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Organic cultivation has been considered as an important cultivation approach

for sustainable agriculture in the world. Whether organic cultivation can

mitigate the negative impact of agriculture on the environment especially in

greenhouses is still unclear. The purpose of this study is to investigate the long-

term impacts in soil fertility and environment quality through organic

cultivation (OC), low-input cultivation (LC) and conventional cultivation (CC)

in greenhouses after 15 years of cultivation. We found that the soil organic

carbon (SOC) content in the OC treatment was 1.7 times of that in CC, 1.2 times

of that in the LC treatments. Vegetable yield and the content of alkali nitrogen,

available phosphorus and available potassium in the OC treatment was

significantly higher than those in the LC and CC treatments. Due to the high

input of organic fertilizers, increased content of heavy metals (Cu, Zn, Pb, Cd,

Cr and As) were observed in the OC treatment. In addition, organic cultivation

resulted in considerable residue accumulation of tetracycline antibiotics (TCs)

and pesticides in the soil. Ecological risk assessment of soil pollutants showed

that organic cultivation has the highest ecological risk index. At present,

organic partial substitution or low-input cultivation could be a promising

approach for the development of sustainable agriculture.
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GRAPHICAL ABSTRACT
1 Introduction
Industrialized agriculture has been feeding the growing

world population, but large-scale land conversion and

excessive application of synthetic fertilizers and pesticides have

led to considerable adverse environmental impacts and human

health, such as soil quality degradation, water eutrophication,

groundwater pollution, accumulation of heavy metal,

greenhouse gas emissions and biodiversity losses (1, 2). Many

studies have shown that application of chemical fertilizers and

pesticides reduced soil pH and increased reactive nitrogen in the

soil, and the nitrogen oxides produced by nitrogen fertilizer

could also damage the ozone layer in the atmosphere (3, 4).

Organic cultivation has been considered to be one of the

most important measures for sustainable agriculture in the

world, which could provide high quality food while protecting

the environment. It improves soil fertility through crop rotation,

planting legumes and the application of organic fertilizers, at the

same time prohibits the use of any synthetic fertilizers and

pesticides to maintain a sustainable agricultural system (5, 6).

Long-term organic farming experiments have shown that the

organic system improved soil quality. Soil organic carbon (SOC)

content is significantly higher than in conventional systems and

the nutrient contents were elevated as well (5). Organic
Frontiers in Soil Science 02
cultivation has also been considered an important measure to

reduce greenhouse gases because of its potential to sequester

SOC (7). Organic cultivation also significantly increased soil

microbial diversity by applying organic fertilizers without any

synthetic fertilizers and pesticides, which protected the soil from

pathogen infection and helped in degrading external

pollutants (8).

Greenhouses leads to the decline of soil quality due to high

cropping index, large agrochemical input, and closed

environment. Agricultural production in greenhouses has

become a popular crop production system globally, which

provide a suitable environment for crop growth by artificial

adjustment of temperature, humidity and light, thus improving

yields. 20 million hectares (Mha) of land were used in

agricultural production and 700 Mt of vegetables were

produced in China in 2014, with 20% of the land and 35% of

produced vegetables from greenhouses (9). However, soil

acidification and salinization (10), loss of soil organic matter,

accumulation of heavy metal (11) and pesticides (12) have

severely affected the sustainability of greenhouse production

and threatened the ecological environment and human health.

Jiao et al. (13) reported that long-term repeated application of
frontiersin.org
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chemical fertilizers, metal-containing pesticides and fungicides

will gradually increase their levels in agricultural soils. Some

studies have shown that the mean concentration of heavy metals

(Pb, Cu and Zn) in greenhouse soils is higher than those of local

agricultural soils and natural background levels in eastern China

(11). Low-input chemical and pesticide cultivation (LC) and

organic cultivation (OC) that prohibit any chemicals and

pesticides have emerged to alleviate the threats to the

ecological environment caused by conventional cultivation

(CC) in greenhouses.

