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Heavy metals concentrations in
commercial organic fertilizers and
the potential risk of fertilization
into soils

Kunjie Su'*, Qingliang Zhang?*, Anjing Chen?, Xiaoqin Wang?, Lingling Zhan3, Qiang Rao?,
Jinxia Wang3" & Hongjun Yang'**

Inductively coupled plasma mass spectrometry (ICP-MS) was used to detect heavy metals in 74
typical and representative commercial organic fertilizers (COFs) collected in major COF production
areas in China. The potential risk of fertilization into soils was evaluated. The concentrations of heavy
metals (mg kg™?!) in these COFs were 1.55-36.95 (As), 0.04-2.32 (Hg), 1.43-78.05 (Pb), 0.15-7.49 (Cd),
11.03-212.90 (Cr), 7.74-555.11 (Cu), 21.46-2705.68 (Zn), and 5.62-244.47 (Ni), respectively. Based on
China’s Organic Fertilizer Standard (2021), COFs with excessive heavy metals accounted for 45.95%
(As), 1.35% (Hg), 2.70% (Pb), 8.11% (Cd), and 6.76% (Cr). According to the European Union standard
(2019), the rate of COFs with excessive heavy metals was 32.43% for Cu, 75.68% for Zn, and 85.14% for
Ni. Estimated by applying 3854 kg hectare™? (dry bass) of fertilizer per hectare per year, to guarantee
the safe use of organic fertilizer, the risk monitoring of Cd in soil should be emphasized. China should
formulate appropriate standards for the limits of Cu, Zn, and Ni in organic fertilizer as soon as possible
and should pay great attention to heavy metal pollution of soils.
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In crop cultivation, organic fertilizers can increase soil fertility, provide plant nutrients, and improve crop
quality'~*. Traditionally, animal manure and plant residues are directly used as organic fertilizers in agriculture.
In recent decades, however, a large quantity of waste from animal farms, food processing industries, edible
mushroom factories, city plant residues, etc. has been processed into commercial organic fertilizers (COF) in
China®®. More and more COFs appear in markets and are added to soils in crop cultivation. For example,
the market size of COFs has increased 17 times since 2014 and the economic output arrives at $150 billion in
China in 2022°. With the diversity of raw materials used for COF production, COFs may greatly vary in the
heavy metals content!®!!. Wei et al. (2019) found lower heavy metal concentrations in COFs from plant residues
than animal manure'?. Even if animal manure is used as raw material, COFs produced may also vary in both
concentration and type of heavy metals'®. Pig manure COFs often contain much higher Cu and Zn compared to
those produced from cattle and sheep mamure!.

Fertilizers are one of the important contributors to heavy metals in soils. The long-term use of COFs with
higher heavy metals in crop cultivation may produce a risk of accumulating heavy metals in soils and crops,
adversely influencing food security!>-!”. A ten-year experiment (2002-2011) showed that Cd accumulated in
the soil was increased by 13.6 times after applying the COF from cattle manure'®. Based on the long-term field
experiments severally conducted in Northeast and South China, the application of COFs produced from animal
manure for 17 years increased Cd by 18 folds and Cd concentration reached 1.1 mg kg™! soil after applying pig
manure COF". This concentration in the soil can make Cd in rice grains high enough to be harmful to human
bone tissues if consumed for a long time. Li et al. (2021) and Pan et al. (2013) reported a significant increase
in Cd, Cr, Cu, Zn, and As in the soil following consecutive use of chicken and pig manure COFs'>*. Another
long-term field experiment (> 160 years) in the UK found that the application of farmyard manure increased Cu
and Zn by approximately 60%, which could further contribute to excessive levels in crop grains and humans?!.
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It is worth pointing out that “China’s Organic Fertilizer Standard (NY/T 525-2021)” do not specify a lower
limit for Cu, Zn, and Ni in organic fertilizers. Thus, less attention has been paid to these three heavy metals
in COFs in China. In addition, few studies have been performed to understand heavy metals in COFs and to
evaluate the risk of applying COFs for the accumulation of heavy metals in soils. In the present experiment,
therefore, 74 typical and representative COFs made from different raw materials were collected in major crop-
growing areas in China. Then we analyzed heavy metals (including As, Hg, Pb, Cd, Cr, Cu, Zn, and Ni) using
inductively coupled plasma mass spectrometry (ICP-MS). Based on the nationwide collection and the analysis of
heavy metals, we evaluate the potential risk of applying these COFs in the accumulation of heavy metals in soils.

