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Abstract: Combining organic and chemical fertilizers is a sustainable strategy for vegetable produc-
tion. However, there is limited research concerning the risks associated with heavy metals (HMs) in
greenhouse systems with long-term location application. A three-year investigation, conducted from
2021 to 2023, explored a fifteen-year field experiment with combinations of chemical fertilizer (CH),
corn straw (SW) and pig manure (PM). Five treatments were evaluated: excessive fertilization (high
CH and PM), conventional fertilization (normal CH), organic–inorganic fertilization (3/4CN + 1/4PN,
2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN). This study evaluated the risks associated with
heavy metals (HMs) by analyzing and quantifying their concentrations in soil and cucumber fruits,
as well as by calculating the bioconcentration factors (BCFs), the geo-accumulation index (Igeo), and
both the non-carcinogenic and carcinogenic risks. The results indicated that excessive fertilization
(CF) increased the concentrations of Cu and Zn in fruits, as well as the Igeo values of Cu, Zn, and
Cd, and the non-carcinogenic Cu risk, while decreasing the BCFs of Cu and Zn. Organic–inorganic
fertilization also elevated the Igeo values of Cu and Zn. Redundancy analyses confirmed a positive
correlation between the soil concentrations of Cu and Zn and higher levels of available phosphorus
contents (48.4%), alongside a lower pH (4.9%). The concentrations of Cu, Zn, and Cd in both soil and
cucumber fruits increased linearly with the duration of application and amount of input. Although
the combined application of CH with PM or SW did not significantly elevate the non-carcinogenic or
carcinogenic risks associated with most heavy metals, the carcinogenic risks of Cd and As emerged
as potential risk factors after 15 years of organic–inorganic fertilization. Utilizing a combination of
CH with PM and SW as a fertilizer management strategy can effectively address both the control of
heavy metal inputs in the facility and the safety and quality of cucumbers.

Keywords: heavy metals; health risk assessment; greenhouse cucumber production; fertilizer
management; pig manure; corn straw

1. Introduction

China is the country with the largest vegetable production and planting area in the
world [1], accounting for 13% of the global vegetable production and consuming 25% of
the world’s agricultural chemical fertilizers each year [2]. Between 2001 and 2015, the
average fertilizer application rates for vegetable reached 364 kg N/ha, 79 kg P/ha and
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142 kg K/ha, which are twice the fertilizer application rates for cereal crops [2]. Because
more economic benefits can be generated, China’s greenhouse vegetable production (GVP)
area increased rapidly in the past 30 years [3]. Compared to vegetables grown in the open
field, greenhouse vegetable production requires a higher amount of fertilizer [4]. However,
the overuse of chemical fertilizers in vegetable systems not only leads to a reduction in
the yield and quality of vegetables but also leads to environmental issues, contributing to
greenhouse gas emission [2], nutrient leaching [5] and soil degradation [6].

Organic fertilizers, such as crop straw (SW) and animal manure (AM), contain plant
essential nutrients and organic matter. It is estimated that China has more than 1 billion tons
of SW [7] and 4 billion tons of livestock and poultry waste [8] annually. Since 2017, China
has implemented the Organic-Substitute-Chemical-Fertilizer action for fruit, vegetables,
and tea (MOA, 2017) to promote the use of organic nutrients derived from livestock and
poultry manure in vegetable production. The return of SW to fields has become a mandatory
agricultural policy in China, serving as both a method for agricultural waste treatment and
an important management technology [9].

According to relevant estimates, approximately 76.2%, 46.2%, 4.09%, 17.3%, and 12.8%
of the total inputs of Cu, Zn, Pb, Cd, and Ni to agricultural soils in China were derived from
AM application [10]. While these amendments provide essential nutrients for vegetable
production, research has shown that excessive application of heavy metal (HM)-enriched
organic fertilizer can lead to HM accumulation in soils, which would affect crop growth and
even threaten human health through food chain. A study conducted in the oasis of Hexi
Corridor in North China revealed that four years of livestock manure application increased
the Cu, Zn, Pb, Cd, and Ni content in the topsoil, and the risk assessment indicated that the
concentrations of Cd, Cu, and Zn could exceed the soil thresholds with application rates of
15–60 t/ha manure over a period of 8–65 years [11]. Based on data from a 15-year vegetable
experiment data in protected areas, it was found that the total concentrations of Cd, Zn, Cr,
and Cu in the soil increased with the continuous high amount of application of AM, but
the cumulative risk of Zn, Cu, and Cr would not exceed the soil threshold in 100 years if
the recommended amount of AM was applied [12].

The uptake of HMs by vegetables is influenced by soil properties such as the water,
temperature, texture, pH, organic matter content, and nutrient availability, and vegetable
species [13]. The results of a study using three organic wastes as fertilizers showed that
the application of poultry manure increased the concentrations of Co, Cu, Fe, and Zn in
coriander (Coriandrum sativum L.), but the concentration of HMs in the soil remained lower
than the declared USEPA permissible limits, where most HMs’ health risk index value was
less than 1, except for Cd showing a potential carcinogenic risk [14]. Compared with open
field, the concentration of heavy metals in greenhouse vegetable soils was higher, which
might be mainly associated with high inputs of HMs from fertilizers. The carcinogenic risk
of HMs caused by the consumption of leafy vegetables produced in greenhouses should be
given sufficient attention, especially Cd [15].

Overall, most of the existing studies on the impact of manure application on soil and
vegetable HMs are limited to short-term observations or even focus on the comparison of
a single time point [16]. The long-term effects of continuous organic fertilizer continuous
application on soil HM pollution, HM accumulation in vegetable plants and subsequent
potential risks to human health have not been extensively studied.

The strategy of utilizing SW in combination with animal manure has the potential to
minimize the input of HMs at the source. At the same time, the multi-parameter approach
can better understand and evaluate the health risks of combined SW with PM application
in GVP. This study tracked the long-term cumulative trends of HMs in a greenhouse
cucumber system over a period of 13 to 15 years, during which CH, PM and SW were
applied. The specific objectives of this study were (1) to assess the effects of long-term
PM/SW application on the concentrations of Zn, Cu, Cd, Pb, As, and Cr in cucumber
fruits and soil, (2) to evaluate the potential health risks associated with the long-term
consumption of cucumber fruits containing HMs that pose significant risks to public health,
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and (3) to investigate the factors influencing changes in HM accumulation and changes
in cucumber fruits and soil through the co-application of SW and PM. This study will
supplement crucial information on GVP in relation to human health risks.

