil properties, plant morphological and physiological traits, yield, and quality, is insufficient at present [6,7,9,18,19]. Detecting the effects and comprehensive evaluations of multiple factors are of great significance for production practice, and more detailed work should be explored to improve the development of sustainable agriculture.



Cow manure, one of the common organic amendments, is rich in minerals and is often used in conventional agriculture [20,21]. However, organic amendments alone may not offer sufficient nutrient supply to meet the demand for agriculture production [22]. Integrated soil fertility management (ISFM), a technique that makes use of both organic and chemical fertilizer resources, is thus proposed for greater yield response and better nutrient storage [22,23]. For example, the production of tomato and other vegetables was found to be higher when the one-third chemical fertilizer was applied in combination with two-thirds vermicompost [24,25]. Because the utilization of nutrients by the plants to an adequate level largely depends upon the nitrogen quantity and time of its application, there is a need to balance the nitrogen application in terms of ratio and time of application [13]. The optimal mixed ratios of organic and chemical fertilizers based on nitrogen have been suggested for crops, vegetables, and fruits [7,9]. However, applying nitrogen (especially the chemical form), according to the requirements of plants at different growth stages, needs to be taken into more consideration [26].



Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops [27], with an extensive worldwide distribution and a massive economic value [28]. Its global annual production is currently around 130 million tons [29]. The yield and quality of tomato are largely affected by the method of fertilization. Quite a number of studies have focused on the effects of the mixed ratio of organic and chemical fertilizers on the productivity of tomatoes and soil quality [7,9,20,30]. However, studies with nitrogen application time are much fewer for tomatoes. Furthermore, most fertilization studies of tomato have generally only evaluated the effects on plants [6,31] or soil quality [32], solely. Some studies have evaluated both the plants and soil quality but with few parameters [7,33]. Exploring both the effects of mixed fertilizer and application time, as well as conducting a comprehensive evaluation of both soil and plant, is necessary for the technologies of sustainable agriculture practice.



Therefore, this study aims to find an optimal ratio of cow manure compost mixed with chemical fertilizer and a better time for nitrogen application for tomato production based on a comprehensive evaluation of soil properties, plant morphological and physiological traits, photosynthetic pigment, yield, and quality attributes of tomato fruits. The findings could provide more information on the application of cow manure compost or be used as a reference for other organic fertilizers in a perspective of sustainable agriculture and agroecosystem health.




2. Materials and Methods


2.1. Study Growth Room


This experiment was conducted in a plant growth room of Northeast Normal University, located in Changchun, Jilin Province, China in 2019. From transplanting the seedlings (May 14) to plant harvest (July 29), the environmental conditions were kept in a light/dark cycle of 14/10 h, with the photosynthetic photon flux density at 550–600 μmol/m2s, and the room temperature at 32/28 °C (light/dark).




2.2. Source of Material and Soil Properties


Seedlings of tomato (Little Bing Tomato variety) and chemical fertilizer (urea, triple superphosphate, and potassium chloride) were purchased from the local market. Cow manure compost was collected from local farmers and had been well-decomposed and was ready for application. The soil used in this experiment was collected from the field. The soil was silty loamy soil according to the U.S. soil taxonomy. Before the compost and soil were put into pots, three thoroughly mixed compost samples and three field soil samples were collected randomly. Samples of soil and compost were first air-dried and 2 mm sieved. The physicochemical properties of these samples (Table 1), including total and available N [34], total and available P [35], soil organic matter [36] K and Mn [37], and total content of heavy metals Cd, Cu, Ni, Pb, Zn, and Cr [38], were determined by standard methods. The compost soil amendments may have caused some problems with the increase of heavy metals derived from the composition of raw materials [39]. Therefore, the quality of final composts and their commercial and agronomic value depends mainly on the quantity and quality of its organic substances, namely stability. All heavy metals in our compost were below the maximum allowable limits established by standard regulators, such as the World Health Organization (WHO), the Food and Agricultural Organization (FAO), Ewers U, and Italian legal limits (D.L. 75/2010 and subsequent amendments) for soils and vegetables [7,40].



At the end of the experiment, the soil of each pot was collected after the plants were harvested. After air-dried and ground into powder form, the available N, P, and organic matter content of soil samples were then measured using the same methods mentioned above.