Materials and methods

Samples collection

Seventy-four samples of typical and representative COFs were collected from COF factories (production capacity
> 30,000 tons) in major COF production areas in 23 provinces/autonomous regions in China from August to
December 2023 (Fig. 1). The raw materials for producing these COFs included pig manure (9 samples), chicken
manure (8 samples), cattle manure (4 samples), sheep manure (10 samples), mixed animal manure (10 samples),
and plant source (33 samples).

Analysis of heavy metals concentration in COFs

The collected samples (2.5 kg per sample) were oven-dried at 105 °C, ground to pass through a 0.15 mm sieve,
and HNO,-HCIO, digested. Heavy metals in the digest solutions, including As, Hg, Pb, Cd, Cr, Cu, Zn, and
Ni, were determined by inductively coupled plasma mass spectrometry (ICP-MS: NexION1000G, PerkinElmer,
USA)?2. Three parallel samples were measured for each sample, and the arithmetic mean of the parallel samples
was taken as the result. The standard samples used for testing were GBW07428, obtained from the Institute of
Geophysical and Geochemical Exploration of China, the blank control was also set up.

Evaluation criteria and data analysis of heavy metals in COFs
All data obtained were subjected to comparison with a lower limit for heavy metals (i.e. As <15 mg kg,
Hg<2 mg kgl'!, Pb<50 mg kgl"!, Cd<3 mg kg, Cr<150 mg kgl!, Cu<70 mg kgl'!, Zn <200 mg kgl
Ni<25 mg kgl'!) in “Chinas National Organic Fertilizer standard” (NY/T525-2021) and European Union’s
standard (EU 2019/1009).

The over-standard rate of heavy metals in COFs was calculated by the number of COFs with excessive heavy
metals divided by the total number of COFs and was expressed as a percentage.

To evaluate the risk of heavy metal accumulation in soils, the rate of heavy metal accumulation in soils (R)
and the longest time for applying COFs containing heavy metals (T, : expressed as maximum years) were
calculated by (1), (2), and (3)*>**:

R = MxC/W M

In the Eq. (1), M=annual amounts of COFs applied (kg hectarel"!), application of dry organic fertilizer 3854 kg
hm!(-2, C=heavy metal concentration in COFs (mg kg['"), W = the mass of soil per hectare (kg hm!(-2).

W = A x h x p/1000 )

In the Eq. (2), A=the area of soil per hectare, 10*x 10,000 cm?. h=the thickness of the plow layer (0-20 cm),
p =soil capacity, 1.3 g cm!-3, 1000 = conversion factor of g into kg.

Tmax - (Csv - Cbu)/R (3)

In the Eq. (3), C_, = safe value of heavy metals in soils, the C__ for a given heavy metal is obtained from “China’s
soil pollution risk control standard for agricultural land” (GB 15618 —2018)%, and C,, = background value of
heavy metals in the soil*.

Data statistical analysis
The relevant data was collected by Excel 2010, and the statistical analysis of data was using SPSS19.0. The figures
were completed using Origin 8.0.

Results

General characteristics of heavy metals in COFs

The ranges of As, Hg, Pb, Cd, and Cr concentrations (mg kg[’l) in the 74 COFs samples were 1.55-36.95 (As),
0.04-2.32 (Hg), 1.43-78.05 (Pb), 0.15-7.49 (Cd), and 11.03-212.90 (Cr) (Fig. 2a-€). As in 34 COFs, Hg in 1
COEF, Pb in 2 COFs, Cd in 6 COF, and Cr in 5 COFs exceeded the lowest limits specified in “China’s National
Organic Fertilizer standard” (NY/T 525-2021). The over-standard rates of heavy metals in COFs were 45.95%
(As), 1.35% (Hg), 2.70% (Pb), 8.11% (Cd), and 6.76% (Cr). Cu concentrations in COFs (mg kg[’l) ranged from
7.74 to 555.11, Zn from 21.46 to 2705.68, and Ni from 5.62 to 244.47 (Fig. 2f-h). According to the European
Union standard for organic fertilizer (EU 2019/ 1009)%°, the over-standard rates of Cu, Zn, and Ni were 32.43%,
75.68%, and 85.14%, respectively.
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Fig. 1. Sampling distribution map.