2. Materials and Methods
2.1. Site Description and Experiment Design

The field experiment was conducted from 2009 to 2023 at the DaHe Experiment Station
(38◦08′ N, 114◦23 E) in Hebei Province, China. The experimental site features a warm,
sub-humid continental monsoon climate, with an average annual temperature of 11.5 ◦C
and annual precipitation of 540 mm. The solar greenhouse size is set at 8 m × 48 m. A crop
rotation of winter–spring cucumber (BoMei 11) and autumn–winter tomato (Jinpeng 11) was
used. The field was left fallow without growing the two crops. The soil is a typical Calcaric
Cambisol soil based on the World Reference Base classification (Harmonized World Soil
Database V2.0). The initial soil (0–20 cm depth) had the following characteristics: soil bulk
density of 1.35 g cm−3; electrical conductivity of 185.4 mS·cm−1; pH of 8.0, soil organic
matter of 9.1 g·kg−1; nitrate nitrogen of 18.3 mg·kg−1, available phosphorus of 6.2 mg·kg−1

and available K of 98.2 mg·kg−1.
A randomized block design was arranged with 5 different treatments: (1) CF (cus-

tomary fertilization, with excessive chemical fertilizer and pig manure), (2) CN (chemical
nitrogen, with a reasonable amount of chemical fertilizer), (3) 3/4CN + 1/4PN (equivalent
nutrients to the CN treatment, 25% of the nitrogen comes from pig manure), (4) 2/4CN + 2/4P N
(equivalent nutrients to the CN treatment, 50% of the nitrogen comes from pig manure), and
(5) 2/4CN + 1/4PN + 1/4SN (equivalent nutrients to the CN treatment, 25% of the nitrogen
comes from pig manure, 25% of the nitrogen comes from straw). Each treatment was set
with 3 replications. The five treatments except for CF had equal amounts of nitrogen, phos-
phorus and potassium inputs, with 600 kg N ha−1, 300 kg P2O5 ha−1, and 525 kg K2O ha−1,
respectively. CF was used as urea, calcium superphosphate, and potassium chloride. The
organic fertilizers included PM (pig manure) and SW (straw). Table 1 presents the amounts
of N, P2O5, and K2O from the CH (chemical fertilizer), PM (pig manure), and SW (straw)
for each treatment. Each plot covered an area of 14.4 m2 (2.4 m wide × 6 m long), with 4
rows of plants. To prevent lateral and transverse migration of nutrients and water between
plots, polyvinyl chloride plates were embedded into the soil at a depth of 100 cm and above
the ground by 5 cm. The soil moisture content was controlled through furrow irrigation
to maintain 75% of the field capacity. The heavy metal content in the corn straw and pig
manure is shown in Table S1.

Table 1. Amounts of N, P2O5, and K2O used in each treatment during the winter–spring cucumber season.

Nutrient Treatments CH Input
(kg·ha−1)

PM Input
(kg·ha−1)

SW Input
(kg·ha−1)

Total Input
(kg·ha−1)

N

CF 900.0 900.0 0 1800.0
CN 600.0 0 0 600.0

3/4CN + 1/4PN 450.0 150.0 0 600.0
2/4CN + 2/4PN 300.0 300.0 0 600.0

2/4CN + 1/4PN + 1/4SN 300.0 150.0 300.0 600.0

P2O5

CF 900.0 700.0 0 1600.0
CN 300.0 0 0 300.0

3/4CN + 1/4PN 183.3 116.7 0. 300.0
2/4CN + 2/4 PN 66.7 233.3 0 300.0

2/4CN + 1/4PN + 1/4SN 143.0 116.7 40.3 300.0

K2O

CF 900.0 564.0 0 1463.0
CN 525.0 0 0 525.0

3/4CN + 1/4PN 431.0 94.0 0 525.0
2/4CN + 2/4 PN 337.0 188.0 0 525.0

2/4CN + 1/4PN + 1/4SN 190.1 94.0 240.9 525.0
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2.2. Sampling and Analyses
2.2.1. Cucumber Sampling and Analyses

The winter–spring cucumbers, planted in early March and harvested in May of the
following year, were sampled in 2021, 2022, and 2023. Cucumber fruits were harvested by
randomly collecting from plants with uniform height. The harvested fruit samples were
first washed with deionized water, then dried at 105 ◦C for two hours and dried at 60–65 ◦C
until a constant weight was achieved. The dried cucumber samples were ground using a
grinder (Retsch, ZM 200, Foulds, Shanghai, China) for the elemental analysis.

The plant sample powder was digested using nitric acid (GR, guaranteed reagent,
65.0~68.0%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) and H2O2 (GR,
guaranteed reagent, ≥30.0%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China).
The concentrations of Zn, Cu, Cd, Pb, As, and Cr in the digest solution were determined
using inductively coupled plasma mass spectrometry (7700X, Agilent Technologies Inc.,
Palo Alto, CA, USA). Quality assurance of the elemental analysis was performed using
blanks and national certified plant reference materials (GBW10014a, Chinese Academy
of Geological Sciences, Beijing, China). Based on the instrument performance, the limit
of detection (LOD) of Pb and As in the plant sample was 0.02 mg·kg−1, the LOD of Zn,
Cu, Cd, and Cr was 0.002 mg·kg−1, and the limit of quantification (LOQ) was 105 times
the LOD.

2.2.2. Soil Sampling and Analyses

At the same time as the cucumber sampling, four soil samples were collected from
each plot at a 0–20 cm depth. The soil samples from each plot were pooled, air dried,
ground, and then sieved for further analysis. The soil sample, after being passed through a
100-mesh sieve, was digested with HNO3 and HF in a microwave (MARS-5, CEM Mi-
crowave Technology Ltd., Matthews, NC, USA) (USEPA Method 3052). The concentrations
of Zn, Cu, Cd, Pb, As, and Cr in the digest solution were determined using inductively cou-
pled plasma spectroscopy (7700X, Agilent Technologies Inc., Palo Alto, CA, USA). Quality
assurance of the elemental analysis was performed using blanks and national certified soil
reference materials (GBW 070045, Chinese Academy of Geological Sciences, Beijing, China).

The soil pH through a 10-mesh sieve was measured using a pH electrode (PB-10,
Sartorius, Göttingen, Germany) at a 1:2.5 (w/v) ratio of soil to deionized water. The soil
organic matter was determined using the potassium dichromate–volumetric method [17].
Based on the instrument performance, the limit of detection (LOD) of Pb and As in the soil
sample was 0.025 mg·kg−1, while the LOD of Zn, Cu, Cd, and Cr was 0.0025 mg·kg−1. The
limit of quantification (LOQ) was 105 times the LOD.