The integral consequences on soil ferti l i ty and

environmental quality in CC, LC, and OC systems have not

been systematically investigated yet. This study evaluated results

of a 15-year experiment on crop yield, soil fertility quality, soil

environmental quality, and ecological risks in CC, LC and OC

treatments in greenhouses. We are aiming to evaluate the overall

impact of different agricultural systems on soil fertility (nutrient

availability) and soil environmental quality (heavy metals,

antibiotics and pesticides) in greenhouses, and has

implications to the fertilization strategies for improving the

soil environmental quality of organic vegetables, and promote
Frontiers in Soil Science 03
the sustainable development of organic vegetable production

in greenhouse.
2 Materials and methods

2.1 Site area

The long-term greenhouse production experiment site was

established in March 2002 in the Quzhou Experimental Station

(36° 52’ N, 115° 01’ E) of China Agricultural University in

Quzhou County, Hebei Province, China (Figure 1). The average

annual temperature is 13.1°C and the average annual

precipitation is 556.2 mm. The experiments were conducted

with two crop seasons per year (spring and autumn). The main

types of greenhouse vegetables were tomato, celery, cucumber,

fennel and eggplant, and the vegetables cultivated each year were

shown in Table S1. The salinized cinnamon soil in the

greenhouses consists of 54.11% sand, 28.45% silt, and 17.44%

clay. Before the long-term experiment, the top soil (0–20 cm

depth) contained organic carbon of 9.82 g kg−1, total nitrogen of
FIGURE 1

Location of study site for different cultivation.
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1.24 g kg−1, total phosphorus of 1.61 g kg−1, alkaline nitrogen of

108.34 mg kg−1, Olsen phosphorus of 139.13 mg kg−1, and

exchangeable potassium of 278.14 mg kg−1.
2.2 Experimental design

This experiment included three treatments: conventional

cultivation (CC), low-input cultivation (LC) and organic

cultivation (OC), with three replicates for each. The area of

each greenhouse is 364 m2 (52 m×7 m). Each greenhouse

consisted three plots with an area of 9 m × 7 m, and the plots

were placed 4 m apart. The cultivation method and timing are

consistent with local production operation in greenhouses. The

fertilizations for those treatments include: (1) OC: only organic

fertilizer for 115 t ha-1 year-1 without any chemical fertilizer.

This fertilizer (N 1.21%, P2O5 0.60%, K2O 1.58%) was derived

from agricultural waste, including cow dung, chicken droppings,

cotton shell, and crop stalks, which were processed through

microbial fermentation and suitable decomposition. The

contents of nutrients, heavy metals, antibiotics and pesticide

residues in organic fertilizers are shown in Table S2. Pest control

relies mainly on physical control, such as manual insect

catching, and biological agents. (2) LC: 58 t ha-1 year-1 of

organic fertilizer and 4 t ha-1 year-1 of chemical fertilizer. Pest

controls are mainly through biological methods. In some severe

cases, low-toxic and low-residue chemical pesticides were used.

(3) CC: 8 t ha-1 year-1 of chemical fertilizer and 26.8 t ha-1 year-1

of organic fertilizer. The chemical fertilizers include urea (N

46%), calcium superphosphate (P2O5 12%), potassium sulfate

(K2O 50%), and diammonium phosphate (N 18%, P2O5 46%).

Agricultural antibiotics and chemical pesticides were used to

control diseases and pests. The pesticide input and irrigation

rates in the three cultivation systems are shown in Table S3.
2.3 Soil sample collection and analysis

Soil samples were collected on May 17, 2017. Soil samples of

the 0-20 cm layer were collected at 5-8 locations at each plot

following a “S” curve using a 5 cm diameter coring device. The

collected fresh soil samples were sent to the laboratory in plastic

bags at 4 °C. After removing debris from fresh soil samples and

passing through a 2-mm sieve, part of fresh soil was stored at -20

°C for the determination of antibiotic and pesticide residues. The

rest of the soil samples were air-dried and used for the

determination of SOC and heavy metals after passing through

2-mm and 0.15-mm sieves, respectively. Historical data on soil

samples were provided by the experimental station.