2.3. Treatments and Experimental Design


Plants of a similar size at the three-leaf stage were transplanted to their respective treatment plots (30 cm diameter × 16 cm height) filled with 4 kg soil (air-dried). The treatments consisted of CK (no compost or chemical fertilizer) and four ratios of fertilizer: CF30 (30% chemical fertilizer + 70% compost), CF50 (50% chemical fertilizer + 50% compost), CF70 (70% chemical fertilizer + 30% compost) and CF100 (100% chemical fertilizer); and two different application times for the chemical N fertilizer: N25 (25% N applied at transplantation and 75% at the flowering stage) and N50 (50% N applied at transplantation and 50% at the flowering stage). There was a total of nine treatments with five repetitions in this experiment.



According to the recommended fertilization rate for tomatoes [41], the total effective nutrients (compost and fertilizer) for each fertilizer treatment were the same: 0.12 g N per kg soil, 0.11 g/kg P2O5 per kg soil, and 0.38 K2O per kg soil. All P, K, compost, and 25% urea for the N25 treatment (or 50% for the N50 treatment) were applied as basal fertilizer, and the remaining 75% (or 50%) urea was applied at the flowering stage, 6 cm below the soil surface around the four sides of the root, about 7 to 8 cm away from the root neck to avoid the root damage. All pots were followed by a full factorial design, randomly arranged in the growth chamber, and re-randomized weekly. Plants were watered 2–3 times a week to compensate for evaporation losses. Weeds were controlled by hand every week during the experimental period.




2.4. Plant Traits Measurement


The plant height, branches numbers, fresh and dry weights of shoots, and dry weights of roots were measured for each plant. The plant heights (from the surface of the soil to the tip of the main stem) was measured four times during the experimental studies at 30, 45, 60, and 75 days after transplantation. The number of branches and plant biomasses were measured at the end of the experiment. The number of branches was determined by manual counting. The fresh weights of shoots were measured before drying and the dry weights of shoots and roots were measured after being completely oven-dried at 75 °C.



To measure the photosynthetic pigments (total chlorophyll and carotenoid), the fresh mature leaves were randomly collected 50 and 70 days after transplantation. The leaves were first immersed in water to remove dust and the water was wiped off from the leaves’ surfaces by kitchen towels. The leaves were then cut into smaller pieces, and 0.1 g of fresh samples were immersed in 95% ethanol for about 12 h to extract the photosynthetic pigments completely. The photosynthetic pigments were determined using a spectrophotometer (Type UV-754; Shanghai Accurate Scientific Instrument Co., China) by measuring the absorbance at 470, 648.6, and 664.2 nm [42].



Photosynthetic pigment concentration (mg g-1) was calculated using the following formula:


    C a      =   13.36  A  664.2   − 5.19  A  648.6     










    C b        =    27.43  A  648.6   − 8.12  A  664.2     










    C  a + b       =   5.24  A  664.2   + 22.24  A  648.6   s   










    C  x + c         =    ( 1000  A  470   − 2.13  C a  − 97.64  c b  ) / 209   










Content (mg g−1) = (concentration × volume (25 mL)/sample dry weight)/1000












2.5. Yield and Quality Measurements


The tomato fruit yield/plant (i.e., the total weight of fruit per plant), number of fruits/plant and mean fruit weight/fruit were evaluated at harvest time. The dimensions (transverse and longitudinal diameters) of each tomato fruit were measured with a caliper (Deli). The moisture contents of fruits were determined ((tomato fruit fresh weight—tomato fruit dry weight)/tomatoes fruit fresh weight × 100%) after being oven-dried at 105 °C. Selected tomato fruits were stored at 4 °C for further nutritional analysis. We selected the completely red and ripe fruits from each treatment for quality parameter analysis, including the total sugar content [43], vitamin C [44], and the pH of the tomato juice (Mettler Toledo pH meter).




2.6. Statistical Analysis


The data was presented as the arithmetic mean values with standard error. All of the data were analyzed with SPSS statistical software (version 20). To compare the differences of all parameters among the treatments, two-way ANOVAs were used to detect the effects of fertilizer type, N application time, and their interactions on dependent variables. For those parameters that were significantly different in two-way ANOVAs, the one-way ANOVAs were then used for multiple comparisons between all treatments using DMRTs (Duncan multiple range tests) at the 0.05 probability level (p ≤ 0.05).