Analysis of heavy metal concentrations in COFs produced from different raw materials

The heavy metal concentrations of COFs made from different raw materials are shown in Fig. 3; Table 1. Chicken
manure organic fertilizer had the highest As concentration, pig manure organic fertilizer had the lowest As
concentration and the rate of exceedance of the As concentration of organic fertilizers from different sources
was greater than 0%. The Hg concentration of organic fertilizers from different sources was below 2 mg kgl"!,
with only organic fertilizers of plant origin exceeding the standard for Hg. Sheep manure organic fertilizer and
mixed manure organic fertilizer had higher Pb concentrations, plant source organic fertilizer had the lowest Pb
concentration, and only mixed manure organic fertilizer and plant source organic fertilizer exceeded the Pb
standard. Plant-source organic fertilizer had the highest Cd concentration, chicken manure organic fertilizer
had the lowest Cd concentration, and with only cattle manure and plant-source organic fertilizers had Cd
exceedances. The Cr concentration of plant-sourced organic fertilizer was the highest, pig manure organic
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Fig. 2. Frequency distribution and accumulative frequency of heavy metal concentrations in commercial
organic fertilizers. (a) As concentration, (b) Hg concentration, (c) Pb concentration, (d) Cd concentration, (e)
Cr concentration, (f) Cu concentration, (g) Zn concentration, (h) Ni concentration. Range: the range of heavy
metal concentration, OSR: the over-standard rate of heavy metals in COFs.
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Fig. 3. Heavy metal concentrations of commercial organic fertilizers are produced from different raw
materials. PM: pig manure, CM: chicken manure, SM: sheep manure, CD: cattle manure, MD: mixed manure,
and PR: plant sources. The black dots in the box indicate the mean, the band near the center of the box
indicates the median, the top and bottom of the box indicate the upper (75%) and lower quartiles (25%), the
vertical line (whiskers) indicates the 1.5 quartile spacing between the upper and lower quartiles, the data
outside the whiskers are the outliers, and the red line represents concentrations of Cu, Zn, and Ni based on the
European Union standard.
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Pig manure COFs | Chicken manure | Sheep manure COFs | Cattle manure | Mixed manure | Plant source

Project (n=9) COFs (n=38) (n=10) COFs (n=4) COFs (n=10) | COFs (n=33)

Range (mg kg™!) 6.03-25.72 5.79-36.95 3.06-26.38 6.72-20.02 6.04-30.36 1.55-31.50
As Average (mg kg'l) 10.31+3.07 21.23+10.81 15.50 +8.42 12.54 +6.04 14.89+7.34 15.36+7.33

Coeflicient of variation (%) | 28.05 47.63 88.75 41.68 46.79 130.34

Over standard rate (%) 20 75 4444 25 30 51.52

Range (mg kg™!) 0.18-1.03 0.07-0.93 0.13-0.89 0.23-0.73 0.12-0.77 0.04-2.32
He Average (mg kg'l) 0.30+0.07 0.36+0.27 0.40+0.31 0.37+0.24 0.37+0.19 0.50+0.52

Coeflicient of variation (%) | 21.11 70.52 74.73 57.38 48.51 100.62

Over standard rate (%) 0 0 0 0 0 3.03

Range (mg kg™!) 6.42-47.61 12.47-29.55 7.44-36.40 9.23-22.57 5.96-64.36 1.43-78.05
b Average (mg kg'l) 19.87+10.38 20.96+5.81 24.89+14.07 18.59+6.27 24.13+18.52 17.38 £14.01

Coefficient of variation (%) | 49.27 25.94 53.61 29.21 72.81 79.37

Over standard rate (%) 0 0 0 0 10 3.03

Range (mg kg™!) 0.19-2.94 0.54-1.30 0.33-1.92 0.15-3.71 0.25-2.29 0.15-7.49

Average (mg kg™!) 1.794+0.98 0.85+0.28 1.04+0.64 1.32+1.62 1.13+0.81 2.12+3.15
cd Coefficient of variation (%) | 51.8 30.71 58.72 106.14 68.13 146.64

Over standard rate (%) 0 0 0 25 0 15.15

Range (mg kg™!) 23.73-136.67 25.17-89.55 12.87-103.21 32.40-102.39 24.11-98.90 11.03-212.90
o Average (mg kg!) 44.53+19.31 60.99+19.48 56.85+37.76 53.25+32.96 54.72+24.56 82.61+57.48

