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Abstract: Mushroom residues and swine manure are two common types of agricultural waste that are
often returned to fields as organic fertilizers. However, the environmental risks of their reclamation,
such as heavy metal pollution, have been less studied. To investigate the potential risks of heavy
metal contamination in soils and vegetables after continuously applying mushroom residues and
swine manure, field experiments of four consecutive vegetable rotations were conducted in the
Qingpu District of Shanghai, Southeast China, from 2019 to 2021. The concentrations of heavy metals
in soils continuously fertilized with mushroom residues and swine manure gradually increased. The
organic matter content in the soils exhibited a significant correlation with the concentrations of Cu, Zn,
Pb, and Cd (p < 0.01), suggesting that the increase in heavy metals is attributed to the use of organic
waste. In particular, the application of swine manure increased Cu, Zn, Pb, and Cd concentrations
in the soils by 118.3%, 54.9%, 57.6%, and 122.2%, respectively. Moreover, the application of organic
waste raised the risk of the bioaccumulation of toxic metals, such as Cd, in vegetables. The Cd
concentration was significantly and positively correlated with Zn in the edible parts of vegetables
(p < 0.05). The recycling of swine manure more significantly enhanced Cd concentrations in the
edible parts of green pepper (Capsicum annuum), eggplant (Solanum melongena), Brassica chinensis, and
lettuce (Lactuca sativa), which were 2.53, 1.55, 1.66, and 1.62 times that of the non-fertilizer control
(CK), respectively. Although the increase in heavy metals in the soils and vegetables was still mild
when compared with the set thresholds of soil and food safety after the four vegetable rotations, the
trend of increase in toxic heavy metals in the food chain with a continuous application of organic
waste should be carefully considered.

Keywords: mushroom residues; swine manure; heavy metals; soils; vegetables

1. Introduction

The application of chemical fertilizers is the most commonly used method for in-
creasing the yield of crops [1]. The excessive use of chemical fertilizers, however, often
causes soil acidification, the degradation of soil quality, the eutrophication of surface water,
and an increasing incidence of crop pests and diseases [2–6]. Reducing the amount of the
application of chemical fertilizers is beneficial to improving soil quality, protecting the
ecological environment, and reducing greenhouse gas emissions. The increased applica-
tion of organic manure in fields is highly encouraged to improve the quality of soil and
agricultural products [7–10].

The annual yield of edible fungi in China accounts for more than 70 percent of the
world’s total yield, and the number of live pigs in China has reached 680 million in recent
years. It is a challenge to properly address the organic waste generated from the production
of edible fungi and the breeding of live pigs for the prevention of environmental pollution.
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Culture bases for growing edible fungi are mostly composed of bits of wood, bran, straw,
gypsum, and manure. The waste bases left over from edible fungal cultivation are often
called mushroom residues [11], which contain a high amount of mycelium and semi-
decomposed cellulose or lignin [12], as well as a high content of extracellular enzymes [13],
which are considered to be potential organic fertilizers [14]. Swine manure, enriched in
organic matter, nitrogen, and other mineral nutrients, is also commonly used as an organic
fertilizer. However, the swine manure derived from pig farms often contains a high amount
of toxic heavy metals, antibiotics, and pathogens [15,16], with the contents of Cu and Zn
even reaching as high as 1150.1 and 1630.0 mg/kg, respectively [17]. Mushroom residues
may also contain a certain amount of heavy metals, salts, and other harmful materials. The
contents of toxic metals in some organic fertilizers exceed the thresholds specified by the
China National Standards for Food Safety, thus posing a threat to soil and agricultural
products [18,19].

Organic waste products that include mushroom residues and swine manure are often
recycled and used in fields as organic fertilizers. However, we still do not clearly know
whether the harmful substances in these types of waste will enter the food chain through
soil–crop systems when they are persistently applied as organic fertilizers for a long time.
Vegetables are necessities for human daily life and are sensitive to the soil environment.
Toxic heavy metals are easily translocated from soil to the edible parts of vegetables [20–22],
thus harming human health [23,24]. A severe health problem was observed after eating
vegetables harvested from polluted soil for a long time [25]. In our previous work, we also
found an increasing risk of heavy metal contamination in rice grains after applying swine
manure to paddy fields for four consecutive years [26]. To guarantee food safety, therefore,
it is essential to scrutinize the possible accumulation of toxic substances in soil–crop systems
after the long-term application of mushroom residues and swine manure.

In this study, field experiments of four consecutive vegetable rotations were conducted
in the suburbs of Shanghai from 2019 to 2021, with the continuous application of two kinds
of mushroom residues and swine manure as organic fertilizers. We aimed to compare the
nutrient efficiency of these organic waste products and assess the possible risks of heavy
metal accumulation in soil–vegetable systems. This may help us to find a good solution for
the suitable and safe recycling of organic waste.

