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Abstract

Soil contamination by potentially toxic elements (PTEs) from fertilizers represents a major
issue threatening agricultural sustainability and global food security. This work conducted
a bibliometric analysis and a meta-analysis on the occurrence of As, Cd, Cr, Cu, Pb, Zn, Nj,
Co, Mn, Hg, and Fe in fertilizers and their implications for soil biota through risk assessment.
The database used was Web of Science, and R software version 4.3.2 (bibliometrix and
metafor packages) was utilized to perform bibliometric analyses (1116 documents) and
meta-analysis with a five-year filter (548 articles). A total of 45 articles met all the inclusion
criteria for the meta-analysis. The risk assessment was based on a quotient risk approach,
considering high and low fertilizer application rates, as well as the average and maximum
reported metal concentrations. Legal limits were surpassed for Cd in phosphate rock; for
Cd, Cu, Cr, and Zn in manure; and for Cd and As in compost. Overall, organic sources
presented a higher risk than mineral ones, with major risks related to mid- to long-term
applications. These findings highlight the urgent need for strict regulation of contaminants
in fertilizers and technical legislation grounded on ecotoxicological data to preserve soil
quality and promote agricultural sustainability.

Keywords: agricultural waste; inorganic contaminants; risk quotient; soil organisms

1. Introduction

Soil pollution by potentially toxic elements (PTEs) represents a major environmental
issue, with 14 to 17% of the global agricultural area affected by metal pollution and up to
1.4 billion people living in high-risk areas [1]. Global evidence shows that agricultural soils
can have high concentrations of metals [2,3], representing a major challenge for sustainable
development and food security, especially in developing countries [4,5]. Furthermore, this
scenario is likely to worsen in the coming decades due to the projected population growth
to 9.4-10.1 billion by 2050 and the consequent increase in food demand [6,7] and, thus,
fertilizer application [8,9].

The expression “potentially toxic element(s)” encompasses metals and metalloids that
may be considered harmful to biota, depending on the level of exposure, the dose, and
the receiving organism or population [10,11]. The PTEs can be classified as essential or
non-essential [12]. Essential PTEs, such as zinc (Zn), copper (Cu), and iron (Fe), play a vital
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role in various physiological processes [13]. On the other hand, non-essential PTEs, such as
arsenic (As), cadmium (Cd), and mercury (Hg), do not have known biological functions
and can be toxic and carcinogenic, even at low concentrations [14].

The origin of these elements can be natural, for example, through the weathering of
igneous and sedimentary rocks [15]. However, previous evidence shows that anthropogenic
sources are usually more relevant to explain their environmental occurrence [16]. Major
anthropogenic sources are represented by mining and metal casting [17,18], reuse of sewage
sludge [19-21], chemical manufacturing [16], use of pesticides [22] and application of
mineral [23] and organic fertilizers in agriculture [19,24]. Anthropogenic metal input can
lead to contamination, when the metal concentration is higher than its natural occurrence,
or to pollution, when the concentration is related to negative effects [25].

Mineral fertilizers, especially phosphate fertilizers, can contain impurities in the form
of PTEs, such as arsenic (As), lead (Pb), mercury (Hg), nickel (Ni), and especially cadmium
(Cd), caused by insufficient purification in the manufacturing process [26,27]. Organic
fertilizers may also contain PTEs in their composition, depending on their origin and degree
of transformation [16,28,29]. Once introduced into the soil, due to their high persistence
and toxicity, PTEs can negatively affect soil quality [10,14,30], which, in turn, can harm
agricultural productivity, fauna and flora, ultimately threatening human health [31,32].
Several studies evaluated the ecotoxicological risks associated with soil application of
mineral and organic fertilizers, evidencing the accumulation of metals in the soil [33], the
contamination of plants and food, and human health risks [34].

Bibliometric analysis is a quantitative method for evaluating the relationships and
impacts of countries, institutions, publications, and authors in a specific field, as well as
determining research trends, using mathematical and statistical tools [35]. In turn, meta-
analysis aims to fill gaps between traditional literature reviews and quantitative analyses,
allowing quantitative comparisons based on the results of a set of studies [24]. Given the
global relevance of PTEs in fertilizers and the vast amount of scientific production already
available, bibliometrics and meta-analysis are useful tools to systematize and synthesize
the existing knowledge.