Vegetable yields are measured at each plot, with the average

values reported for vegetable yields. SOC was measured following

the K2Cr2O7 oxidation method. Alkaline hydrolysis nitrogen

(AN) was determined using the 0.5M NaOH alkaline hydrolysis
Frontiers in Soil Science 04
diffusion method. Available phosphorus (AP) in soil was

determined by processing the samples with 0.5 M NaHCO3,

and measured calorimetrically using molybdate. Available

potassium (AK) was extracted using ammonium acetate, and

then determined by a flame photometry. The total concentrations

of heavy metals in the soil (Cu, Zn, Pb, Cd, Cr and As) were

determined bymicrowave-assisted digestion ICP-MS in reference

to China National Standard (HJ832-2017). Tetracycline

antibiotics (TCs) are a class of widely used antibiotic, including

oxytetracycline (OTC), chlortetracycline (CTC), doxycycline

(DC) and tetracycline (TC), which are measured in this study.

Antibiotics were determined using high performance liquid

chromatography in reference to China National Standard (GB/

T 32951-2016). As organochlorine pesticides have long been

banned, the organic pesticide residues tested in this study are

mainly organophosphorus, including dimethoate, chlorpyrifos,

chlorfenvinphos and profenofos, which are widely used in the

local area. The pestic ides were determined by gas

chromatography in reference to the China National Standard

(GB/T 14552-2003).
2.4 Ecological risk assessment method

The accumulation of heavy metals in the soil was determined

by Eq.1 and Eq.2 (14).

Pi = Ci=Si (1)

P = Ci=Sið Þ2max+ Ci=Sið Þ2ave
� �

=2
� �1=2

(2)

Where Ci is the concentration of metals in soil, Si is the initial

metals concentration in soil, (Ci/Si)max is the maximum metal

accumulation index, Pi is the single factor cumulative index, P is

the comprehensive accumulation index, (Ci/Si)ave is the average

metal accumulation index. In general, P ≤ 0.7 means safe, 0.7≤P

≤ 1 is the warning value, 1≤P ≤ 2 means slight pollution, 2≤P ≤ 3

is medium pollution, and P≥3 is heavy pollution.

A potential ecological risk index was proposed by Hakanson

(15), which was used to evaluate the impact of heavy metals in

soil on ecological environment. The single potential ecological

risk index (Ei ) and potential ecological risk index of heavy

metals (RI ) were determined by Eq.3 and Eq.4, respectively (15).

Ei = Ti � Ci=Co (3)

RI =o
n

i=1
Ei (4)

Where Ei is the single potential ecological risk index, Ci is

the concentration of metals determined by experiments, Co is the

concentration of metals specified in 《HJ 333-2006

Environmental quality evaluation standard for farmland of

greenhouse vegetables production》, Ti is the toxicity
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coefficient of metals. The toxicity coefficient of Cu, Zn, Pb, Cd,

Cr, As and Ni are 5, 1, 5, 30, 2, 10 and 5, respectively. RI is the

potential ecological risk index of heavy metals.

The risk quotient (RQ) was calculated according to Eq. (5) -

(7) for antibiotic data (16, 17).

PNECwater = EC50=AF (5)

PENCsoil = PENCwaterKd (6)

RQ = MEC=PNECsoil (7)

Where PNECwater is the ineffective stress concentration of

antibiotics in water (mg L-1); EC50 is the concentration for 50% of

maximal effect (mg L-1); AF is the evaluation factor; PNECsoil is the

ineffective stress concentration of antibiotics in soil (mg kg-1); Kd is

the soil-water distribution coefficient (L kg-1);MEC is themeasured

content of antibiotics (mg kg-1). Considering the worst scenario, the
EC50 of the most sensitive species and the maximum mass

concentration of antibiotics were used to calculate RQ (18). Algae

and bacteria were selected as the sensitive species for TC, DC, OTC

and CTC for ecological risk assessment. The toxicity data of algae

and Kd of antibiotics were obtained from the ecotoxicology

literature (17). Considering the differences between species, AF

was set to 1000 based on the lowest acute toxicity data reported in

the literature (19). PNECsoil of TCs is shown in Table S4.

The probability risk function (Ф) of pesticides was calculated

according to formula (8) - (10) using the pesticide data (20).