2.3. Calculations
2.3.1. Bioconcentration Factor

The BCF was used utilized to evaluate the translation ability of HMs from soil to
cucumber fruit (Adamo et al., 2014) [18]. The formula was expressed as follows:

BCF =
Cfruit
Csoil

(1)

where Cfruit and Csoil were the HM concentrations in cucumber fruit and soil, respectively.

2.3.2. Soil Contamination Level Analysis

The value for risk screening the soil HM contamination was the threshold value with
a soil pH > 7.5, which is regulated by the standard “Environmental quality evaluation
standard for farmland of greenhouse vegetables production (HJ 333–2006)” [19], issued
by the Ministry of Ecology and Environment, China. Additionally, the geo-accumulation
index (Igeo) was employed to assess the extent of the HM contamination in the soils.

Igeo= log2(Csoil/1.5Bn
)

(2)



Agriculture 2024, 14, 1870 5 of 17

where Csoil is the measured concentration of HMs in soil and Bn is the concentration of
HMs in the initial soil. The constant 1.5 served as the background matrix correction coeffi-
cient, which was used to minimize the natural fluctuations (Wei and Yang, 2010) [20]. The
geological background values of Hebei Province used to calculate the Igeo values in this pa-
per are as follows: As 13.6 mg·kg−1, Cd 0.094 mg·kg−1, Cr 68.3 mg·kg−1, Cu 21.8 mg·kg−1,
Hg 0.036 mg·kg−1, Ni 30.8 mg·kg−1, Pb 21.5 mg·kg−1, Zn 78.4 mg·kg−1. Seven subclasses
(0–6) of pollution levels were classified based on the Igeo values (Table S3).

2.3.3. Human Health Risk Assessment

The human health risks associated with the consumption of vegetables were as-
sessed using the equation provided by the United States Environmental Protection Agency
(USEPA, 2016). The formula was expressed as follows:

CDI =
C × DI × EF × EDtotal

BW × AT
(3)

HQ =
CDI
RfD

(4)

where C = HMs concentration in cucumber fruits; DI = daily intake of cucumber fruits;
EF = exposure frequency; EDtotal = exposure duration; RfD = reference dose; BW = average
body weight; AT = average time of exposure to non-carcinogenic (non-CR) or carcinogenic
risk (CCR) HMs (EDtotal × 365 days/year). The specific definitions and parameters are
shown in Table S4.

Non-carcinogenic effects (Non-CR): The hazard quotient (HQ) for each HM was
aggregated to assess the Non-CR expressed as the hazard index (HI). The total hazard
index (HIt) represents the overall non-cancer risk (non-CR) associated with all the HMs
and exposure pathways, which are computed from:

HI =∑i
n=1 HQi (5)

HIt =∑i
n=1 HIi (6)

where HQi represents the hazard quotient from the HMs i or the exposure pathway i. HIi
was the hazard index from the exposure pathway i. Calculated HQ, HI and HIt values
were ≤1, indicating no significant risk of Non-CR effect. Conversely, indicating a greater
likelihood of toxic effects.

Carcinogenic effects (CCR): Typically, the threshold CR and cumulative CR parameters
are utilized to determine the incremental probability of an individual developing cancer
over their entire lifetime (USEPA, 2005; U.S. EPA. 2005. Guidelines for Carcinogen Risk
Assessment. 70 FR 17765-17817). The formula is expressed as follows:

CR = CDI × SF (7)

CCR =∑i
n=1 CDIi × SFi (8)

where the cancer slope factor (SF) is a parameter used to quantify the potential risk of
developing cancer. CDIi represents the chronic daily intake of HMs i or exposure pathway
i, while SFi denotes the cancer slope factor for HMs i or exposure pathway i. Table S5
provides the reference values for toxic parameters such as the RfD and SF for various
exposure pathways. Based on the calculated CR value, there were generally three levels of
risk to human health: negligible risk (<1 × 10−6), acceptable risk (ranging from 1 × 10−6 to
1 × 10−4), and high risk (>1 × 10−4) [21].

2.4. Statistical Analysis

The statistical analyses were conducted using analysis of variance (ANOVA). All the
data were presented as the mean ± standard deviation. When the effect was significant, the
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differences among treatments were compared using the least significant difference (LSD)
test at p < 0.05. A linear regression model was developed to estimate the contribution of
fertilizer HM inputs to soil HM accumulation, using the SW and PM exogenous HM addi-
tions (g/ha) as dimensional input data X, and the soil HM concentrations as dimensional
input data Y.

3. Results
3.1. Concentrations of HMs in Soils and Cucumber Fruits

The mean concentrations of Cr, Cu, Zn, As, Cd, and Pb in soil and cucumber fruits were
found to be below the limited levels (Table S2). In 2021, treatment CF exhibited a higher soil
Cr concentration than CN, 3/4CN + 1/4PN, and 2/4CN + 2/4PN (p < 0.05) (Figure 1). From
2022 to 2023, all five treatments demonstrated consistent Cr concentrations in the soil. In
treatment CF, the soil concentration of Cu, Zn, Cd, and Pb was higher than in the other four
treatments. Additionally, in 2022 and 2023, the soil Cu concentration in the 2/4CN + 2/4PN
treatment increased significantly by 21.6 mg/kg and 24.4 mg/kg, respectively, compared
to CN. Concurrently, the concentration of Zn in the soil in the 2/4CN + 2/4PN treatment
rose by 64.7 mg/kg and 84.3 mg/kg, respectively. In 2021, the soil Cd concentration in the
3/4CN + 1/4PN treatment was 0.10 mg/kg higher than in CN, while in 2023, 2/4CN + 2/4PN
exhibited a 0.06 mg/kg increase. Throughout the three-year period, the As concentration did
not differ significantly among the five treatments (Figure 1).
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The Cu concentrations in cucumber fruit from the CF treatment were demonstrably
higher than those observed in the other four treatments (Figure 2). Compared to the CN
treatment, the Cu concentration in cucumber fruits from the 2/4CN + 1/4PN + 1/4SN
treatment significantly increased by 5.47 mg/kg in 2021. In the same year, the cucumber
fruit concentrations of Cr and Cd in the CF treatment were significantly higher than those
in CN, 3/4CN + 1/4PN, and 2/4CN + 2/4PN. Furthermore, the Cd concentrations in the
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CN treatment fruits increased by 0.13 mg/kg compared to 3/4CN + 1/4PN. By 2023, the
Zn concentrations in the CN and 2/4CN + 1/4PN + 1/4SN treatment had significantly
decreased compared to CF, by 32.35 mg/kg and 18.12 mg/kg, respectively. There were
no significant differences in the concentration of Cr and As in the fruits among the five
treatments (Figure 2).