2. Materials and Methods
2.1. Filed Experiment

Shanghai is located in the Yangtze River Delta of Southeast China, neighboring the
East China Sea in the east, and only being 3.2 m above sea level. The climate of the region
falls under the subtropical humid monsoon category, with a mean annual temperature
of 17.1 ◦C and a mean annual precipitation of 1223.4 mm. The field experiment’s site
is situated in Jinze Town in Qingpu District in the western suburbs of Shanghai, with a
geographical position of 31◦13′ N latitude and 120◦89′ E longitude (Figure 1). The soil of
the field was developed from lacustrine and alluvial deposits, the basic features of which
are presented in Table 1.

Green pepper (Capsicum annuum), eggplant (Solanum melongena), Brassica chinensis, and
lettuce (Lactuca sativa) were sequentially cultivated in the experimental field from February
2019 to May 2021. Each plot was 1.2 m × 4.16 m in area, which was separated from the
others with 0.5 m wide ditches. There were 12 plots in the field. Four treatments were
designed, namely the application of culture residues of Agaricus bisporus and Flammulina
velutipes, swine manure treatment, and non-fertilizer control, which were coded as AB, FV,
SM, and CK, respectively. All organic waste products were applied as basal fertilizers one
week before transplantation. The quantities of the fertilizers and pure nutrients used in all
the treatments are illustrated in Table 2. Each treatment was applied in triplicate.
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Table 1. Soil background values of the field experiment’s site in the Qingpu District of Shanghai, Southeast China.

pH Organic
Matter (g/kg)

Total
Nitrogen (g/kg)

Alkali-
Hydrolyzable

Nitrogen (g/kg)

Total
Phosphorus (g/kg)

Available
Phosphorus (g/kg)

Total
Potassium (g/kg)

Available
Potassium (g/kg)

5.45 ± 0.39 22.07 ± 1.53 0.81 ± 0.06 0.11 ± 0.003 0.41 ± 0.02 0.009 ± 0.0006 5.21 ± 0.29 0.064 ± 0.0006

Table 2. Quantities of the organic fertilizers applied in the treatments in the field experiments.

Treatments Amounts of
Fertilizers (kg/m2)

Amounts of
Fertilizers Each Plot

(kg)
Total Nitrogen (g/m2) Total Phosphorus (g/m2) Total Potassium (g/m2)

CK 0.00 0.00 0.00 0.00 0.00
AB 1.13 5.65 22.39 6.01 2.69
FV 0.95 4.75 19.92 8.75 3.03
SM 0.80 4.00 18.02 11.43 3.1

Table 3. Contents of nutrients and heavy metals in the organic fertilizers in the field experiments.

Organic Fertilizer pH Water
Content (%)

Organic Matter
(%)

Total
Nitrogen

(g/kg)

Total
Phosphorus

(g/kg)

Total
Potassium

(g/kg)
Cu (mg/kg) Zn (mg/kg) Pb (mg/kg) Cd (mg/kg)

Agaricus bisporus 5.55 ± 0.14 27.22 ± 0.84 55.35 ± 1.91 20.97 ± 0.19 9.21 ± 0.12 3.19 ± 0.16 31.58 ± 2.67 127.91 ± 9.21 1.86 ± 0.34 0.32 ± 0.04

Flammulina velutipes 5.92 ± 0.12 24.76 ± 0.67 42.58 ± 1.82 19.82 ± 0.28 5.32 ± 0.04 2.36 ± 0.06 19.21 ± 0.763 37.38 ± 6.32 0.58 ± 0.25 0.19 ± 0.04

Swine
manure 6.95 ± 0.09 42.72 ± 0.21 32.21 ± 2.44 22.52 ± 0.32 14.29 ± 0.17 3.87 ± 0.22 164.42 ± 14.61 535.24 ± 48.86 3.79 ± 0.21 0.48 ± 0.02
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The vegetable of the first rotation was green pepper (F1), for which seedlings were
grown on 15 February 2019, transplanted on 28 April 2019, and harvested on 23 June 2019.

The second rotation was eggplant (F2), for which seedlings were grown on 10 May 2020,
transplanted on 22 May 2020, and harvested on 2 August 2020.

The third rotation was Brassica chinensis (F3), for which seedlings were grown on
20 October 2020, transplanted on 1 November 2020, and harvested on 12 January 2021.

The fourth rotation was lettuce (F4), for which seedlings were grown on 20 February 2021,
transplanted on 9 March 2021, and harvested on 11 May 2021.

The culture residues of Agaricus bisporus applied in the experiments were obtained
from Shanghai Lianzhong Edible Fungi Co. Ltd., located in Jinshan District, Shanghai,
China. The original components were rice straw, chicken manure, and gypsum. The
culture residues of Flammulina velutipes were obtained from Shanghai Guangming Senyuan
Biotechnology Co. Ltd., Fengxian District, Shanghai, China. The original components were
corn cob, cottonseed husk, and rice bran. The swine manure used in the experiments was
obtained from a pig farm in the suburbs of Shanghai. Two kinds of mushroom residue and
swine manure were applied to the field after composting for two weeks. The nutrient and
heavy metal concentrations in the organic waste products are illustrated in Table 3.