3. Result and Discussion


3.1. Soil Properties


After harvest, the contents of available N, P, and organic matter of the mixed fertilizer treatments were all significantly higher than those of the pure chemical (CF100) and control treatments, regardless of the N application time (Figure 1). Compared to the CF100 treatment, the contents of available N, P, and organic matter in the mixed fertilizer treatments increased by 21–46%, 124.73–312%, and 21–46% (under N25), and 23–46%, 55–219%, and 23–46% (under N50) conditions on average. It was interesting to find out that the soil quality increased with the increasing ratio of the compost. Especially, the present results revealed that the CF30 treatment was more appropriate than other treatments to improve the soil properties with cow manure compost. The CF30 treatment had the highest ratio of cow manure compost that included inactive nutrients. With the decomposition of microorganisms, the inactive nutrients were thus gradually decomposed and released to maintain the available nutrient level of the soil [45,46]. At the end of the experiment, the available nitrogen content of the CF30 soil was 126 ± 8.5 mg/kg and 125 ± 9.1 mg/kg under the N50 and N25 applications, respectively, which were similar to the values at the seedling transplantation stage (123 ± 3 mg/kg). Meanwhile, the available nitrogen content of the soil with pure chemical fertilizer (CF100) decreased to 86 ± 6 mg/kg and 85.8 ± 1.23 mg/kg, the same levels as the content values of the control treatment. This result clearly indicated that the CF30 treatments could maintain soil fertility and provide nutrients for the next growing season [47].



It has been widely accepted that organic fertilizers improve soil fertility and quality better than chemical fertilizers [9,48] and that different types of compost and vermicomposting are essential for environmental sustainability and soil quality restoration [49]. Nutrients supplied by organic fertilizer release slowly compared with chemical fertilizer, resulting in less loss of fertilizer and better preservation of the soil nutrients. The compost amendment also promotes biological N-transformation frequency in soil, which further enhances the soil’s organic and inorganic nutrients [50,51].



Furthermore, animal manure amendment may not only act as a substitute for chemical fertilizers but also as a conditioner for soil quality [52]. For example, one of the most beneficial effects of compost application in soils is the increase of organic matter content and carbon accumulation [53,54]. Therefore, modern agricultural experts recommend the use of animal excreta to improve the soil quality of field land which has been damaged by chemical fertilizers [53,55].




3.2. Plant Height, Weight, and Branch Number


Plant height is an important growth parameter. In general, the growth rate of our plants at an earlier stage was higher but it became relatively lower at the later stage of development, as shown in Figure 2. The plant height was significantly affected by fertilizer treatments except for those measured at 60 DAT, in which no significant difference in plant height was found among all the treatments under both conditions of N application time. When plants were harvested, there was no significant difference in plant height between the mixed fertilizer treatments (CF30, CF50, CF70) and the pure chemical fertilizer treatment (CF100), regardless of N application time. However, all the plants in the mixed fertilizer treatments (except CF100) were significantly higher than the plants of CK for the N25 application, while only the plants of CF50 were significantly higher than the plants of CK for the N50 application (Figure 2).



Though previous research showed that plants grew higher with cow manure and compost compared with other different organic mulches [56], our results indicated that plant height did not improve with the cow manure compost compared with those with the chemical fertilizer. This is consistent with the results of many other studies that found that insignificant differences were recorded for the plant heights among the organic fertilizer treatments and/or between the organic and chemical fertilizer treatments [18,24,54]. However, the highest plants were consistently found in the mixed fertilizer treatments under both two N application time conditions and significantly differed from the heights of the plants in the control. Similar conclusions were obtained from other studies with various plant species [7,18]. The positive response of plant heights in the mixed fertilizer treatments might partly be because of the increased nutrient level and partly because of the better quality of organic matter by the addition of compost, which perhaps increased the absorbing ability of the root systems for nutrients [7].



The fresh shoot weight, dry weight of shoots and roots, and branch numbers were all significantly affected by the fertilizer treatments, but not affected by the N application times and their interaction. All the parameters of plants in each fertilizer treatment were significantly higher than those of plants in the control under both N application time conditions (Figure 3). For the total number of branches (Figure 3d), no significant differences were detected between the pure chemical fertilizer treatment (CF100) and mixed fertilizer treatments (CF30, CF50, CF70). However, the fresh and dry shoot weights and the dry root weights of plants in CF50 were significantly higher than plants in CF100 under two N application time conditions (Figure 3a–c), though the difference of fresh shoot weights was not significant for the N25 (Figure 3a). The rate of improvement in fresh weights of shoots, dry weights of shoots, and root dry weights in mixed fertilizer treatments compared with the CF100 treatment were 17–22%, 22–31%, and 27–37% (under N25 conditions), and 13–31%, 15–38%, and 17–36% (under N50 conditions), respectively.



Overall, plants accumulated more biomass in mixed fertilizer treatments than plants with chemical fertilizer in this study and others [6,57], suggesting that the organic fertilizers could improve the productivity and total biomass of tomato plants. The organic matter in fertilizers has been reported to improve soil fertility by increasing the soil’s water-holding capacity, porosity, aeration, and reducing nutrient leaching, which in turn resulted in better plant physiological parameters [58]. Furthermore, the plant growth parameter might be influenced by the beneficial bacteria from the cow dung compost [59]. Organic fertilizers, such as vermicompost and cow manure, not only act as a direct source of nutrients for plants but also indirectly affect the morphological and physical parameters of the plants by influencing the soil organism community structure and nutrient turnover [20].