Coefficient of variation (%) | 40.88 29.88 63 53.6 42.59 68.52

Over standard rate (%) 0 0 0 0 0 15.15

Range (mg kg™') 35.88-150.36 27.70-171.35 20.44-151.36 23.84-255.84 19.39-166.42 7.74-555.11
Cu Average (mg kg'!) 104.97 +33.23 60.60 +46.64 67.97 +46.88 95.75+107.78 | 78.74+53.16 72.70+105.13

Coefficient of variation (%) | 29.85 72 65.44 97.49 64.05 142.39

Over standard rate (%) 90 12.5 11.11 25 30 12.12

Range (mg kg'l) 248.791313.33 169.41-1897.49 123.99-982.62 151.83-683.56 | 91.08-2484.54 21.46-2705.68
7n Average (mg kg'!) 839.03+276.03 598.20+584.82 65.23 +348.50 408.13+£223.50 | 672.96 +£687.08 | 493.77 +£629.24

Coefficient of variation (%) | 31.02 91.45 58.49 47.43 96.86 125.49

Over standard rate (%) 90 100 77.78 75 90 63.64

Range (mg kg'l) 11.70-244.47 25.11-65.83 16.65-81.18 14.73-40.70 16.63-40.52 5.62-79.72
Ni Average (mg kg‘l) 40.30+26.83 39.17+13.55 61.18+66.63 29.56+10.97 30.06+8.67 38.45+17.99

Coefficient of variation (%) | 62.77 32.35 103.32 32.13 27.36 46.07

Over standard rate (%) 90 100 88.89 75 80 81.82

Table 1. Heavy metal concentrations in commercial organic fertilizers.

fertilizer was the lowest, with only cattle manure organic fertilizer and plant sourced organic fertilizer had Cr
exceeding the standard. Plant-source organic fertilizer had the highest concentration of Cu and Zn, chicken
manure organic fertilizer showed the lowest concentration of Cu, sheep manure organic fertilizer showed the
highest concentration of Ni, cattle manure organic fertilizer showed the lowest concentrations of Zn and Ni, and
the over-standard rate of heavy metals in COFs made from different sources were all > 0%.

Correlation analysis of heavy metals in different types of COFs

There was a correlation between the heavy metal concentrations of COFs from different sources (Fig. 4).
There was a significant correlation between As and Hg, Cr, and also between Hg and Pb in the heavy metal
concentrations of COF made from chicken manure. In the heavy metal concentrations of commercial organic
fertilizer made from pig manure, Hg was significantly correlated with Pb and Cd, Pb was significantly correlated
with Cd and Cr, and Zn was significantly correlated with Ni. The Cd was significantly positively correlated with
Cuand Zn, Cu and Zn were significantly positively correlated, and Cr was significantly negatively correlated with
Ni and As in cattle manure organic fertilizer. In the heavy metal concentrations of commercial manure organic
fertilizer made from sheep, several heavy metals were significantly correlated. In the heavy metal concentrations
of commercial organic fertilizer made from mixed animal manure, As and Cr were significantly correlated with
Ni, Hg, and Zn were significantly correlated, Pb was significantly correlated with Cu and Zn with Ni, Cd was
correlated with Cu and Ni, Cr was significantly correlated with Ni and Zn was significantly correlated with Ni. In
the heavy metal concentrations of commercial organic fertilizer made from plant materials, As was significantly
correlated with Hg, Cd, Cr, Cu, and Ni, Pb was significantly correlated with Cu and Zn, Cd was significantly
correlated with Cu and Zn, Cr was significantly correlated with Cu and Ni, and Cu was significantly correlated
with Zn and Ni.
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Fig. 4. Correlation analysis of different heavy metal concentrations in commercial organic fertilizers from
different sources.