2.2. Sampling

The soils and vegetables in the experimental field were sampled shortly before harvesting.
Nine subsamples of soil were evenly collected at each plot with a thickness of 0–20 cm and

mixed into one sample. The number of soil samples collected during the four consecutive
vegetable rotations was 48 in total. The soil samples were carried to the laboratory, air-
dried, crushed, and sieved through 2 mm and 0.159 mm sieves, sequentially, for laboratory
analyses [27].

Similarly, nine subsamples of whole vegetable plants were randomly selected and
mixed into one plant sample in each plot. The plant samples were washed using deion-
ized water and divided into independent samples of roots and edible parts for chemical
analyses [28].



Sustainability 2023, 15, 10984 5 of 18

2.3. Chemical Analyses
2.3.1. Physical–Chemical Properties

Organic matter (OM) content was determined using the KCrO4-H2SO4 method. Total
nitrogen (TN) was determined using Keyser’s method, and alkali-hydrolyzable nitro-
gen (AN) was measured using the alkaline diffusion method. Total phosphorus (TP)
was analyzed using the acid digestion–phosphomolybdenum blue colorimetry, while the
available phosphorus (AP) was extracted with a NaHCO3 solution and analyzed using
phosphomolybdenum blue colorimetry. Total potassium (TK) was measured using the acid
dissolution–ICP analysis, and available potassium (AK) was extracted with ammonium
acetate and analyzed using ICP measurements [29].

2.3.2. Measurements of Heavy Metal Concentrations

About 0.2 g of each soil sample was put into a Teflon crucible and digested using three
mixed acids (HNO3-HClO4-HF), which were heated on the digesting plate at 120 ◦C for
6 h [30]. About 2 g of dried organic manure or 5 g of fresh plant paste was put into a conical
beaker and digested using the mixed acids (HNO3-HClO4), which were then heated on the
digesting plate at 105 ◦C for 4 h [31]. After cooling, the digested solutions were volumed
and filtered with the membrane. Cu and Zn concentrations in the digested solutions were
measured using the inductively coupled plasma spectrometer (ICP-AES: Prodigy model,
Leeman Instruments Ltd., Omaha, NE, USA), with a relative standard deviation of less than
3%. Cd and Pb concentrations in the solutions were determined using an atomic absorption
spectrophotometer with a graphite furnace (GF-AAS: ZEEnit 600/650, Jena, Germany),
with a relative standard deviation of less than 5%.

The bioaccumulation factor (BAF) is often used to assess the bioavailability of toxic
metals in soils [32]. The BAF (%) was calculated in this study to evaluate the accumulation
of heavy metals in vegetables from the soil. BAF (%) = Cv/Cs × 100%. Cv refers to the
content of a certain heavy metal in vegetables; Cs to that in soil.

2.4. Statistical Analyses

All the experimental data were first recorded and analyzed using Microsoft Excel
2010. They were further analyzed using IBM SPSS Statistics 26 and are expressed as the
mean ± standard error (n = 3). The differences among the different data were analyzed
using an analysis one-way ANOVA, (p < 0.05). Pearson’s correlations were deemed signifi-
cant at p < 0.05 or p < 0.01. All the illustrations were drawn using Origin 2018 (OriginLab,
Northampton, MD, USA).

3. Results
3.1. Variation in Soil Nutrients Caused by Application of the Organic Waste
3.1.1. Content of Organic Matter

The OM content in the soils used in the four vegetable rotations using the three
fertilizer treatments showed a gradually increasing trend (Figure 2). At the end of the
experiments, the OM contents in the soils after the treatments were significantly higher
than CK (p < 0.05), increasing by 43.1%, 49.2%, and 52.9%, respectively. In particular, the
OM content in the soil treated with SM reached as high as 37.47 g/kg.

3.1.2. Content of Nitrogen

TN and AN contents in the soils treated with AB and SM also showed a gradually
increasing trend during the experiments (Figure 3). After the first vegetable rotation, TN
and AN contents in the soils using the three fertilizer treatments were significantly higher
than those in CK (p < 0.05). Finally, the TN content in soils treated with SM was 1.71 times
higher than CK, with 2.05 g/kg, and the AN content in soils treated with FV was 1.57 times
higher than CK, with 0.17 g/kg.
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Figure 2. Organic matter (OM) in the soils using the different treatments during the four vegetable
rotations. Different lowercase letters at the top of the data in the same groups indicate significant
differences between them at p < 0.05 level. CK, AB, FV, and SM refer to the different treatments. F1,
F2, F3, and F4 refer, respectively, to the first, second, third, and fourth rotation of vegetables during
the experiments.
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Figure 3. (a) Total nitrogen (TN) in the soils using the different treatments during the four vegetable
rotations; (b) alkali-hydrolyzable nitrogen (AN) in the soils using the different treatments during the
four vegetable rotations. Different lowercase letters at the top of the data in the same groups indicate
significant differences between them at p < 0.05 level. CK, AB, FV, and SM refer to the different
treatments. F1, F2, F3, and F4 refer, respectively, to the first, second, third, and fourth rotation of
vegetables during the experiments.