However, the improvement of plant growth by the mixed fertilizer depended on the ratio of the compost and chemical fertilizers. In our study, plants in the CF50 treatment grew better than plants in other treatments under both N application time conditions. It has been widely reported that plants would maintain strong growth under appropriate levels of nitrogen fertilizer application, normally with medium ratios of the organic and chemical fertilizers [10,57,60]. One of the reasons for the unsatisfying plant growth with a lower ratio of organic mixed fertilizer might be the inhibition of root and shoot growth in response to a higher level of available nutrients that were directly provided by chemical fertilizer [61,62]. Furthermore, the smaller number of micronutrients (compared with the high ratio of compost), that could not be provided by the chemical fertilizer, was also inhibiting the growth of plants [57]. Therefore, a well-balanced macro- and micronutrient solution is essential to ensure favorable plant growth and health [60]. On the other hand, plant growth was also inhibited by the high ratio of organic fertilizer [60], probably due to the presence of the phytotoxic substance and negative changes in chemical and physical properties of growth media [2].



During the experiment period, no chlorosis symptoms were noticeable in compost treatments but chlorosis symptoms were observed in the CF100 and CK treatments two to three days before the harvest. Similar phenomena have been observed in other earlier reports [18], and an explanation has also been given that the longer growth period in organic fertilizer treatments might be due to the slow release and smaller loss of the nutrients [50].




3.3. Photosynthetic Pigments of Leaves


Chlorophylls and carotenoids are ubiquitous and essential components of the photosynthetic membranes in plants [63]. Compared with the control, plants growing with fertilizer, whether mixed or pure chemical, consistently had significantly higher contents of the photosynthetic pigments regardless of the two conditions of N application time [6]. The formation of these photosynthetic pigments largely depends on the concentration of available nitrogen in plants [64]. The higher amounts of chlorophyll and carotenoid could be correlated with the greater availability of nitrogen provided by the fertilizer, which stimulates the chlorophyll biosynthesis process [65].



Our results did not show a significant difference between mixed and chemical fertilizer treatments for the chlorophyll and carotenoid under two N application time conditions (Figure 4). This result might be because the total available nutrients (both compost and chemical fertilizer) applied to each fertilizer treatment were the same (see details in the Materials and Methods). These results were the same as the conclusions from other research [54].




3.4. Yield Properties


The plant yield properties of tomato plants, such as fruit yield and fruit numbers, were significantly affected by the fertilizer treatment but not by the main and interaction effects of N application time conditions. Plants in mixed fertilizer treatments showed a significantly higher yield than those in the control, and the yield of tomato increased with the increasing ratio of compost (Figure 5a,b). The tomato yield and fruit numbers in the CF30 treatment were significantly higher than those of CF100. Compared with the yield of the CF100 treatment, the treatments of CF30, CF50, and CF70 increased the yield and fruit numbers by 17–69% and 21–100% under N25 conditions, and 21–85% and 75–108% under N50 conditions. For an individual tomato fruit, the length, diameter, and weight per fruit were similar among each treatment (Figure 5c–e).



It has been reported that the organic amendments, organic amendments with chemical fertilizer, and bio-fertilizer significantly increased the yield of many crops compared with the chemical fertilizer [19,66]. Many previous studies proved that this improvement of yield might benefit from the enhancement of soil nutrients, microbial abundance, and enzyme activities [19,66] because the higher content of organic materials in organic treatments could provide more carbon sources and other nutrients to soil organisms, which in turn supply more nutrients to plants through the mineralization of organic nutrients in the soil.




3.5. Fruit Biochemical Properties


The fruits’ biochemical properties, including contents of total sugar, vitamin C, moisture, and pH of tomato paste, were not significantly affected by the fertilizer treatment or N application time, or their interaction (Figure 6). Though some studies showed that the organic fertilizer could change the taste and nutritional value of tomato or other fruits [16,67], our result supported the idea that there was no strong evidence of nutritional superiority of organically grown fruits [7,68]. However, it was worth noting that slightly negative relations showed between the biochemical properties and the mixed ratio of organic fertilizer; that is, there were lower contents of sugar, vitamin C, and pH values in a higher ratio of cow manure compost treatment (Figure 6a–c). Because the quality of fruit is closely related to many parameters, such as levels of nitrogen [67], potassium [69], and growth period [7], more refined experiments need to be further explored.