There are bibliometric analyses exploring the development of fertilizers [36] and the
application of organic amendments and biofertilizers in agriculture [37,38]. Similarly, there
are meta-analyses on Cd accumulation in soils and plants through manure application [24]
and on PTEs in soil amendments and fertilizers [39]. However, the present study is the
first to integrate both approaches: a bibliometric analysis to identify research trends and
gaps regarding the occurrence of PTEs in organic and mineral fertilizers, coupled with a
meta-analysis to quantify the concentrations of multiple PTEs across a range of organic and
mineral fertilizers. In addition, risk assessments for soil organisms were carried out using a
risk quotient (RQ) approach with simulations considering contrasting scenarios of fertilizer
rates (low and high) and PTE concentrations (average and maximum).

2. Materials and Methods
2.1. Data Collection and Processing
The Web of Science-Core Collection database (Clarivate Analytics/Thomson Reuters)

was used, where a search was applied in the field “Topic” as follows: (“heavy metals”
OR “heavy metal” OR “potentially toxic elements” OR “toxic metals”) AND (“contamina-
tion” OR “presence” OR “contaminated”) AND (“poultry litter” OR “poultry manure” OR
“chicken manure” OR “pig slurry” OR “swine manure” OR “animal waste” OR “agricul-
tural waste” OR “mineral fertilizer” OR “organic fertilizer” OR “phosphate fertilizer” OR
“organo-mineral fertilizer” OR “limestone” OR “stone meal” OR “soil remineralizer” OR

“rock dust” OR “rock flour” OR “vinasse” OR “stillage” OR “filter cake”) NOT (“drinking
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water” OR “marine” OR “aquatic” OR “animal experiment”). Articles published in English
before 2025 were filtered, returning 1185 results.

For data screening, the open access web interface bibliometrix was used, known as
biblioshiny, from R software, Vienna, Austria, version 4.3.2 [40,41]. The bibtex files were
imported into the shiny environment, filtering the period before 2025 and the publication
type “article”, returning a total of 1116 results. The processes and categories for including
and excluding documents are detailed in the PRISMA diagram in Figure S1 [42].

2.2. Bibliometric Analysis and Visualization

Articles were imported into R software using the bibliometrix package for bibliometric
analysis, using biblioshiny. Complementarily, the following packages were used: ggplot2,
dplyr, extrafont, igraph, maps, mapsdata, and openxlsx [41]. The following bibliometric
analyses were performed: annual article production; most productive authors, institutions,
affiliations, and countries; conceptual structure analysis using multiple correspondence
analysis (MCA) through keywords plus; and a thematic map from keywords plus. The
author keywords and plus keywords were extracted from the database generated by Web
of Science. The plus keywords are words that frequently appear in the reference titles of an
article but do not appear in the article title itself.

2.3. Data Sources and Collecting for Meta-Analysis

For meta-analysis, a five-year filter (2020-2024) was used on the 1116 articles retrieved
from the bibliometric analysis, resulting in 548 articles. Articles that did not evaluate PTEs,
were reviews of other studies, or did not present standard deviation or standard error were
all excluded. In addition, articles solely presenting data on PTE concentration in soil or
plant tissue were excluded.

Of the 548 articles analyzed, only 45 articles fully met the meta-analysis requirements:
presenting mean, standard deviation, and sample size. Standard error data were converted
to standard deviation. For articles where the sample size was not described, three repeti-
tions were adopted as a standard. Overall, 35% of the data had n imputed as three. The
choice of triplicate as a standard was based on a commitment to data accuracy [43], in
addition to being the most frequently reported n value among studies with non-imputed n
(accounting for 67% of the data). From all references included in the meta-analysis (45 arti-
cles), data on a total of 115 sources were compiled (a single article may have information
on more than one source).