The concentrations of Cu, Zn, and Cd in cucumber fruits and soil demonstrated a
positive correlation with the duration of application. A notable trend emerged from the
linear regression models regarding the Zn concentration in cucumber fruits across the CF,
3/4CN + 1/4PN, and 2/4CN + 1/4PN + 1/4SN treatments, which revealed a significant
increase over the application period (p < 0.05). The concentrations of Cu in cucumber
fruit from the CF treatment displayed a significant upward trend over the application
duration. Additionally, the soil concentration of Cu and Zn in the CF, 3/4CN + 1/4PN,
2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN treatments, as well as the concentration
of Cd in CF, CN, 2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN, showed a significant
increase over the application period. However, no discernible upward trend was observed
for the concentrations of Cr, As and Pb in both cucumber fruits and soil throughout the
application period.
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Figure 2. HM concentrations in cucumber fruits under different fertilization treatments. Legend
numbers represent R2 values calculated by linear regression. “*”, “**”, and “***” indicate the linear
regression between the soil HM concentration and the planting age or the differences among the
fertilization treatments reached significant (p < 0.05), (p < 0.01) or extremely significant (p < 0.001)
levels, respectively. Different lower-case letters indicate significant differences in Cucumber fruits’
HM concentration among different treatments (p < 0.05, LSD).

BCF calculations were conducted to investigate the transfer of HMs from the soil to
cucumber fruits (Figure 3). The highest value for the Cd BCF was observed among all
the HMs, with the CN treatment exhibiting the greatest increase in the BCF values of Cd
compared to the control, in 2021. From 2021 to 2023, the BCF value of Cu rose significantly
in the CN, 3/4CN + 1/4PN, and 2/4CN + 1/4PN + 1/4SN treatments, compared to CF. In
contrast to the CN treatment, the BCF values of Cu were notably lower than 3/4CN + 1/4PN
in 2023. It is noteworthy that a 17.4% reduction of the Cu BCF values was observed in
2/4CN + 2/4PN (in 2022) in comparison to 2/4CN + 1/4PN + 1/4SN. The BCF values
of Zn in CF consistently remained at significantly lower concentrations than the other
four treatments from 2021 to 2023. Compared to the CN treatment, the BCF values of Zn
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in 3/4CN + 1/4PN, 2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN were significantly
decreased by 28.0%, 34.9% and 27.1%, respectively. In 2023, the BCF values of Zn in
the 2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN treatments dropped by 41.6% and
25.0%, respectively, compared to CN. However, the BCF values of Cr, Pb, and As remained
unchanged among all five treatments.
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3.2. Soil Contamination Level

The Igeo values were employed to assess the soil quality across the five treatments
(Figure 4), and a geo-accumulation index analysis was conducted (Table S3). The mean Igeo
values of Pb (−0.39), Cr (−0.64), and As (−0.82) were all below 0, indicating unpolluted
conditions. In contrast, Cd, Cu, and Zn showed a range from unpolluted to moderate
pollution, with mean Igeo values of 0.54 for Cd, 0.48 for Cu, and 0.07 for Zn. The class
distribution of the Igeo values (Figure 4) revealed that Cu exhibited the most variation,
ranging from class 0 (unpolluted) to class 3 (moderately to heavily polluted), with approx-
imately 80.1% of soils classified as polluted and 11.9% as moderately polluted. For Cd,
59.5% of the soil samples exhibited Igeo values that indicated pollution levels ranging from
unpolluted to moderately polluted (0 < Igeo < 1). In contrast, for Pb, this value was 11.9%.
Furthermore, Cr and As were characterized as unpolluted (Igeo < 0). When considering
Cu and Zn, the soil pollution levels were complex, encompassing four distinct classes.
Notably, 66.7% and 21.4% of Cu and Zn in all the soils were classified as unpolluted to
moderately polluted (0 < Igeo < 1), while 2.4% and 11.9% of Cu and Zn soils fell into the
unpolluted levels (1 < Igeo < 2). Additionally, 11.9% and 2.4% of the Cu and Zn soils
exhibited moderate to heavy contamination.



Agriculture 2024, 14, 1870 9 of 17

Agriculture 2024, 14, x FOR PEER REVIEW  9  of  18 
 

 

 

Figure  4. Histogram  of  the  geological  accumulation  index  (Igeo)  of  each HM  for  the  different 

treatments. Different letters represent significance at p < 0.05. Different lower‐case letters indicate 

significant differences in Igeo index among different treatments (p < 0.05, LSD). 

3.3. Human Health Risk 

The potential non‐CR and CCR associated with HMs in soil and cucumber fruits were 

estimated and calculated for both children and adults (Table S6). The mean HQ and CR 

values showed a descending order: diet > soil ingestion > dermal contact > soil inhalation. 

The HI values of Zn and Cu exceeded 1 for children, while for adults, only Cu surpassed 

the  threshold. The CR values of As and Cd  resulting  from vegetable consumption  for 

children and adults significantly exceeded the threshold of 1E‐04, indicating a higher CR 

compared  to  soil  ingestion. The mean CCR  values  from  vegetable  consumption were 

3.02E‐04 for children and 9.83E‐04 for adults, which were 21 times and 81 times higher 

than the CCR through soil ingestion, respectively. 