3.1.3. Content of Phosphorus

TP and AP contents in the soils treated with AB, FV, and SM were significantly higher
than CK after the first vegetable rotation (p < 0.05). Moreover, TP and AP contents in the
soils using the three fertilizer treatments also increased significantly as the experiments
continued (Figure 4). For comparison, TP and AP contents in the soils treated with SM
increased more significantly. At the end of the experiments, TP and AP contents in the soils
treated with SM were 3.21 and 2.45 times higher than CK and also higher than those treated
with AB and FV.

3.1.4. Content of Potassium

TK and AK contents in the soils treated with AB, FV, and SM also showed a gradually
increasing trend during the four vegetable rotations (Figure 5), with the AK content increas-
ing even more significantly. At the end of the experiments, the TK content in the soils using
the three fertilizer treatments was significantly higher than CK (p < 0.05), increasing by
28.4%, 37.8%, and 39.9%, respectively. The AK content in the soils treated with SM was
significantly higher than that in the soils using other treatments (p < 0.05), with 0.1469 g/kg.
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four vegetable rotations. Different lowercase letters at the top of the data in the same groups indicate
significant differences between them at p < 0.05 level. CK, AB, FV, and SM refer to the different
treatments. F1, F2, F3, and F4 refer, respectively, to the first, second, third, and fourth rotation of
vegetables during the experiments.
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four vegetable rotations. Different lowercase letters at the top of the data in the same groups indicate
significant differences between them at p < 0.05 level. CK, AB, FV, and SM refer to the different
treatments. F1, F2, F3, and F4 refer, respectively, to the first, second, third, and fourth rotation of
vegetables during the experiments.

3.2. Effects of Application of Mushroom Residues and Swine Manure on Vegetable Yield

The yield of vegetables using AB, FV, and SM was significantly higher than CK during
the four vegetable experiments (p < 0.05) (Figure 6). The yield of green pepper using the
three fertilizer treatments increased by 26.2%, 33.7%, and 64.5%; that of eggplant increased
by 42.8%, 46.1%, and 89.1%; that of Brassica chinensis increased by 41.7%, 53.3%, and 62.7%;
and that of lettuce increase by 70.6%, 90.2%, and 116.7%, respectively. Moreover, the yield
of the vegetables using SM was significantly higher than that using mushroom residues
(p < 0.05), suggesting that the recycling of swine manure was more effective for the in-
crease in yield.

3.3. Risk of Heavy Metal Accumulation in the Soils Caused by Organic Waste Application

The concentrations of heavy metals in the soils during the four vegetable rotations
using the three fertilizer treatments showed a gradually increasing trend (Figure 7). After
the second vegetable rotation, Cu and Cd concentrations in the soils treated with AB, Pb,
Cd, and FV, as well as Cu, Zn, Pb, and Cd in samples treated with SM, were all significantly
higher than CK (p < 0.05).



Sustainability 2023, 15, 10984 8 of 18

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 20 
 

increased by 42.8%, 46.1%, and 89.1%; that of Brassica chinensis increased by 41.7%, 53.3%, 
and 62.7%; and that of lettuce increase by 70.6%, 90.2%, and 116.7%, respectively. Moreo-
ver, the yield of the vegetables using SM was significantly higher than that using mush-
room residues (p < 0.05), suggesting that the recycling of swine manure was more effective 
for the increase in yield. 

 
Figure 6. Yields of the vegetables using the different fertilizer treatments. Different lowercase letters 
at the top of the data in the same groups indicate significant differences between them at p < 0.05 
level. CK, AB, FV, and SM refer to the different treatments. 

3.3. Risk of Heavy Metal Accumulation in the Soils Caused by Organic Waste Application 
The concentrations of heavy metals in the soils during the four vegetable rotations 

using the three fertilizer treatments showed a gradually increasing trend (Figure 7). After 
the second vegetable rotation, Cu and Cd concentrations in the soils treated with AB, Pb, 
Cd, and FV, as well as Cu, Zn, Pb, and Cd in samples treated with SM, were all signifi-
cantly higher than CK (p < 0.05). 

At the fourth vegetable rotation, Cu, Zn, Pb, and Cd concentrations in the soils treated 
with AB increased by 94.4%, 31.6%, 29.8%, and 75.2%; these concentrations in samples 
treated with FV increased by 42.4%, 44.7%, 54.8%, and 86.4%; and in sampled treated with 
SM, they increased by 118.3%, 54.9%, 57.6%, and 122.2%, respectively. 