HC5 = exp xm − k1smð Þ (8)

f = 1 + exp
xm − lnc

k1=ln 95=5ð Þsm

� �� 	−1

(9)

f A1 + A2 +⋯+An½ � (10)

=o
n

i=1
f Ai½ � + −1ð Þr+1 o

i1<i2<⋯ ir
f Ai1Ai2 ⋯Air½ �

+ −1ð Þn+1f A1A2 ⋯An½ �

HC5 is the 5% of the harmful concentration; xm is the average

value after logarithmic transformation of toxicity data; sm is the

standard deviation after logarithmic transformation of toxicity

data; kl is the extrapolation constant; c is the concentration of

pollutants in soil; A is different pesticide residues. Toxicity data

of representative organisms were shown in Table S5. Two

different confidence levels of HC5 were calculated according to

formula (8), as shown in Table S6.
2.5 Data analysis

Relevant data tables were obtained using Microsoft EXCEL

(2016). A one-way analysis of variance conducted with the IBM
Frontiers in Soil Science 05
SPSS Statistics 20.0 program (IBM Corporation, USA) were used

to study the effects of different treatments on vegetable yield,

SOC content, heavy metals, antibiotics and pesticide residues.
3 Results

3.1 Positive effect of long-term organic
cultivation on soil fertility

3.1.1 Vegetable yields
After 15 years of cultivation, the yield of vegetables in the

organic system was higher than that in the other two systems,

both in spring and autumn. The yield of spring vegetables in OC

increased by 3.21%-62.28% compared to that in CC, and

increased by 2.18%-24.34% compared to that in LC. There

were significant differences observed in the years of 2005,

2006, 2013, 2014, 2015 and 2016. The yield of autumn

vegetables in OC increased by 4.52% -34.84% and 1.46%

- 2 3 . 5 9% , c omp a r e d w i t h t h a t i n CC and LC ,

respectively (Figure 2).

3.1.2 Soil organic carbon content
SOC increased over time in all the three systems. In 2017, the

SOC in the CC, LC and OC systems were 17.10 g kg-1, 24.81 g kg-

1 and 29.80 g kg-1, respectively (Figure 3). After 15 years, the

SOC in the OC system was 1.7 times of that in the CC system

and 1.2 times of that in the LC system.

3.1.3 Soil available nutrients content
The available N, P, K in soil increases in all three systems.

Compared with CC, AN increased by 26.88%-135.08%, AP

increased by 22.25% -210.12%, AK increased by 4.37%

-110.87% in OC treatment, whereas in LC AN, AP and AK

increased by 10.91%-32.46%, 5.16%-114.89% and 5.56%-

62.30%, respectively (Figure 4).
3.2 Negative effects of long-term organic
cultivation on soil environmental quality

3.2.1 Heavy metal pollution and ecological risk
assessment

After 15 years cultivation, the contents of Zn, Pb, Cr and As

in the soil of CC treatment increased significantly. In LC and

OC, all the heavy metals increased significantly. The contents of

Zn, Cd and Cr in the soil were significantly different among the

three treatments in 2017, with the highest concentrations in OC

and the lowest in CC. Compared with the initial concentration,

Zn content in the soil under the three treatments (OC, LC and

CC) increased by 199.80%, 96.64%, and 54.72%, Cd increased by

312.50%, 175.00%, and 100.00%, and Cr increased by 253.74%,

178.46% and 147.70%, respectively (Figure 5). The Cu, Pb and
frontiersin.org
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As contents all increased after 15 years of cultivation in three

treatments, but there was no significant difference (Figure 5).

Different heavy metals have different accumulation indexes

among treatments. Zn, Cd and Cr were strongly accumulated,

Cu and Pb were moderately accumulated in the OC treatment,

Cd and Cr were moderately accumulated in the LC and CC

treatments, and other heavy metals were slightly accumulated

(Table S7). The comprehensive accumulation index of soil heavy

metal was the highest in OC treatment, which was 3.56, while the

comprehensive accumulation index of the LC and CC

cultivation were between 2 and 3 (Table S7). The potential

ecological risk index (RI) reflects the ecological hazards of soil

heavy metal pollution, which was the highest (45.34) in the

OC treatment.