Due to the high variability in the physicochemical composition of the different sources
of organic and mineral fertilizers, the random effects model was chosen, with a one-arm
forest plot (without a control). The data were categorized into subgroups that mainly reflect
their origin, detailed further below. This model assumes that, due to the heterogeneity
among studies, the true effect may vary from study to study [44]. Therefore, we recognize
that the variability among diets and sources (e.g., type of animal, raw materials, and pro-
duction patterns) produces high I?> and 2 values (Table S4). Nevertheless, our assumptions
are adequate for the purposes of this work, provided they are interpreted with caution in
light of their limitations.

The composition of organic sources is directly related to the type of animal (i.e., species,
weight, growth stage, sex, age, and cultivation purpose), the plant material (in the case of
organic compost, chicken litter and others), the environment and the sampling procedures.
Therefore, manures were grouped according to the type of animal (cattle manure, swine
manure, chicken manure), while the composts (mix of animal waste + plant residue) were
grouped into a single category. Sewage sludge was a separate category, including different
types of municipal solid organic waste. Any residue from the industrial processing of plant,
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animal, or similar products was categorized as industrial waste. For mineral fertilizers,
the same pattern was followed, grouping together items of similar composition. Soil
conditioners without a detailed description of their composition (e.g., gypsum or limestone)
were grouped into the same category.

2.4. Statistical and Ecotoxicological Risk Analysis

GraphPad, Boston, MA, USA version 9.0 [45] was used to compare the concentrations
of Cd, Cu, Ni, Cr, As, Pb, and Zn between mineral and organic sources, with an unpaired
t-test with Welch correction, at 5% significance level. Soil conditioners and industrial waste
were not included due to a lack of a clear identification of their origin as organic or mineral.

The predicted environmental concentration of PTEs (PEC) in soil was estimated
by considering a soil layer of 0.2 m and a bulk density of 1500 kg/m3, using the av-
erage concentration (most likely scenario) and the maximum concentration (worst-case
scenario) of each metal (M) and the applied dose (D). The concentration was obtained
according to Equation (1):

PEC = (D x M)/(3 x 10°) (1)

Ecotoxicological risk analysis to soil organisms was performed using the risk quotient
approach (RQ), considering predicted no-effect concentration (PNEC) data, a protective
value for soil biota and the terrestrial ecosystem. The metals evaluated and their respective
PNEC values (mg/kg) were: As (0.86), Cd (0.21), Cr (1.57), Pb (3.05), Hg (0.16), Cu (13.1),
and Zn (38.3). The PNEC values were estimated from the hazardous concentration for
5% of the species (HC5), calculated using species sensitivity distribution (SSD) curves,
according to the following references: Xu et al., 2019; Wang et al., 2015; Wang et al., 2018;
and Wan et al., 2020 [46—49].

RQ was used to assess the ecotoxicological risk, representing the ratio between the
PEC and the PNEC, according to Equation (2):

RQ = PEC/PNEC 2)

RQ is a robust approach for assessing ecotoxicological risk and is widely used in
environmental studies [50,51]. RQ was interpreted according to Bhandari et al. (2021) [52],
with the following classes: no risk (RQ < 0.01), low risk (0.01 < RQ < 0.1), moderate risk
(0.1 < RQ < 1) and high risk (RQ > 1). To estimate the years to achieve the PNEC (Y),
Equation (3) was used:

Y = PNEC/PEC 3)