3.3.1. Non‐CR of Cr, Zn, Cu, Cd, As and Pb 

The mean HI values for Cu in all the treatments exceeded 1 for both children (2.22–

7.03) and adults (1.35–4.26). Cu and Zn had the highest contributions to the HIT values, 

accounting for 57.8% and 23.0% for children, and 59.0% and 23.5% for adults, respectively 

(Figure S1). A significant decrease in the Cu HI values was observed from 2021 to 2023 

compared to the CF treatment. In 2021, the HI value of Cu in the 2/4CN + 1/4PN + 1/4SN 

treatment significantly increased by 48.7% for both children and adults when compared 

to the CN treatment. However, no differences were detected 2022 and 2023. Regarding 

Zn, the mean HI values for children (1.06–1.35) indicated elevated non‐CR from 2021 to 

2023 across the five treatments (Figure 5). Specifically, in 2023, the HI values of Zn in the 

CN and 2/4CN + 1/4PN + 1/4SN treatments were significantly decreased by 27.6% and 

35.1% for both children and adults, respectively, in comparison to CF. Furthermore, the 

HI values of Cr, As, Cd, and Pb were all below 1 for both adults and children. In 2021, 

compared to the CF treatment, a significant decrease in the HI values for Cr, As, Cd, and 

Pb was observed compared  to CF  in CN, 3/4CN + 1/4PN, and 2/4CN + 2/4PN  for both 

adults and children. Moreover, in 2021, compared to the CN treatment, the HI value of 

Cd in 3/4CN + 1/4PN decreased by 68.5% for children and 70.1% for adults. Based on the 

Monte Carlo simulation, the non‐CCR and CCR of HMs in soil and cucumber fruits were 

assessed for both adults and children (Figures S4 and S5). The mean HIt values were above 

1 for both children (2.35) and adults (4.67), indicating a probability approaching 100% of 

non‐CR.  The  sensitivity  analysis  examining  uncertainty  (Figure  S4)  revealed  that  the 

concentration of Cu in cucumber fruits had the greatest impact on the non‐CR for children, 

contributing 53.7% and 23.7%, respectively. Body weight negatively  impacted non‐CR, 

contributing 53.7%, followed by the exposure factor (EF) value at 23.7%. 

Figure 4. Histogram of the geological accumulation index (Igeo) of each HM for the different
treatments. Different letters represent significance at p < 0.05. Different lower-case letters indicate
significant differences in Igeo index among different treatments (p < 0.05, LSD).

3.3. Human Health Risk

The potential non-CR and CCR associated with HMs in soil and cucumber fruits were
estimated and calculated for both children and adults (Table S6). The mean HQ and CR
values showed a descending order: diet > soil ingestion > dermal contact > soil inhalation.
The HI values of Zn and Cu exceeded 1 for children, while for adults, only Cu surpassed
the threshold. The CR values of As and Cd resulting from vegetable consumption for
children and adults significantly exceeded the threshold of 1 × 10−4, indicating a higher
CR compared to soil ingestion. The mean CCR values from vegetable consumption were
3.02 × 10−4 for children and 9.83 × 10−4 for adults, which were 21 times and 81 times
higher than the CCR through soil ingestion, respectively.

3.3.1. Non-CR of Cr, Zn, Cu, Cd, As and Pb

The mean HI values for Cu in all the treatments exceeded 1 for both children
(2.22–7.03) and adults (1.35–4.26). Cu and Zn had the highest contributions to the HIT
values, accounting for 57.8% and 23.0% for children, and 59.0% and 23.5% for adults, respec-
tively (Figure S1). A significant decrease in the Cu HI values was observed from 2021 to 2023
compared to the CF treatment. In 2021, the HI value of Cu in the 2/4CN + 1/4PN + 1/4SN
treatment significantly increased by 48.7% for both children and adults when compared to
the CN treatment. However, no differences were detected 2022 and 2023. Regarding Zn,
the mean HI values for children (1.06–1.35) indicated elevated non-CR from 2021 to 2023
across the five treatments (Figure 5). Specifically, in 2023, the HI values of Zn in the CN
and 2/4CN + 1/4PN + 1/4SN treatments were significantly decreased by 27.6% and 35.1%
for both children and adults, respectively, in comparison to CF. Furthermore, the HI values
of Cr, As, Cd, and Pb were all below 1 for both adults and children. In 2021, compared
to the CF treatment, a significant decrease in the HI values for Cr, As, Cd, and Pb was
observed compared to CF in CN, 3/4CN + 1/4PN, and 2/4CN + 2/4PN for both adults
and children. Moreover, in 2021, compared to the CN treatment, the HI value of Cd in
3/4CN + 1/4PN decreased by 68.5% for children and 70.1% for adults. Based on the Monte
Carlo simulation, the non-CCR and CCR of HMs in soil and cucumber fruits were assessed
for both adults and children (Figures S4 and S5). The mean HIt values were above 1 for
both children (2.35) and adults (4.67), indicating a probability approaching 100% of non-CR.
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The sensitivity analysis examining uncertainty (Figure S4) revealed that the concentration
of Cu in cucumber fruits had the greatest impact on the non-CR for children, contributing
53.7% and 23.7%, respectively. Body weight negatively impacted non-CR, contributing
53.7%, followed by the exposure factor (EF) value at 23.7%.
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3.3.2. CCR of Cr, Cd, As, and Pb

The CCR values of the HMs were generally greater for adults than for children
(Figure 6). The CCR values of Cr and Pb remained consistently below 1 × 10−4 for
both children and adults. In contrast, As and Cd surpassed this threshold. As and Cd
dominated the CCR, contributing 42.5% each to the overall treatments for both children
and adults (Figure S2). Across the five treatments, the mean CCR values of As ranged
from 0.7 × 10−4 to 2.9 × 10−4 for children and from 2.1 × 10−4 to 7.5 × 10−4 for adults.
In 2021, no significant variation was observed in the CCR values of As among the five
treatments. However, in 2022, the CCR values of As were significantly lower in the CN,
3/4CN + 1/4PN and 2/4CN + 2/4PN treatments, compared to 2/4CN + 1/4PN + 1/4SN.
In 2023, the CCR of As in 3/4CN + 1/4PN was significantly lower than in the CF treatment
for children. Conversely, the adults CCR values of As remained consistent across the five
treatments from 2021 to 2023. In 2023, the CCR value of Cd in the 2/4CN + 1/4PN + 1/4SN
treatment was lower than in 3/4CN + 1/4PN for children. Across the five treatments, the
Cd CCR values exceeded 1 × 10−4 for adults. In 2021, the CCR values of Cd for adults in
CF were significantly higher than those in the other four treatments. Notably, in 2022 and
2023, there was no significant difference in the CCR value of Cd for adults among the five
treatments. In the sensitivity analysis examining uncertainty (Figure S5), body weight had
a negative impact on CCR, resulting in a decrease of 6.8%. For adults, the concentrations of
As (32.9%) and Cu (20.4%), along with the IRveg (26.4%) and EF (11.1%) values, positively
influenced the CCR, whereas body weight had a negative effect of 4.7%. The sensitivity
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analysis results also indicated that the concentration of As had an average contribution of
71.36%, while EF had a contribution of 19.0% in cucumber fruits.