3.2.2 Soil antibiotic residues and ecological risk
assessment

In this study, 9 soil samples were tested from the three

systems, and TCs were detected in 7 soil samples, with a

detection ratio of 77.78%. In all soil samples, the detection

ratio of OTC was 77.78%, and the highest content reached

563.00 mg kg-1; the detection ratios of DC and TC were both
FIGURE 2

Spring and autumn vegetable yields with the three different cultivation methods (organic cultivation, low-input cultivation, and conventional
cultivation) from 2002 to 2017. Lowercase letters indicate significant differences in different treatments in the same year.
FIGURE 3

Soil organic carbon content with the three different cultivation
methods from 2002 to 2017.
frontiersin.org

https://doi.org/10.3389/fsoil.2022.1096735
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org


Tong et al. 10.3389/fsoil.2022.1096735
33.33%, and the highest content of DC and TC were 55.80 mg kg-
1 and 20.59 mg kg-1, respectively (Table 1). CTC was not

detected. The content of TCs in 5 soil samples exceeded the

suggested ecological safety threshold of antibiotic residues in soi

(100 mg kg-1) (21).

The content of TC was 15.12 mg kg-1 in OC, while TC was

not detected in LC and CC. The content of DC was 34.90 mg
Frontiers in Soil Science 07
kg-1 in OC, which is 691.38% higher than that in CC, and in

LC it is not detected. The OTC content was 399.08 mg kg-1 in
OC, which was 1536.24% and 44.24% higher than that in LC

and CC, respectively. CTC were not detected in any of the

treatments. The highest content of TCs (563.00 mg kg-1) was

observed in OC treatment, which exceeds the threshold of

ecological safety. The remaining three antibiotics in all the
FIGURE 4

Soil available nutrient content with the three different cultivation methods from 2002 to 2017.
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samples were<100 mg kg-1, which indicated lower potential

ecological risk.

Risk quotient (RQ) evaluates the ecological risk of pollutants

according to the ratio of the measured concentration to the

predicted ineffective concentration. RQ ≤ 0.1 was low risk,
Frontiers in Soil Science 08
0.1<RQ<1 was medium risk, and RQ≥1 was high risk (22).

The ecological risk of antibiotics residues in soil was assessed

with RQ in the three treatments. Both OTC and DC in the soil

reached high risk in OC and CC treatments, while TC and CTC

were medium risk or low risk in the three treatments (Table 1).
FIGURE 5

Total concentrations of soil heavy metal under different cultivation in 2002 and 2017. Lowercase letters indicate significant differences among
treatments in 2002, capital letters indicate significant differences among treatments in 2017.
TABLE 1 Soil antibiotic residues in different cultivation/mg kg-1.

Treatments Tetracycline RQ Doxycycline RQ Oxytetracycline RQ Chlortetracycline RQ
Mina Maxa Avea Min Max Ave Min Max Ave Min Max Ave

OC 12.24 20.59 15.12 0.03 NDb 55.80 34.90 6.20 139.88 563.00 399.08 6.61 ND ND NAb 0

LC ND ND NA 0 ND ND NA 0 ND 45.58 24.39 0.54 ND ND NA 0

CC ND ND NA 0 ND 13.22 4.41 1.47 ND 520.11 276.67 6.11 ND ND NA 0

bND is not detected, NA is not getting available data yet.
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3.2.3 Soil pesticide residues and ecological risk
assessment

Commonly used organophosphorus pesticides (OPPs) in

agriculture include dimethoate, chlorpyrifos, chlorfenvinphos,

and profenofos in China. The results showed that dimethoate

was detected with the highest content of 2.40 mg kg-1; while

chlorpyrifos, chlorfenvinphos and profenofos were not detected

in any soil samples (Table 2). The content of dimethoate in soil

was 1.97 mg kg-1 in the OC treatment, which was 688.00% and

169.86% higher than that in LC and CC, respectively. The results

showed that the residual amount of OPPs in organic cultivation

was the highest.

A probabilistic risk assessment method was used to evaluate

the risk of pesticide residues in soil. Since chlorpyrifos,

chlorfenvinphos and profenofos were not detected, the

probability risk assessment was only done for dimethoate. The

total risk quotient of CC, LC and OC were 0.10, 0.04 and 0.21,

respectively. The results showed that the ecological risk of OPPs

residues in the soil under organic cultivation was higher than

that in the other two treatments (Table 2).
3.3 Comprehensive evaluation

We found that organic cultivation had the highest soil fertility

but the highest environmental costs.In organic cultivation the

highest concentrations of heavy metals and antibiotics are

detected which brought high risks to the soil ecosystem.