Figure 6. Yields of the vegetables using the different fertilizer treatments. Different lowercase letters
at the top of the data in the same groups indicate significant differences between them at p < 0.05
level. CK, AB, FV, and SM refer to the different treatments.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 20 
 

 
Figure 7. (a) Cu concentration in the soils during the vegetable experiments; (b) Zn concentration in 
the soils during the vegetable experiments; (c) Pb concentration in the soils during the vegetable 
experiments; (d) Cd concentration in the soils during the vegetable experiments. Different lowercase 
letters at the top of the data in the same groups indicate significant differences between them at p < 
0.05 level. CK, AB, FV, and SM refer to the different treatments. F1, F2, F3, and F4 refer, respectively, 
to the first, second, third, and fourth rotation of vegetables during the experiments. 

3.4. The Impact of Applying Mushroom Residues and Swine Manure on the Accumulation of 
Heavy Metals in Vegetables 
3.4.1. Heavy Metal Concentrations in Green Pepper 

Zn, Pb, and Cd concentrations in the roots of green pepper treated with AB were 
significantly higher than CK (p < 0.05) (Figure 8b–d), increasing by 42.5%, 62.7%, and 
18.0%, respectively. Pb and Cd concentrations in the roots of green pepper treated with 
FV were also significantly higher than CK (p < 0.05) (Figure 8c,d), increasing by 49.7% and 
19.1%, respectively. Cu and Zn concentrations in the roots of green pepper treated with 
SM were significantly higher than CK (p < 0.05), increasing by 73.6% and 46.0%, respec-
tively. 

The concentrations of the four heavy metals in the edible part of green pepper treated 
with SM were significantly larger than CK (p < 0.05), with Cu, Zn, Pb, and Cd concentra-
tions reaching 0.83, 1.54, 0.090, and 0.0044 mg/kg, respectively. Zn and Cd concentrations 
in the edible part of vegetables treated with AB and FV were also significantly higher than 
CK (p < 0.05). However, the ratios of heavy metals in the roots and fruits of green pepper 
using the different treatments were similar. 

Figure 7. (a) Cu concentration in the soils during the vegetable experiments; (b) Zn concentration
in the soils during the vegetable experiments; (c) Pb concentration in the soils during the vegetable
experiments; (d) Cd concentration in the soils during the vegetable experiments. Different lowercase
letters at the top of the data in the same groups indicate significant differences between them at
p < 0.05 level. CK, AB, FV, and SM refer to the different treatments. F1, F2, F3, and F4 refer, respectively,
to the first, second, third, and fourth rotation of vegetables during the experiments.

At the fourth vegetable rotation, Cu, Zn, Pb, and Cd concentrations in the soils treated
with AB increased by 94.4%, 31.6%, 29.8%, and 75.2%; these concentrations in samples
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treated with FV increased by 42.4%, 44.7%, 54.8%, and 86.4%; and in sampled treated with
SM, they increased by 118.3%, 54.9%, 57.6%, and 122.2%, respectively.

3.4. The Impact of Applying Mushroom Residues and Swine Manure on the Accumulation of
Heavy Metals in Vegetables
3.4.1. Heavy Metal Concentrations in Green Pepper

Zn, Pb, and Cd concentrations in the roots of green pepper treated with AB were
significantly higher than CK (p < 0.05) (Figure 8b–d), increasing by 42.5%, 62.7%, and 18.0%,
respectively. Pb and Cd concentrations in the roots of green pepper treated with FV were
also significantly higher than CK (p < 0.05) (Figure 8c,d), increasing by 49.7% and 19.1%,
respectively. Cu and Zn concentrations in the roots of green pepper treated with SM were
significantly higher than CK (p < 0.05), increasing by 73.6% and 46.0%, respectively.
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The concentrations of the four heavy metals in the edible part of green pepper treated
with SM were significantly larger than CK (p < 0.05), with Cu, Zn, Pb, and Cd concentrations
reaching 0.83, 1.54, 0.090, and 0.0044 mg/kg, respectively. Zn and Cd concentrations in the
edible part of vegetables treated with AB and FV were also significantly higher than CK
(p < 0.05). However, the ratios of heavy metals in the roots and fruits of green pepper using
the different treatments were similar.
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3.4.2. Heavy Metal Concentrations in Eggplant

Zn and Pb concentrations in the roots of eggplant treated with AB and FV were
significantly higher than CK (p < 0.05) (Figure 9b,c). These concentrations in samples
treated with AB increased by 77.0% and 22.2%, and in samples treated with FV, they
increased by 145.0% and 33.9%, respectively. Cu, Zn, and Pb concentrations in the eggplant
roots treated with SM were also significantly higher than CK (p < 0.05) (Figure 9a–c),
increasing by 32.1%, 186.1%, and 148%, respectively.
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Cu, Zn, Pb, and Cd concentrations in the fruit using the three fertilizer treatments were
all significantly higher than CK (p < 0.05). These concentrations in the fruit treated with SM
were the highest, which were 2.16, 1.83, 1.85, and 1.55 times CK, respectively. Root/fruit
ratios of Cu, Zn, Pb, and Cd concentrations in the eggplant using the different treatments
were similar.