Agriculture 2024, 14, x FOR PEER REVIEW  11  of  18 
 

 

 

Figure 6. The CCR values of the HMs in terms of exposure for children and the adults, as affected 

by the different treatments. Different lower‐case letters indicate significance at p < 0.05. 

3.4. Relationship between Soil Nutrients and Soil HM Concentrations 

Redundancy analyses (RDAs) were conducted to examine the relationship between the 

soil nutrient contents (Table 2) and the soil HM concentrations, further exploring the effects 

of applying SW and PM on soil HM accumulation. The first component (RDA1) explained 

53.1% of the soil HM concentration variation in the soil HM concentrations, while the second 

component  (RDA2)  contributed  an  additional  11.1%  (Figure  7A).  The  soil  available 

phosphorus (AP) content exhibited a strong positive correlation with the soil Cr, Cu, Zn, Pb, 

and Cd concentrations, while the soil pH value showed a negative correlation with them. 

The soil C/N ratio demonstrated a positive correlation with the concentrations of Zn, Cu, 

and Cd while negatively affecting the concentrations of Cr and Pb. The soil AP content was 

identified as the most  influential factor, explaining 48.4% of the variation  in the soil HM 

concentrations and contributing 64.8%. The soil pH value (Table 2) accounted for 4.9% of 

the soil HM concentrations, with a contribution of 6.6% (Figure 7A). The concentrations of 

Cr, Cu, Zn, Cd,  and  Pb  in  the  soil displayed  significant  positive  correlations with  one 

another (Figure 7B). A linear regression analysis revealed that all the HMs except As showed 

a  significant decrease with  an  increasing pH value, while  the AP  content  exhibited  the 

opposite trend (Figure 7F,G). The CF treatment exhibited the lowest soil pH and highest soil 

AP among the five treatments (p < 0.05), while no significant differences were observed in 

the soil C/N ratio among the five treatments (Figure 7C). 

Table 2. The pH and soil nutrients during the cucumber harvest period. 

Treatments  pH 
Total N 

(g∙kg–1) 

SOM 

(g∙kg–1) 

AP 

(mg∙kg–1) 

AK 

(mg∙kg–1) 
C/N ratio 

NH4+‐N 

(mg∙kg–1) 

NO3‐N 

(mg∙kg–1) 

CF  5.08 ± 0.08 4.61 ± .0.82  118.1 ± 17.1  285.1 ± 47.8  1058.1 ± 116.8  9.81 ± 1.75  854.5 ± 91.7  104.3 ± 11.3 

CN  7.67 ± 0.16  0.86 ± 0.05  22.2 ± 0.9  38.4 ± 1.5  257.0 ± 89.6  10.09 ± 1.66  230.5 ± 14.6  55.1 ± 20.9 

3/4CN + 1/4PN  7.54 ± 0.16  1.14 ± 0.11  41.8 ± 12.7  62.4 ± 7.0  239.2 ± 93.3  10.22 ± 2.27  357.7 ± 71.8  57.8 ± 20.1 

2/4CN + 2/4PN  7.53 ± 0.20  1.44 ± 0.19  36.3 ± 4.3  76.2 ± 14.0  261.0 ± 80.6  10.08 ± 1.89  414.5 ± 26.3  46.1 ± 12.1 

2/4CN + 1/4PN + 1/4SN  7.45 ± 0.11  1.62 ± 0.18  42.6 ± 3.1  68.3 ± 6.7  320.7 ± 70.9  10.34 ± 1.48  615.0 ± 33.9  42.6 ± 11.9 

Figure 6. The CCR values of the HMs in terms of exposure for children and the adults, as affected by
the different treatments. Different lower-case letters indicate significance at p < 0.05.

3.4. Relationship between Soil Nutrients and Soil HM Concentrations

Redundancy analyses (RDAs) were conducted to examine the relationship between
the soil nutrient contents (Table 2) and the soil HM concentrations, further exploring the
effects of applying SW and PM on soil HM accumulation. The first component (RDA1)
explained 53.1% of the soil HM concentration variation in the soil HM concentrations,
while the second component (RDA2) contributed an additional 11.1% (Figure 7A). The
soil available phosphorus (AP) content exhibited a strong positive correlation with the
soil Cr, Cu, Zn, Pb, and Cd concentrations, while the soil pH value showed a negative
correlation with them. The soil C/N ratio demonstrated a positive correlation with the
concentrations of Zn, Cu, and Cd while negatively affecting the concentrations of Cr and
Pb. The soil AP content was identified as the most influential factor, explaining 48.4% of
the variation in the soil HM concentrations and contributing 64.8%. The soil pH value
(Table 2) accounted for 4.9% of the soil HM concentrations, with a contribution of 6.6%
(Figure 7A). The concentrations of Cr, Cu, Zn, Cd, and Pb in the soil displayed significant
positive correlations with one another (Figure 7B). A linear regression analysis revealed that
all the HMs except As showed a significant decrease with an increasing pH value, while
the AP content exhibited the opposite trend (Figure 7F,G). The CF treatment exhibited the
lowest soil pH and highest soil AP among the five treatments (p < 0.05), while no significant
differences were observed in the soil C/N ratio among the five treatments (Figure 7C).

Table 2. The pH and soil nutrients during the cucumber harvest period.

Treatments pH Total N
(g·kg−1)

SOM
(g·kg−1)

AP
(mg·kg−1)

AK
(mg·kg−1) C/N ratio NH4+-N

(mg·kg−1)
NO3-N

(mg·kg−1)

CF 5.08 ± 0.08 4.61 ± 0.82 118.1 ± 17.1 285.1 ± 47.8 1058.1 ± 116.8 9.81 ± 1.75 854.5 ± 91.7 104.3 ± 11.3
CN 7.67 ± 0.16 0.86 ± 0.05 22.2 ± 0.9 38.4 ± 1.5 257.0 ± 89.6 10.09 ± 1.66 230.5 ± 14.6 55.1 ± 20.9

3/4CN + 1/4PN 7.54 ± 0.16 1.14 ± 0.11 41.8 ± 12.7 62.4 ± 7.0 239.2 ± 93.3 10.22 ± 2.27 357.7 ± 71.8 57.8 ± 20.1
2/4CN + 2/4PN 7.53 ± 0.20 1.44 ± 0.19 36.3 ± 4.3 76.2 ± 14.0 261.0 ± 80.6 10.08 ± 1.89 414.5 ± 26.3 46.1 ± 12.1

2/4CN + 1/4PN + 1/4SN 7.45 ± 0.11 1.62 ± 0.18 42.6 ± 3.1 68.3 ± 6.7 320.7 ± 70.9 10.34 ± 1.48 615.0 ± 33.9 42.6 ± 11.9
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Figure 7. Relationship between the soil nutrients and the soil HM accumulation. (A) RDA analysis
of the soil HM concentrations and soil nutrients. (B) Correlation of the HM concentrations in soil.
(C) Soil pH of different treatments. (D) AP concentration of different treatments. (E) Linear regression
modeling of six HM concentrations with the soil pH. (F) Linear regression modeling of six HM
concentrations with the soil AP concentration. (G) Ratio of P to six HMs in cucumber fruits. “*”,
“**”, and “***” indicate the correlation among different HM concentrations in soil reached significant
(p < 0.05), (p < 0.01) or extremely significant (p < 0.001) levels, respectively. Different lower-case letters
indicate significant differences among treatments (p < 0.05, LSD).