Conventional cultivation had the lowest fertility and high

antibiotic residues. Low-input cultivation had intermediate soil

fertility and crop yield, high heavy metals, and lower antibiotic

residues (Figure 6).
4 Discussion

4.1 Organic cultivation benefits soil
fertility and crop yield

The impact of organic cultivation on crop yields is widely

argued. Several of meta-analysis has concluded that crop yield
Frontiers in Soil Science 09
under organic management were on average 19%~25% lower

than that under traditional management (23), and commercial

crop yields in the United States showed that the average yield

gap between organic and conventional management was 20%

(24). The environmental conditions are well-controlled in the

greenhouse; therefore the crop production is very different from

open field cultivation. For instance, higher temperatures in the

greenhouse have significantly increased the total biomass of

crop, leading to much higher nutrient demands from soils.

Additionally, water management, air humidity and light are

better controlled in greenhouses than in open air, providing a

more suitable environment for crop growth. Organic vegetable

production in greenhouse is characterized by high nutrient

demands within short growing periods. Hence, the organic

fertilizer in organic cultivation appears to be more easily

converted into soil organic matter (SOM) and available

nutrients in greenhouses. Due to the high cost of legume crop

rotation as the main source of external N, it is rarely used in
FIGURE 6

The comprehensive evaluation of soil fertility and soil
environmental quality in different cultivation.
TABLE 2 Soil pesticide residues in different cultivation/mg kg-1..

Dimethoate Chlorpyrifos Chlorfenvinphos Profenofos Total risk quotient
Treatments Min Max Ave Min Max Ave Min Max Ave Min Max Ave Ф

OC 1.46 2.40 1.97 ND ND NA ND ND NA ND ND NA 0.21

LC ND 0.75 0.25 ND ND NA ND ND NA ND ND NA 0.04

CC ND 2.20 0.73 ND ND NA ND ND NA ND ND NA 0.10

ND is not detected, NA is not getting available data yet.
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greenhouses. Therefore, farmers of those organic cultivation in

greenhouse prefer to applying large amounts of animal manure

and compost to increase vegetable yield. Our experiments

showed that the vegetable yield of organic management is

higher than that in low-input cultivation and conventional

cultivation in greenhouses. The large inputs of organic

fertilizer under organic cultivation in greenhouses not only

increased soil organic matter content, available nutrient

content, but also increased vegetable yield and yield stability.

One of the major benefits of organic cultivation to soil is to

increase SOC content, thus improving soil structure and soil

fertility. The content of SOM depends on the balance between

the input of organic material input and the output of organic

material by decomposition. Organic carbon content in soil

increased with increasing input of organic fertilizer in organic

system (7). Our result confirmed this conclusion. SOC content

in organic cultivation was 1.2 and 1.7 times higher than that in

the low-input and conventional system, respectively (Figure 3).

However, high temperature and humidity will intensify the

decomposition of SOM by affecting microbial activity and

enzyme activity, resulting in low SOM content in surface soil

in greenhouses (25). This may be related to the amount of

organic fertilizer applied in the greenhouse. When the input of

organic materials is lower than the output of organic materials, it

will reduce the content of SOM in greenhouses. The large

amount of organic fertilizer input in organic system not only

provided a large amount of organic matter to the soil, but also

promoted the mineralization of organic matter, thereby

increasing soil fertility and vegetable yield.
4.2 The impacts of organic cultivation on
soil environmental quality

The accumulations soil heavy metals, antibiotics and

pesticide residues are considered as the important soil

environmental qualities here and thoroughly discussed in the

following context.

4.2.1 Soil heavy metal accumulations
The sources of heavy metal accumulation in soils could be

from fertilizer input, irrigation water and atmospheric

depositions. Since all of those greenhouses were plastic shed,

the atmospheric deposition could be neglected. The water source

for irrigation was from ground water, which had very limited

contents of heavy metals due to their high stability in the soil

(26). Therefore, the major source of heavy metals was the

fertilizer inputs. Huang & Jin (27) reported that the

application of chemical fertilizers and organic manures lead to

high contents of Cd, Cu and Zn in the surface soil in the North

China Plain. The average concentration of Pb, Cu and Zn were

higher in greenhouse vegetable soils than those in open field soils
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in eastern China (28). Our results showed that all heavy metals

accumulated in organic, low-input and conventional cultivation

in greenhouse after 15 years. The accumulation of heavy metals

in organic cultivation is heavy and moderate accumulation,

while in low-input and conventional cultivation is moderate

and slight, indicating that there is a positive correlation between

the amount of organic fertilizer and the accumulated amounts of

heavy metals.