4. Conclusions


We found that the soil properties, plant traits, and yield of tomato were significantly affected by the fertilizer treatment but not by the N application time or their interactions. No significant changes in fruit qualities were detected in this experiment. The soil properties, plant traits, and yield of tomato with compost-mixed fertilizers performed better than the CK treatment, and some parameters in the CF30 treatment were even better than those with pure chemical fertilizer. Our results clearly showed that the cow manure compost could be applied as a potential source of nutrients to promote plant growth, increase tomato production, and improve soil fertility in silty loam texture soil. Establishing an optimal mixed ratio of compost and chemical fertilizer is a critical issue for commercial tomato production, and the chemical nitrogen application time is less important, according to our experimental design. The implication of organic fertilizers in improving soil quality might be greater than its impact on plant yield for sustainable agriculture practices. Further research should be conducted to verify the effects of cow manure compost in fields and how various crops and soils react over time.
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Figure 1. The contents of available N (a), organic matter (b) and available P (c) of soil at the end of the experiment in the control (without fertilizer), and CF30, CF50, CF70, CF100 fertilizer treatments (70:30, 50:50, 30:70, 0:100 ratios of compost and chemical fertilizer) under N25 and N50 application time conditions (25% or 50% chemical N fertilizer applied at the transplantation and 75% or 50% at the flowering stage). Values are means ± SE. Values with the same letter were not significantly different from each other at the p < 0.05 level. 
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Figure 2. The plant height under different fertilizer treatments in N25 and N50 application time conditions. See Figure 1 for treatment abbreviations. Values are means ± SE. *, **, and *** represents significant difference of plant height among fertilizer treatments at p < 0.05, 0.01 and 0.001 levels, respectively. 
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Figure 3. The shoot fresh weights (a), shoot dry weights (b), root dry weights (c), and the number of branches (d) in the fertilizer treatments under two N application time conditions. See Figure 1 for treatment abbreviations. Values are means ± SE. Values with the same letter were not significantly different from each other at the p < 0.05 level. 
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Figure 4. The contents of total chlorophyll (a) and total carotenoid (b) in the fertilizer treatments under two N application time conditions at 70 days after transplantation. See Figure 1 for treatment abbreviations. Values are means ± SE. Values with the same letter were not significantly different from each other at the p < 0.05 level. 
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Figure 5. The fruit yield (a), numbers of fruit (b), fruit length (c), fruit diameter (d), and fruit weight per fruit (e) in the fertilizer treatments under two N application time conditions. See Figure 1 for treatment abbreviations. Values are means ± SE. ns represents insignificant differences among all fertilizer and application time treatments. Values with the same letter were not significantly different from each other at the p < 0.05 level. 
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Figure 6. The contents of total sugar (a), pH (b), vitamin C (c), and moisture (d) in the fertilizer treatments under two N application time conditions. See Figure 1 for treatment abbreviations. Values are the mean ± SE. ns represents insignificant differences among all fertilizer and application time treatments at the p < 0.05 level. 
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Table 1. The characteristics of field soil and compost used in this experiment.
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	Parameters
	Soil
	Manure





	Organic matter (%)
	2.64 ± 0.08
	35.11 ± 0.67



	Bulk Density (g/cm3)
	1.23 ± 0.01
	-



	Available Nitrogen (mg kg−1)
	127.68 ± 1.45
	1388.8 ± 8.08



	Total Nitrogen (g kg−1)
	1.41± 0.05
	15.84 ± 0.15



	Available Phosphorous (mg kg−1)
	20.22 ± 1.62
	1709.9 ± 60.36



	Total Phosphorous (g kg−1)
	0.74 ± 0.01
	6.61 ± 0.03



	Available Potassium (mg kg−1)
	115.9 ± 1.43
	11,610 ± 121.9



	Total Potassium (g kg−1)
	17.79 ± 0.23
	30.0± 0.18



	Total Cr (mg kg−1)
	66.18 ± 0.16
	53.29 ± 2.30



	Total Ni (mg kg−1)
	30.78 ± 0.24
	19.28 ± 0.26



	Total Cu (mg kg−1)
	16.41 ± 0.47
	39.60 ± 0.22



	Total Zn (mg kg−1)
	41.74 ± 0.40
	116.10 ± 1.09



	Total As (mg kg−1)
	13.43 ± 0.36
	8.64 ± 0.14



	Total Cd (mg kg−1)
	0.18 ± 0.01
	0.45 ± 0.01



	Total Pb (mg kg−1)
	19.18 ± 0.36
	12.21 ± 0.16



	Total Mn (mg kg−1)
	563.64 ± 8.97
	561.13 ± 14.29
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