4. Discussion
4.1. Concentrations of HMs in Cucumber Fruits as Affected by SW and PM Application

Relevant studies have shown that Cu is primarily derived from pesticides and fertil-
izers, and it is readily transferred from soil to plants, posing human health risks through
bioaccumulation in plant tissues [22,23]. Research on the application of organic fertilizers
for 10 years also confirmed this conclusion [24]. The PM used in this study contained a
particularly high amount of Cu (Table S1). The application of high levels of PM and CH led
to Cu accumulation in cucumber fruits, which was persistently higher than that observed
in cucumbers treated with low levels of PM/SW and CH between 2021 and 2023. At
lower levels of fertilizer application, the combination of CH with SN/PW application also
increased the Cu and Zn concentrations in cucumber fruits compared to CH application
alone (Figure 2). This increase was primarily attributed to the input of Cu from the SW and
PM application. The results of the linear regression analysis demonstrated a significant
positive linear positive correlation between the concentrations of Cu (R2 = 0.65) and Zn
(R2 = 0.09) in cucumber fruits and the input levels of these elements (Figure S3).

Another important factor in the accumulation of HMs in vegetables is the transfer from
soil to plant [25]. In the present study, the BCF values of Cu and Zn in the CF treatment were
significantly lower than those in the other four treatments (p < 0.001). This finding aligns
with previous research suggesting high nitrogen inputs hinder the plant uptake of Cu and
Zn [26]. In 2023, it was observed that the BCF value of Cu and Zn in the 2/4CN + 2/4PM
treatment were significantly lower than those in 3/4CN + 1/4PM (Figure 3). This further
confirms that increasing the amount of PM applied does not enhance the BCF of Cu and Zn
from soil to cucumber fruit.

Moreover, at the 2/4 ratio, the BCF values of Cu increased in the combination of
SW and PM with CH compared with the combination of PM with CH, especially in 2022
(Figure 3). This phenomenon can be attributed to the fact that the application of SW
enhances Cu bioavailability [27]. SW contains reactive organic carbon, which serves as a
ligand for Cu, thereby increasing its mobility and effectiveness in the soil [28]. For instance,
the combination of sheep and horse manure with pine bark compost resulted in higher
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concentrations of soluble Cu in the soil [29]. This suggests that modifying the soil’s reactive
organic carbon content through the application of SW could enhance the Cu bioavailability
and its uptake by cucumber fruits.

4.2. Concentrations of HMs in Soil as Affected by SW and PM Application

Our research revealed that there were no instances of HMs exceeding the permissible
limits in the soils subjected to various fertilization practices (Table S2). However, the soil
from the treatment with high levels of CH and PM inputs exhibited significantly elevated
concentrations of Cr, Cu, Zn, Cd, and Pb compared to the low-input treatments (Figure 1).
The results of the analysis (Figure 4) indicate that the soil was primarily contaminated with
Cd, Cu, and Zn, with the latter two elements predominantly resulting from increased PM
application. PM was identified as the primary source of Cu and Zn in the soil (Table S1).
These findings are consistent with a study that documented the accumulation of Cu and
Zn in the surface soil due to the application of pig manure over 8 consecutive years [30].

In our study, we observed a linear increase in the soil concentrations of Cu, Zn,
and Cd with the rise in exogenous HM inputs (Figure S3) and the duration of fertiliza-
tion (Figure 1). Compared to the application of CH alone, the soils were classified as
unpolluted to moderately polluted by Cu and Zn after the combined application of CH
with PM/SN. The regression coefficients (k) calculated from the linear regression models
(Table S7) indicated that Cu and Zn were 3.59 and 4.92 (3/4CN + 1/4PN), 6.72 and 3.43
(2/4CN + 1/4PN + 1/4SN), and 26.73 and 10.39 (2/4CN + 2/4PN). The combination of CH
with SW and PM was more effective than the combination of CH with PM in controlling
the accumulation of Cu and Zn in the soil (Figure 1).

However, the soil ranged from unpolluted to moderately polluted with Cd when
PM and SW were combined with CH application compared with pure CH inputs. The
Igeo values of Cd showed little variation among the four treatments with low-level inputs,
indicating that the PM and SW inputs were not the primary contributors to soil Cd pollution.
This may be attributed to the presence of Cd in the applied phosphate fertilizer [31].

Excessive fertilization, particularly with CH, has been associated with soil acidification
and the migration of HMs [32]. The soil pH is closely related to the formation and mobility
of HMs [33]. In this study, the initial soil pH was measured at 8.08. The soil pH under CF
was found to be 5.11, while a pH range of 7.49–7.72 was observed with lower application of
CH and PM/SW (Figure 7C). PM and SW generally exhibit high pH levels and alkalinity,
which neutralizes the protons released during nitrification, thereby helping to maintain the
soil pH [34,35].

Additionally, a decrease in the soil pH enhances the AP and HM concentrations,
thereby increasing the risk of HM migration in the soil–crop system [36]. This finding
is further supported by the higher concentration of AP in soils treated with the CF treat-
ment compared to the other four treatments. Notably, the soil AP concentrations in the
2/4CN + 2/4PN and 2/4CN + 1/4PN + 1/4SN treatments were significantly higher than
those in the CN treatment, with increases of 100.4% and 75.8%, respectively (Figure 7D).
As previously noted in numerous studies, the immobilization of Cu, Pb, and Ni in soil
increases as the soil P content increases [37]. Our study also identified a significant negative
correlation between the soil AP concentration and soil Cr, Cu, Zn, Cd, and Pb (Figure 7G).
Consequently, the increased AP concentrations and decreased soil pH enhance the solubility
and effectiveness of Cu, Zn, and Cd in the soil.