In organic and low-input cultivation, the inputs of fertilizers

were manure and its derived compost. The content of Cu、Zn、

Pb、Cd、Cr and As were 31.49 mg kg-1, 209.59 mg kg-1, 8.13

mg kg-1, 0.15 mg kg-1, 16.21 mg kg-1 and 5.10 mg kg-1 in organic

manure, respectively. Although the concentrations of these

heavy metals in manures are within standard range 《HJ 333-

2006 Environmental quality evaluation standard for farmland of

greenhouse vegetables production》(Table S8), their

concentrations in the soil continue to increase due to long-

term repeated application. The comprehensive accumulation

index (P) and potential ecological risk index (RI) of soil heavy

metals were the highest in organic cultivation, indicating that

heavy metal pollution is most serious. In the livestock

production industry, a large amount of metal is used in animal

feeding operations worldwide to treat animal diseases and

promote animal growth (29), which may end up in the manure.

The relatively high concentrations of heavy metals in animal

manures were mainly caused by a large number of feeding

additives, because of their similar properties to antibiotics and

antibacterial to promote animal growth (30). Zhang et al. (31)

found that the contents of Cu, Zn, Cr, and As in livestock and

poultry manures from typical farms in 7 provinces or

municipalities in China were in the range of 1017~1591,

7113~8710, 0~688 and 0.01~65.4 mg kg-1, respectively.

Ondoua (32) reported that the content of Cu and Zn in

digestates from co-digestion of pig and cow manure was high.

Due to the persistence of heavy metals, they accumulate in soils

and cannot be degraded. Ecotoxic response of heavy metals is an

important index for the evaluation of heavy metal pollution,

which is determined by speciation and influenced by soil

physical and chemical properties (33, 34). In addition,

application of organic waste and pig manure could increase

the content of bioavailable heavy metals in the soil (35), which

can enter human body through food and affect human health.

4.2.2 Soil antibiotics accumulation
The accumulation of antibiotics is becoming an

environmental problem and threaten human health in organic

vegetables production (36). However, their residue levels and

distribution in greenhouse organic vegetables are still unclear.

We found that the content of TC, DC and CTC were<100 mg kg-1

in all three treatments, while the content of OTC was >100 mg kg-1

in organic and conventional cultivation, and reached the highest

(563 mg kg-1) in organic cultivation. The content of TCs and the
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ecological risk of soil TCs were all highest in the organic

cultivation systems. This is mainly due to the extensive use of

organic fertilizers. Antibiotics are usually derived from organic

manure and compost. Tetracyclines are the most frequently

reported antibiotic residues and have the highest concentrations

in manure. Antibiotic residues were detected in most of the

manure, the concentration of oxytetracycline (416.8 mg kg-1)

was the highest in chicken manure, and the concentration of

ofloxacin (1334.5 mg kg-1) and ciprofloxacin (1717.4 mg kg-1) was

the highest in the rice husk compost (37).

In the livestock industry, a large number of antibiotics has

been applied to treat animal diseases and promote animal

growth every year (29). Collignon & Voss (38) reported that

animal husbandry used approximately 97,000 tons of antibiotics

in China. The content of chlortetracycline, oxytetracycline and

tetracycline in pig manure could be as high as 46 mg kg-1, 29 mg

kg-1 and 23 mg kg-1, respectively (39). Tetracyclines are

frequently found in soil as well. The application of organic

fertilizers with high residual of antibiotics could cause soil

ecosystem risks in greenhouses.