Reference fertilizer doses from studies conducted on maize crops in soils with low
natural fertility were used [53-58]. The lowest and highest doses presented in the studies
were used to establish the risk analysis scenarios. A unique annual application of each
fertilizer was considered to estimate the application limit, with exceptions for limestone
and silicon fertilizer, with applications every 4 and 2 years, respectively. The following low
and high doses were considered for the risk analysis: manure, compost and sewage sludge
(5 and 20 t/ha); phosphate fertilizer (133 and 667 kg/ha); phosphate rock (150 and
750 kg/ha); potassium fertilizer (150 and 400 kg/ha); nitrogen fertilizer (333 and
1000 kg /ha); silicon fertilizer (0.88 and 1.32 t/ha); and limestone (0.75—4 t/ha). Four con-
trasting scenarios were considered: average metal concentration with a low fertilizer dose
(Most likely-Low), average metal concentration with a high fertilizer dose (Most likely-
High), maximum metal concentration with a low fertilizer dose (Worst-case-Low), and max-
imum metal concentration with a high fertilizer dose (Worst-case-High). Tables S1 and S2
provide more details on the values and methodologies for deriving the PNEC and on the
fertilizer doses used.
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It is important to highlight that several uncertainty factors need to be considered in
this risk analysis. Among them, the following stand out: (i) the limitation and focus of
ecotoxicological data on subtropical climates and organisms; (ii) the physical-chemical
and biological variability of soils, including contrasting natural concentrations of PTEs;
(iii) other pathways of PTE inputs besides fertilizer application (e.g., atmospheric depo-
sition and pesticide use); (iv) outputs (e.g., leaching, surface runoff, and absorption by
agricultural crops), which might slow down soil metal accumulation; and (v) the hetero-
geneity of methods for PTE quantification between countries, in which the results cannot
always be directly compared. These uncertainty factors can all lead to overestimations
in risk analyses.

2.5. Reference Values for PTEs in Fertilizers

Allowed values for PTEs in fertilizers were compared against the following regulations:
EU 2019/1009 [59], Brazilian IN SDA N° 27/2006 (as amended by IN SDA N° 7/2016) [60],
California Code of Regulations (3 CCR § 2302) [61], and the limit values from US EPA
40 C.ER. Part 503 [62]. The more restrictive limits of the US EPA regulation were used as a
ceiling for processed organic fertilizers [63,64]. For sewage sludge, the criteria were based
on EU Directive 86/278/EEC [65], US EPA-40 C.ER. Part 503 [62], and Brazilian CONAMA
Resolution N° 498 /2020 [66].

European legislation was chosen due to its restrictive nature, while U.S. and Brazilian
legislations were selected because they represent major global agricultural players with
high fertilizer consumption [67,68]. Chinese legislation (NY/T 525-2021) for organic fertil-
izers [69] was used in the specific case of total Cr, since European and Brazilian legislation
only include Cr (VI), while U.S. legislation does not include Cr in its regulation. The legal
limit values adopted by European, Brazilian, and U.S. legislation are presented in Table S3.

3. Results
3.1. Bibliometric Review on PTE Sources

Between 1982 and 2024, there was an annual growth rate of 11.89% in the number of
publications (Figure 1). A total of 4728 authors contributed to the 1116 documents, resulting
in an average of 4.24 authors per document, 29.45 citations per document, and 28.49% rate
of international co-authorship. A total of 3008 author keywords and 2376 keyword plus
were generated. The average age of the analyzed documents is 7.52 years since publication,
with an average of 3.41 citations per year.

120

105

ANNUAL GROWTH RATE (%): 11.89
90

75

60

ARTICLES

45
30

15

1 980‘ 1990 2000 2010 2020

0

Figure 1. Annual production of articles on potentially toxic elements in mineral and organic fertilizers
between 1984 and 2024.
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The ten most productive authors were: Li Y (n = 30), Chen Y (n = 29), Zhang Y
(n=25), Wang X (n =23), LiH (n = 22), Wang Y (n = 21), Wang L (n = 20), Wang ] (n = 19),
LiuY (n =19) and Liu X (n = 19), all from China. The most productive institutions were:
Zhejiang University (n = 58), Sun Yat-sen University (n = 43), Institute of Soil Science from
Chinese Academy of Sciences (n = 42), Federal University of Santa Maria (n = 40), and
Nanjing Agricultural University (n = 32). Globally, the top five publishing countries were:
China (n = 388), Brazil (n = 65), USA (n = 60), Spain (n = 57), and India (n = 46) (Figure 2).
Of these publications, China stands out for its extensive collaboration with other countries,
with 86 publications, followed by Pakistan (26) and Brazil (14).

ARTICLES

300
200

100

=50

—-100 0 100 200
long

Figure 2. Global scientific production on potentially toxic elements in mineral and organic fertilizers
between 1982 and 2024. The color scale corresponds to the number of articles published per region;
gray areas indicate regions with no data available.