4.3. Relative Contribution of HMs to Health Risk and Priority Control HMs

Quantifying the risk contributions, ranking hazardous substances, and identifying key
exposure parameters can enhance the management of cultivation and the risk control by
decision-makers [10]. The consumption of vegetables containing HMs poses a significant
risk, particularly for children, who are more susceptible due to their low body weight,
dietary intake, and finger-sucking habits [15]. The HIts results indicated that the HI values
of Cu and Zn exceeded 1, with Cu contributing more than 50% of the overall risk (Figure S1).



Agriculture 2024, 14, 1870 14 of 17

Additionally, the CR values of Cd and As surpassed the established standards, designating
Cd and As as the priority HMs for crop and soil target management [38]. The primary
sources of Cd and As were the application of phosphate and organic fertilizer [31]. It
was observed that the most effective reduction in the Cd levels was achieved through the
combination of PM and SW for both the non-CR and CCR values (Figures 5 and 6). This
effectiveness can be explained by the role of SW application in reducing the concentration
of H+, which creates a more negative soil surface charge and promotes the adsorption of
Cd [39]. SW possesses a large specific surface area and a highly porous structure [40], en-
hancing the interaction between HM ions and its surface, thereby facilitating the adsorption
and immobilization of Cd. Conversely, substituting PM for CH resulted in an increased
mean CR of As for both children and adults, which was further amplified with the addition
of SW (Figure 6). As is the most abundant element in clayey soils [41], and its high risk
value is primarily attributed to its low RFD value [42]. The absorption patterns of P and As
in plants are similar [43], and the combination of PM and SW with CH enhanced the ratio
of P/As in cucumber fruits (Figure 7E), thus providing further evidence of the increased
CCR values of As under PM and SW application.

4.4. Fertilization Management Strategy of GVP

The production of high-quality products that minimize health risks while providing
adequate nutrients is a fundamental aspect of sustainable agriculture. The combined
application of CH with PM and SW represents an environmentally friendly and cost-
effective approach to fertilizer management for producers and farmers [44]. In subsequent
field management, it is crucial to control the amount of CH and manure inputs to mitigate
soil acidification. Research has reported that, as a source of more than 40% of the total N, it
effectively prevents or even reverses red soil acidification [45].

In this study, a semi-substitution management approach utilizing organic fertilizer was
adopted. The statistical results demonstrated the positive impact of using PM and SW in
reducing the HM concentrations in both soil and cucumber fruits. Additionally, as essential
trace elements, the potential health risks of Cu and Zn in greenhouse cucumber cultivation
cannot be overlooked. Therefore, it is crucial to consider the safety and nutritional quality
of the human diet.

Compared to the combination of CH and PM, the integrated application of CH and PM
with SW management significantly reduces the resource waste, environmental pollution,
and exposure risk over the long term while maintaining same nutrient input levels. The
long-term implementation of this application strategy enhances the longevity of both soil
and vegetables, increases the Cu and Zn accumulation in cucumber fruits, and mitigates soil
Cu and Zn pollution. Nevertheless, presenting only one combination scheme is insufficient
for optimizing the cucumber yield, improving the soil quality, and reducing the HM risks.
Therefore, future research on partial substitution of CH with PM and SW should consider
the ratio of PM to SW, HM bioavailability, and the evaluation adjustment plans for extended
fertilization periods.

5. Conclusions

Three consecutive years of sampling and monitoring of a 15-year long-term greenhouse
vegetable system revealed heavy metal contamination and associated health risks in soil
and cucumber cultivation. The concentrations of Cr, Cu, Zn, As, Cd, and Pb in both soil
and fruit were below the regulatory limits under combined CH and PM or SW at two
nutrient levels (900 kg/ha N + 900 kg/ha P2O5 + 900 K2O and 600 kg/ha N + 300 kg/ha
P2O5 + 525 kg/ha K2O, respectively). It is crucial to consider the potential risks of exposure
to Cu and Zn, particularly for children, while Cd and As necessitate control measures for
GVP management. Compared to low nutrient inputs, long-term application of high levels
CH and PM application resulted in soil acidification, increased the soil AP content, and
impeded the transfer of Cu and Zn from the soil to the aboveground parts of plants. This
led to the elevated Non-CR of Cu in cucumber fruits and contributed to the geological
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pollution of Cu, Zn, and Cd in the soil. Under equal N-P2O5-K2O levels, the combination
of CH with PM and SW increased the soil Cu and Zn geological pollution levels compared
with CH application alone. This increase is attributed to the long-term inputs of PM and
SW and higher soil AP contents. The 2/4 ratio of CH combined with PM and SW improved
the transfer of Cu and Zn and reduced the soil contamination compared to 2/4 ratio of PM
and CH. Although this study did not significantly reduce the Non-CR and CCR of HMs, it
suggests that managing the Cu and Zn levels can be achieved by reducing the CH inputs,
combining the PM and SW applications, and monitoring the soil pH and AP levels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture14111870/s1, Table S1: The total concentration of six heavy metals in pig ma-
nure and straw; Table S2: Total concentrations of heavy metals (mg/kg) in soil and cucumber,
as affected by different treatments; Table S3: Seven subclasses of the geo-accumulation index;
Table S4: Specific definitions and parameters for the human health risk assessment and exposure
risk; Table S5: Reference values of the toxic parameters (RfD and SF) in various exposure pathways;
Table S6: Assessment of non-cancer (hazard quotient, HQ; hazard index, HI), carcinogenic risk
(CR) and cumulative cancer risk (CCR) from HMs in all the samples; Table S7: Linear regression to
estimate the soil HM accumulation rate; Figure S1: Percentage contribution of the hazard index (HI)
for non-carcinogenic risks in soil and cucumber fruits of children and adults under organic fertilizer
substitution for chemical fertilizer; Figure S2: Percentage contribution of the cumulative carcinogenic
risk (CCR) for carcinogenic risks in soil and cucumber fruits of children and adults under organic
fertilizer substitution for chemical fertilizer; Figure S3: Linear model estimating the contribution of
straw and pig manure HM input to soil and cucumber with Cr, Cu, Zn, As, Cd and Pb accumulation;
Figure S4: The sensitivity analysis of the total hazard index (HIt) and HIts from multiple heavy
metals; Figure S5: The sensitivity analysis of the total CCR value and CCR values from multiple
heavy metals [46–54].
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