Controlling the source and composting process of organic

fertilizer is an effective way to reduce antibiotic residues. Ezzariai

et al. (40) reported that the process of composting could remove 17-

100% of antibiotic residues from sludge and manure. Antibiotic

residues were detected in the organic fertilizer even after high-

temperature composting process. The content of tetracycline、

doxycycline、oxytetracycline and chlortertracycline were 0.80 mg

kg-1, 3.34 mg kg-1, 0.05 mg kg-1 and 0.05 mg kg-1 in organic

fertilizer, respectively (Table S2). The concentration of

oxytetracycline in organic fertilizers was significantly lower than

that in soil, which was mainly because the samples were stored for

too long leading to degradation of antibiotics. Repeated application

of organic fertilizers with antibiotic residues will affect the soil

microbial community structure. Kahle & Stamm (41) reported that

long-term application of livestock manure could induce 70%

increase of antibiotic resistant strains, which has a negative

influence on soil biological environment and human health.

4.2.3 Soil pesticide accumulation
The substrates for the organic amendments used in organic

cultivation were mostly derived from animal manure and crop

residues produced in conventional systems. Therefore,

accumulation of pesticide residues in soils of organic

cultivation are possible. In the present study, the residual

amount of OPPs and the ecological risk of OPPs in organic

cultivation soils were the highest. Again, it was mainly from the

large amount of organic fertilizer application in organic

cultivation. The organic amendments were animal manure,

and the pesticide residues may come from the silage consumed

by the animals, and the manure after animal digestion of those

silage would contain undecomposed pesticides. Zhao et al. (42)

found that the organochlorine pesticide residues in fodder and
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manure were 25.35~65.62 ng g-1 and 33.46~90.89 ng g-1,

respectively, indicating that feeding is an important pathway

for pesticides to enter manure.

Composting is an important process to degrade

organophosphorus pesticide residues (43). Although anaerobic

digestates of organic fertilizer can degrade pesticides, and the

content of pesticides is within the standard, long-term application

can still bring environmental risks to the soil. In addition, researchers

arguethatsomeorganicpesticidesaremorehazardous thansynthetic

pesticides (44).Organic pesticides typically have low toxicity and low

persistence in the environment. However, some organic pesticides,

such as sulfur and rotenone, have a larger environmental impact

because of the higher doses and higher frequency of application

required, despite of their lower toxicity (45). It can be seen that the

types and the amounts of pesticides in organic fertilizer used for

organicagriculture shouldbestrictly controlled.Unfortunately, there

are no strong regulations for controlling pesticide residues in organic

fertilizers yet.
4.3 Implications and suggestions

Organic cultivation was considered as a double-edged sword,

which can not only improve soil quality (6), but may also cause

health risks to soil. The persistent organic pesticides were difficult to

be completely decomposed during composting process. Therefore,

many studies found that organic cultivation might carry significant

amount of pollutants to the soil due to residue accumulations from

the long-term application of organic manure, sludge and compost

(11, 12, 37). Thus, the impact of organic cultivation on soil depends

on the quantity and quality of the applied organic fertilizer. In order

to improve the quality of organic fertilizer, it is necessary to develop

strict quality management of composting material and

environment-friendly new organic composting technology. We

still face many challenges in developing high-quality organic

fertilizer. In the era of rapid global development, it requires active

adjustment of animal husbandry, agricultural production and

human lifestyle. At present, organic partial substitution or low

input cultivation could be a promising approach for the

development of sustainable agriculture.
5 Conclusion

Among the three agricultural systems, organic cultivation

significantly increased soil fertility and vegetable yields.

Compared with conventional cultivation, organic cultivation

increased SOC, alkali-hydrolyzed nitrogen, available

phosphorus and potassium by 72.25%-134.17%, 26.88%-

135.08%, 22.25% -210.12% and 4.37% -110.87%. Coupled with

the ecological risk assessments, we highlight the double-edged

sword effect that organic fertilizer has on soil qualities, causing
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both improvement of soil fertility and accumulation of heavy

metals, antibiotics and pesticide residues in soils under organic

farming practices. Particularly, after 15 years of organic

cultivation, Zn, Cd and Cr concentrations increased by

199.80%, 312.50% and 253.74%, respectively. In addition,

organic cultivation leads to the highest content of TCs (563 mg
kg-1) and dimethoate (2.40 mg kg-1). Considering both soil

fertility improvement and harmful residue accumulation

mechanisms will be beneficial for optimizing strategies of

organic farming management. Quantitative controls on the

amount and composition of the organic fertilizers need to be

implemented with caution before large scale of organic

cultivation can be applied.
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