3.4.3. Heavy Metal Concentrations in Brassica chinensis

The Cd concentration in the roots of Brassica chinensis treated with AB, FV, and SM
was significantly higher than CK (p < 0.05) (Figure 10d), increasing by 127.6%, 153.5%, and
150.2%, respectively. The Pb concentration in the roots of Brassica chinensis treated with AB
was significantly higher than CK (p < 0.05) (Figure 10c), increasing by 42.2%.

The Cd concentration in the edible parts of Brassica chinensis treated with AB and FV
was significantly higher than CK (p < 0.05) (Figure 10d), increasing by 48.5% and 39.1%,
respectively. Cu and Cd concentrations in the edible parts of Brassica chinensis treated
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with SM were both significantly higher than CK (p < 0.05) (Figure 10a,d), increasing by
26.2% and 66.5%, respectively. Cu, Zn, Pb, and Cd concentrations in the edible parts of
Brassica chinensis treated with swine manure, reaching 0.70, 4.92, 0.063, and 0.063 mg/kg,
respectively, were higher than those in samples treated with the two mushroom residues.
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Figure 10. (a) Cu concentration in soil and Brassica chinensis using the different treatments; (b) Zn
concentration in soil and Brassica chinensis using the different treatments; (c) Pb concentration in
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groups indicate significant differences between them at p < 0.05 level. CK, AB, FV, and SM refer to
the different treatments.

3.4.4. Heavy Metal Concentrations in Lettuce

The Pb concentration in the roots of lettuce treated with AB was significantly higher
than CK (p < 0.05) (Figure 11c), increasing by 89.4%. The Zn concentration in the roots of
lettuce treated with SM was significantly higher than CK (p < 0.05) (Figure 11b), increasing
by 109.7%.

The Cu concentration in the edible parts (leaves) of lettuce treated with AB was
significantly higher than CK (p < 0.05) (Figure 11a), increasing by 86.2%. Zn, Pb, and Cd
concentrations in the leaves of lettuce treated with SM were also significantly higher than
CK (p < 0.05), increasing by 18.5%, 93.2%, and 62.5%, respectively. The Cu concentration in
the leaves of lettuce treated with AB was the highest among the samples using the different
treatments, reaching 0.66 mg/kg, and Zn, Pb, and Cd concentrations in the leaves of lettuce
treated with SM were the highest, with 1.98, 0.047, and 0.023 mg/kg, respectively.
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4. Discussion
4.1. Effects of Application of Mushroom Residues and Swine Manure on Soil Nutrients and
Vegetable Yield

The organic matter content in the soils treated with AB, FV, and SM increased on
average by 14.4%, 16.4%, and 17.6% with each vegetable rotation; TN increased by 17.7%,
22.7%, and 24.0%; AN increased by 16.0%, 19.5%, and 19.1%; TP increased by 65.3%, 67.9%,
and 73.7%; AP increased by 39.3%, 41.6%, and 48.4%; TK increased by 9.5%, 12.6%, and
13.3%; AK increased by 20.5%, 34.0%, and 40.6%, respectively. The results highly suggest
that the application of mushroom residues and swine manure significantly increased the
contents of organic matter and mineral nutrients in the soils, which is consistent with many
previous studies [33–37].

The yields of the four vegetables treated with AB, FV, and SM were significantly
increased, compared with CK (p < 0.05) (Figure 6). Furthermore, a positive correlation
was observed between the content of organic matter in the soils of vegetables and the
yield of green pepper, eggplant, Brassica chinensis, and lettuce (r = 0.993, 0.981, 0.979, and
0.974, respectively, n = 12; p < 0.05), indicating that the increase in the yield of vegetables
is attributed to the improvement in organic matter and nutrients in the soil. Mushroom
residues are enriched in organic matter and mineral nutrients and can potentially be used
as organic fertilizers [38,39]. Swine manure contains high levels of organic matter, mineral
nutrients, and trace nutrients such as Cu and Zn and can improve the yield of crops more
effectively [40].
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4.2. Risk of Heavy Metal Accumulation in the Soils Treated with Mushroom Residues and
Swine Manure

Feed additives are commonly used when raising livestock and poultry in farms to
promote animal growth [41] and prevent animal diseases [42]. However, the additives in
livestock and poultry feed usually contain a certain concentration of heavy metals, and
most are finally excreted with animal manure [43]. In a previous study, 104 samples of
animal and poultry feed were collected in Northeast China. The results revealed that the
contents of Cu and Zn in chicken feed were 21.87 and 103.72 mg/kg on average, and those
in pig feed were 117.70 and 135.88 mg/kg on average, respectively. Correspondingly, the
contents of Cu and Zn in chicken manure were 87.14 and 384.15 mg/kg on average, and
those in pig manure were 612.23 and 691.56 mg/kg on average, respectively [44]. Some
types of animal manure even contain an excessive amount of Pb, Cd, As, and other toxic
heavy metals [19,45]. Therefore, we should pay close attention to the possible accumulation
of toxic heavy metals in organic fertilizers produced from animal manure [46].