Accumulation rate and cumulative risk of heavy metals in soils fertilized with different types
of COFs

The rate of soil heavy metal accumulation varied according to the application of different types of COFs (Table 2).
The application of chicken manure fertilizer will result in the highest accumulation rates of As in the soil; the
application of pig manure organic fertilizer will result in the highest accumulation rates of Pb, Cu, Zn, and Ni;
the application of pig manure source COFs and plant source COFs resulted in the highest accumulation rates of
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Samples As Hg |Pb Cd |Cr Cu Zn Ni
Chicken manure source COFs (n=8) | 0.036 | 0.001 | 0.035 | 0.001 |0.102 | 0.102 | 1.002 | 0.066
Pig manure source COFs (n=10) 0.02 |0.001 | 0.038 | 0.003 | 0.09 |0.183 | 1.457 |0.102

Sheep manure source COFs (n=9) 0.024 | 0.001 | 0.037 | 0.002 | 0.08 | 0.099 | 0.839 | 0.068
Cattle manure source COFs (n=4) 0.021 | 0.001 | 0.031 | 0.002 | 0.089 | 0.16 | 0.684 | 0.05
Mixed manner source COFs(n=10) | 0.025 | 0.001 | 0.04 | 0.002 | 0.092 |0.132 | 1.128 | 0.05
Plant source COFs(n=33) 0.026 | 0.001 | 0.029 | 0.003 | 0.138 | 0.122 | 0.827 | 0.064

Table 2. The accumulation rate of heavy metals in the soil after application of different types of commercial
organic fertilizers / mg-(kg-a)™.

Samples As |Hg |Pb |Cd|Cr |Cu |Zn |Ni
Chicken manure source COFs (n=8) | 543 | 3781 | 2503 | 42 | 1348 | 706 | 166 | 1094

Pig manure source COFs (n=10) 972 | 3601 | 2317 | 20 | 1530 | 391 | 114 | 706

Sheep manure source COFs (n=9) 802 | 4137 | 2345 | 40 | 1714 | 728 | 199 | 1050

Cattle manure source COFs (n=4) 918 | 3695 | 2822 | 27 | 1544 | 447 | 244 | 1450

Mixed manner source COFs (n=10) | 774 | 3675 | 2174 | 32 | 1503 | 543 | 148 | 1426
Plant source COFs(n=33) 750 | 2688 | 3018 | 20 995 | 589 | 201 | 1114

Table 3. Maximum years of application of different types of commercial organic fertilizers.

Cd in the soil. The application of plant manure source COFs will result in the highest accumulation rates of Cr in
the soil. The application of organic fertilizers from different sources resulted in the same soil Hg accumulation.

The current background values of each heavy metal element in the soil were used as the soil heavy metal basal
concentration?!. The longest years of continuous application with the same organic fertilizer were determined
and the results are shown in Table 3. The risk of soil Cd exceedance is the greatest with continuous application
to COFs with different raw materials, and the maximum application period is less than 50 years, among which
the lowest period of soil Cd exceedance was 20 years for plant source COFs and pig manure source COFs.
Continuous application of plant source COFs and pig manure source COFs for 20 years may result in Cd
concentrations in soil exceeding the risk limit values. Similarly, the application of chicken manure source COFs
for 42 years, sheep manure source COFs for 40 years, cattle manure source COFs for 27 years, and mixed manner
source COFs for 32 years may result in soil Cd concentration above acceptable risk values.

Discussion

Analysis of heavy metal concentration in COFs

In recent years, the heavy metal content of organic fertilizers in China has been of great concern, and exceedance
of the standard still exists. According to the China Organic Fertilizer Standard, Yang et al. (2017) found that
13.70%, 4.20%, 2.40% and 1.40% of the samples exceeded the standard limits for four heavy metals in COFs2,
after a 3-year tracking study of the heavy metal concentration of organic fertilizers in China, Yi et al. (2018)
found that the heavy metal As had the highest frequency of exceeding the standard and Hg had the lowest?’.
The study revealed that the exceedance rates of As, Hg, Pb, Cd, and Cr in organic fertilizers were 45.95%, 1.35%,
2.70%, 8.11%, and 6.76%, respectively. According to the European Union’s standard (EU 2019/1009), China’s
COFs with high exceedance rates of Cu, Zn and Ni, the maximum concentration of Cu reached 555.11 mg
kg!"!, while Zn reached 2705.68 mg kgl! and Ni reached 244.47 mg kg!"!. At present, China does not limit
these three elements, the European Union’s organic standard limit value is the most stringent, and according to
the U.S. organic fertilizer standard (AAPFCO Product Label Guide 2019), these three heavy metals exceeded
the rate greatly reduced, which can be seen in different countries and regions, there are large differences in
standards. These three elements should be followed up in future research and should be considered in the future
development of heavy metal limits for organic fertilizers in China.