The three articles most cited were: “Biochar reduces the bioavailability and phyto-
toxicity of heavy metals” by Park et al. (2011) [70], with 879 citations; “Immobilization
of Heavy Metal Ions (Cull, Cdll, Nill, and Pbll) by Broiler Litter-Derived Biochars in
Water and Soil” by Uchimiya et al. (2010) [71], with 589 citations; and “Biochar applica-
tion for the remediation of heavy metal polluted land: A review of in situ field trials” by
O’Connor et al. (2018) [72], with 450 citations. It is important to note that these articles do
not address the input of metals into the soil, focusing on remediation aspects.

The conceptual structure of the keywords plus (Figure 3), that is, those generated by
the database according to the cited references, produced five thematic clusters (number
of terms = 50; number of documents = 50). The most cited articles are found in the blue
and ochre clusters (Figure 3). The blue cluster has the following key terms: biochar, heavy
metal, soil, agricultural soil, pig slurry, plants, and phytoremediation. The central region
of Figure 3 presents terms such as sewage sludge, compost, manure, accumulation, zinc,
copper, toxicity, and trace elements. The ochre cluster has the following delimiting terms:
waste, sorption, adsorption, removal, wastewater, water, biomass, and carbon, with the
term “mechanisms” more centrally located.

The thematic map (Figure 4) shows the formation of two specialized groups
(1: aqueous-solution; activated carbon; aqueous-solutions; biosorption; ions; and 2: swine
manure; anaerobic-digestion; bacterial community; fate; microbial community); an emerg-
ing or declining group (contamination; pollution; sediments; risk-assessment; China); a
driving group (cadmium; accumulation; lead; remediation; zinc); and two basic groups
(1: adsorption; removal; water; sorption; wastewater; and 2: heavy-metals; copper; waste;
mechanisms; biomass).
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Conceptual Structure Map - method: MCA

Dim 2 (11.2%)

-1 0 1 2 3
Dim 1 (34.48%)
Figure 3. Conceptual structure based on keywords plus of articles on potentially toxic elements in
mineral and organic fertilizers published between 1982 and 2024. The keywords are grouped into
thematic clusters represented by distinct colors.
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Figure 4. Thematic map based on keywords plus articles published between 1982 and 2024 on
potentially toxic elements in mineral and organic fertilizers. The quadrants show the developmental
degree and relevance of each topic.

The relationship between these fields and the main research themes, the countries,
and the journals is presented in Figure 5. Based on the author keywords, it is possible to
observe that heavy metals, cadmium, biochar, soil, and bioavailability are the main research
drivers, with the largest contributions coming from China, Pakistan, USA, and Brazil. The
major publishing journals were “Science of the Total Environment”, “Chemosphere”, and
“Environmental Science and Pollution Research”.

3.2. Meta-Analysis

The results evidenced a high heterogeneity and variance of the PTE concentrations in
the different fertilizers, as indicated by high values of I? (above 75%), Q, and T2 (Table S4).
A high heterogeneity was expected due to the fertilizers” distinct origins and relevant
variations in several factors, such as physicochemical composition, management patterns,
edaphoclimatic conditions, as well as production processes [73]. Thus, the means and
confidence intervals (Figures 6 and 7) were described by the random effects model, which
incorporates part of the variance between studies [44].
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Figure 5. Three-field map (Sankey Diagram) based on the most relevant author keywords (DE),
country (AU_CO), and journal (SO) in articles published between 1982 and 2024 on potentially toxic
elements in mineral and organic fertilizers.
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Figure 6. Average concentrations of potentially toxic elements (mg/kg) found in mineral and organic
fertilizers and their confidence intervals (95%). The circle size represents the sample size (N) of each
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https://doi.org/10.3390/land 15081377


https://doi.org/10.3390/land15081377

Land 2026, 15, 1377

9 of 26

Manganese (mg/kg) Iron (mg/kg)
Catlle Manure | 1 -@ Cattle Manure | —@
Chicken Manure { 1——@ n Chicken Manure T o n
8 Compost{ 1—@ e 10 8 Compost ' ° e 10
€ Ind 4 ® 20 2 J ® 20
S Industrial Waste{ ¢ 5 Industrial Waste T .
3 Limestone{ '« @ 3 Limestone ' @
@ ' @ 40 2] | ®
Sewage Sludge{ | @ ® % Sewage Sludge [ ® %
Swine Manure{ ! . Swine Manure ! .
[ 500 1000 1500 0 1500 3000 4500 6000
Mean - 95% Cl Mean - 95% CI
Cobalt (mg/kg)
i
Cattle Manure { ! °
! n
@
2 '
o ' ® 10
S Chicken Manure
3 H ° ®
2} ' ®
Limestone{ -+
+
0.0 05 1.0 15