The Cu concentration in swine manure was 5.21 times and 8.56 times the concentra-
tions in the culture residues of Agaricus bisporus and Flammulina velutipes; the Zn concentra-
tion in the former was 4.18 times and 14.32 times the concentrations in the latter; the Pb
concentration in the former was 2.04 times and 6.53 times the concentration in the latter;
and the Cd concentration in the former was 1.50 times and 2.53 times the concentrations
in the latter, respectively. Obviously, swine manure contained more toxic heavy metals
than mushroom residues. Moreover, the residues of Agaricus bisporus were higher in heavy
metal content than Flammulina velutipes, as the culture base of the former contains a certain
amount of chicken manure (Table 3). The recycling of organic waste in fields not only
increased the content of organic matter in soil but also leads to the accumulation of heavy
metals, causing the transformation and migration of heavy metals in the environment [47].
There were significant positive correlations between the content of organic matter and
Cu, Zn, Pb, and Cd concentrations in the soil samples (r = 0.840, 0.910, 0.923, and 0.721,
respectively, n = 16; p < 0.01), indicating that the accumulation of heavy metals in soil can
be attributed to the utilization of the organic waste.

Many previous studies reported that the continuous use of organic fertilizers leads
to the contamination of heavy metals in soil [48–50]. The results of the field experiments
in this study also indicate a continuous increase in heavy metals in the soils treated with
AB, FV, and SM (Figure 7). The Cu concentration increased on average by 31.5%, 14.1%,
and 39.4% at the time of each vegetable rotation; the Zn concentration increased by 10.5%,
14.9%, and 18.3% on average; the Pb concentration increased by 9.9%, 18.3%, and 19.2%
on average; and the Cd concentration increased by 25.1%, 28.8%, and 40.7% on average,
respectively. At the end of the experiments, the concentrations of heavy metals in the soils
using the three fertilizer treatments were significantly higher than those in CK (p < 0.05),
and they were increased even more significantly in samples treated with swine manure
(Figure 7).

If the same pattern of cultivation and fertilization of vegetables in this field continues,
heavy metals will accumulate in the plowing layers of the soil. The annual average increase
rates of Cu, Zn, Pb, and Cd concentrations in the soils treated with AB were estimated to be
5.88, 9.03, 4.58, and 0.017 mg/kg, respectively. These concentrations will exceed the safety
thresholds specified by the China National Standards for Food Safety (Cu ≤ 100 mg/kg;
Zn ≤ 250 mg/kg; Pb ≤ 120 mg/kg; and Cd ≤ 0.3 mg/kg) (GB15618-2018) [51] if continu-
ously applying the residues of Agaricus bisporus for 14, 18, 21, and 14 years. Likewise, the
rates of increase in heavy metal concentrations in the soils treated with FV were, respec-
tively, 2.64, 12.78, 4.75, and 0.020 mg/kg on average annually, and these will exceed the
safety thresholds if continuously applying the residues of Flammulina velutipes for 31, 13,
20 and 12 years. For comparison, the rates of increase in heavy metal concentrations in the
soils treated with SM were, respectively, as high as 7.36, 15.69, 5.00, and 0.028 mg/kg on
average annually. Only after 11, 10, 19, and 8 years of the continuous application of swine
manure would the concentrations of heavy metals in the soils exceed the safety thresholds.
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Obviously, the recycling of swine manure had a more significant effect on the increase in
heavy metal concentration in the soils. The model to estimate the accumulation of heavy
metals in soil resulting from the consecutive applications of organic fertilizers, however,
is not ideal. In reality, the heavy metals transferred to the soil through fertilization may
partially migrate to the soil’s deep layers or even leak out from the soil, thus reducing
the risk of their accumulation in the layers used for cultivation. For example, the Cd
accumulated in the soil due to the application of swine manure tends to migrate downward
and thus poses a risk to groundwater [52].

In short, the concentrations of heavy metals in the soils of the four vegetable rotations
showed an increasing trend due to the continuous application of mushroom residues
and swine manure. Though the levels were still within safety limits, their continuous
accumulation due to the long-term application of mushroom residues or swine manure
may pose an environmental risk and should never be neglected.

4.3. Risk of Heavy Metal Accumulation in the Vegetables Treated with Mushroom Residues and
Swine Manure

Vegetables are a necessity for humans’ daily diet. The consumption of vegetables,
however, is a major source of heavy metal intake, which accounts for 90% of the total
intake in humans [53,54]. The long-term consumption of metal-contaminated vegetables
seriously harms human health [55]. As previously reported, after the application of mixed
chicken and cow manure for 15 years, the Cd content in the soil exceeds the safety threshold
specified by the China National Standards for Food Safety. The results also indicate that
the Cd content in tomato and fennel growing in the soil is abnormally increased [56].