Organic fertilizer sources influence heavy metal concentrations in COFs

China’s commercial organic fertilizers are mainly produced by plant residues, organic waste, and animal
manure as the main raw materials. Due to the variety of raw materials for organic fertilizers, the heavy metal
concentration varies greatly in organic fertilizers produced from different raw materials. This study showed that
there were exceedances of As in different types of organic fertilizer samples, among, which in organic fertilizers
of animal origin, there were exceedances of Cd in organic fertilizers of cattle manure and exceedances of Pb
in organic fertilizers of mixed manure. Due to the complexity of the sources of these common heavy metal
elements in organic fertilizers, it is necessary to ensure the quality and safety of organic fertilizer products by first
understanding the possible sources of the heavy metal elements in them. As a feed additive inhibits pathogenic
microorganisms, promotes animal growth, and improves the appearance and color of livestock products, this
indicates a problem with arsenic addition to some of the feeds from different livestock?>?”. A study has shown
that Cd, Pb, and Hg in organic fertilizers mainly originate from organic fertilizer raw materials or production
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and processing additives or the production environment?3, but in this study, the concentrations of these three
heavy metals were low, probably because of livestock and poultry manure farming in China, and the organic
fertilizer production process is becoming increasingly standardized. The Cr concentration in this study was low
and only existed in the organic fertilizer of seaweeds of plant origin, which may be caused by the enrichment of
Cr by seaweeds and needs to be further investigated.

Cu and Zn are the essential trace elements for crops. Crops do not require high amounts of Cu and Zn, but
they are essential for crop growth and development, and excessive amounts of Cu and Zn can damage the crops,
or even cause excessive levels in crop products, posing a threat to human health. Some studies have shown
that Cu and Zn are essential nutrients for livestock growth and are often added to feed to promote growth and
development. In this study, the exceedance rate of Cu and Zn in pig manure organic fertilizer was greater than
that in organic fertilizer from other raw materials, probably because more Cu and Zn were added to pig feeds
than to other feeds. Ni is often used as a feed additive in chicken rearing and is contained in the feed itself, which
is the main cause of Ni contamination in organic fertilizers?. Hence the monitoring of heavy metals in different
types of organic fertilizers should be increased.

Risk of heavy metal contamination of soil due to large-scale and long-term application of
commercial organic fertilizers

The long-term application of organic fertilizers containing heavy metals can lead to the accumulation of heavy
metals in farmland soil, which will ultimately contaminate agricultural products**-33. The safe application period
for organic fertilizers varies depending on the type of fertilizer and the accumulation rates of various heavy
metals in the soil. In this study, different types of COFs contained Cd, Pb, Cr, Hg, and As with low overall
concentrations, and Cu, Zn, and Ni with generally high concentrations. The risk of safe use of As, Hg, Pb, Cr,
and Ni was determined to be relatively low based on the annual application of 3854 kg hm[? (dry weight) of
fertilizers. In contrast, the risk of safe use of Cd, Cu, and Zn was identified as relatively high. It is therefore
imperative to ensure the safe promotion and use of organic fertilizers, with particular attention paid to the
monitoring of Cd in soil. Furthermore, the formulation of limited standards for Cu, Zn, and Ni in organic
fertilizers should be prioritized, with the aim of reducing the pollution of heavy metals in organic fertilizers.

Conclusion

(1) In this study, the exceedance rates of As, Hg, Pb, Cd, and Cr in organic fertilizers ranged from 1.35 to 45.95%.
As exhibited the highest exceedance rate (45.95%), while Hg demonstrated the lowest (1.35%). By the European
Union standard, the over-standard rate of Cu was 32.43%, 75.68% for Zn, and 85.14% for Ni.

(2) According to the Chinese Organic Fertilizer Standard, the As concentrations of organic fertilizers made
from different raw materials have exceeded the national standard. The heavy metals concentrations of organic
fertilizers made from different sources had exceeded the standard of Cu, Zn, and Ni.

(3) The application of organic fertilizer from different raw materials has the greatest risk of exceeding Cd
in soil, and the maximum application period is below 50 years. Specifically, plant-based and pig manure-based
fertilizers have the shortest safe application periods, with Cd levels exceeding safety thresholds after 20 years. It
is crucial to prioritize monitoring of Cd levels in soil, and we should also pay increased attention to monitoring
levels of Cu and Zn.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding authors on
reasonable request.
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