In our study, we found that Cu, Zn, Pb, and Cd concentrations in green pepper
treated with SM were significantly higher than CK (p < 0.05), with 0.83, 1.54, 0.090, and
0.0044 mg/kg, respectively, and they were also higher than the concentrations in samples
treated with AB and FV. Obviously, the application of swine manure increased the contents
of heavy metals in the edible parts of green pepper more significantly.

Cu, Zn, Pb, and Cd concentrations in the edible parts of eggplant using the three
fertilizer treatments were all significantly higher than CK (p < 0.05). These concentrations in
samples treated with SM were 1.13, 1.56, 0.082, and 0.017 mg/kg, respectively. The contents
of heavy metals in the edible parts of eggplant treated with SM were mostly significantly
higher than samples treated with AB and FV (p < 0.05).

The Cd concentrations in the edible parts of Brassica chinensis treated with AB, FV, and
SM were all significantly higher than CK (p < 0.05), reaching 0.056 mg/kg, 0.052 mg/kg
and 0.063 mg/kg on average, respectively. The risk of Cd accumulation in Brassica chinensis
via the application of mushroom residues and swine manure seems higher. This risk is
even more serious with the application of SM and should be carefully considered.

Zn, Pb, and Cd concentrations in the edible parts of lettuce treated with SM were
significantly higher than CK (p < 0.05), reaching 1.98, 0.047, and 0.023 mg/kg on average,
respectively. This also indicates that the application of swine manure has a more significant
effect, resulting in a higher accumulation of heavy metals in the edible parts of lettuce, and
therefore it should be more carefully considered.

Moreover, a significant positive correlation was found between the contents of Cd and
Zn in the edible parts of green pepper, eggplant, Brassica chinensis, and lettuce (r = 0.681,
0.881, 0.577, and 0.631, respectively, n = 16; p < 0.05), suggesting that the intake, transfer,
and enrichment of Cd in the edible parts of vegetables may be associated with Zn [57].

As Cd is one of the most toxic metals, the accumulation and dietary intake of Cd is highly
concerning. Comparing the different fertilizer treatments during the four vegetable rotations, it
was found that the risk of Cd accumulation in the vegetables treated with SM was the highest.
By comparison, the Cd concentration in the roots of vegetables showed a decreasing trend
in the sequence of lettuce > Brassica chinensis > green pepper > eggplant, and this trend in
the edible parts was in the sequence of Brassica chinensis > lettuce > eggplant > green pepper.
Generally, the Cd concentration in leafy vegetables is much higher than that in fruits.
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The possibility of intake and accumulation of heavy metals in different plants is highly
different [58–60]. The general trend, however, is leafy vegetables > root vegetables and
vegetable stems > fruits [61].

After the first application of mushroom residues and swine manure, the BAF of Cd in
the edible parts of green pepper was significantly increased, compared with CK (p < 0.05)
(Figure 12d). After the second application, the BAFs of heavy metals in the edible parts of
eggplant were all significantly increased (p < 0.05) (Figure 12). After the third application,
the BAF of Cd in the edible parts of Brassica chinensis was significantly increased (p < 0.05)
(Figure 12d). It was found that the toxic metal Cd more easily accumulated in the edible
parts of green pepper, eggplant, and Brassica chinensis after the application of mushroom
residues and swine manure.
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According to the China National Standards for Food Safety (GB2762-2017) [62], the
concentrations of toxic metals Pb and Cd in fruits should not exceed 0.1 mg/kg and
0.05 mg/kg, while those in leafy vegetables should be below 0.3 mg/kg and 0.2 mg/kg,
respectively. Though Pb and Cd were slightly accumulated in the edible parts of the
four vegetables using the different treatments in this study, the contents were still within
safety levels. However, the trend of accumulation of toxic metals in vegetables with the
long-term application of mushroom residues and swine manure should never be neglected.

5. Conclusions

The contents of organic matter and mineral nutrients in the soils were significantly
increased after the continuous application of the two mixtures of mushroom residues and
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swine manure, thus increasing the yield of vegetables significantly. At the same time,
however, the contents of heavy metals in the soils showed a trend of gradual increase. In
particular, Cd was even more significantly increased in the soils after application. The
content of organic matter was mostly significantly and positively correlated with that of
heavy metals in the soils (p < 0.01), implying that the increase in heavy metal concentrations
in the soils is mainly attributed to the application of the organic waste. Compared with
the two mushroom residues, the application of swine manure poses a higher risk of heavy
metal accumulation in the soil, as it contains a higher content of heavy metals.

The increase in heavy metal concentrations was also observed in vegetables after the
persistent application of the organic waste, which was even more significant when using
swine manure. Compared with other heavy metals, Cd more easily accumulated in the
edible parts of vegetables when continuously applying the mushroom residues and swine
manure. Although the concentrations of toxic heavy metals in vegetables were still within
permissible levels during the four rotations, the increasing trend of their bioaccumulation
should be carefully considered. Moreover, a better method is needed to prevent toxic
metals from entering the food chain when recycling organic waste.
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