Mean - 95% CI

Figure 7. Average concentrations of potentially toxic elements (mg/kg) found in mineral and organic
fertilizers and their confidence interval (95%). The circle size represents the sample size (N) of each
source. The data are derived from the 45 references included in the meta-analysis.

3.2.1. PTE Occurrence on Mineral Sources

Powdered phosphate rock showed the highest cadmium concentration among all
sources (74.2 mg/kg, Table 1). This value exceeds the EU legislation limit of 60 mg/kg
for fertilizers with P,Os > 5%. It is also slightly above the U.S. and Brazilian legislation
limits (80 mg/kg).

Table 1. Concentration of potentially toxic elements by fertilizer source: average, minimum, maxi-
mum values and sample size. The values are expressed in mg/kg. The data are derived from the
45 references included in the meta-analysis.

Sources Cd Cu

Cr

As

Pb

Zn

mean (min-max) n—mg/kg

Cattle Manure 1.1 (0.0-4.4) 46 59.4 (1.0-423.3) 49
Chicken Manure 0.3 (0.0-0.5) 38 73.0 (13.1-164.2) 50
Compost 0.9 (0.0-3.1) 60 53.8 (0.0-132.7) 57
Industrial Waste 0.1(0.0-0.1) 15 4.4 (0.3-8.6) 6
Limestone 0.9 (0.0-1.9) 15 3.5(1.3-5.6) 7
Mushroom Residue 0.3 (0.2-0.3) 6 25.3 (19.2-31.6) 6
Phosphate Fertilizer 0.1(0.1-0.1)7 3.6 (1.0-6.1)7
Phosphate Rock 74.2 (67.2-81.4) 6

0.0 (0.0-0.0) 10 1.7 (0.5-3.2) 10
1.2 (0.0-3.3) 50 199.1 (63.0-637.8) 53
0.1 (0.0-0.2) 16 -

Potassium Fertilizer
Sewage Sludge

Silicon Fertilizer

Soil Conditioner 0.0 (0.0-0.0) 7 -
Swine Manure 1.6 (0.0-7.9) 25 169.8 (20.6-588.3) 30
Urea 0.0 (0.0-0.0) 7 9.0(0.2-17.8) 7
Ni Fe
Cattle Manure 19.3 (1.5-38.0) 24 858.2 (2%2_2%2'0)
Chicken Manure 7.8 (0.5-36.8) 39 12152 (82'00‘3483'0)
Compost 9.3 (0.0-27.6) 42 2861.7 (1'217‘ 12,472.0)

Industrial Waste 0.0 (0.0-0.0) 6 3189.2 (3.3-6378.0) 6
Limestone 1.2(1.2-12)3 340.0 (340.0-340.0) 3
Phosphate Fertilizer 6.7 (6.7-6.7) 3 -

12.9 (12.9-12.9) 3 -
30.5(9.0-53.0) 6 14.7 (7.5-32.0) 18
Silicon Fertilizer - -

3998.1

14.1 (3.0-30.3) 9 (3490.0-4460.0) 6
Urea 3.6(3.6-3.6) 3 -

Potassium Fertilizer

Sewage Sludge

Swine Manure

12.5 (0.0-159.3) 46

170.5 (0.0-418.9) 44

533 (0.0-124.2) 69
1.5(0.0-15) 15
0.9 (0.9-0.9) 3

36.5 (36.5-36.5) 3

54 (5.4-5.4) 3
59.1 (0.0-180.5) 32
47(02-92)8

16.7 (0.0-23.2) 15

10.6 (10.6-10.6) 3
Mn

108.6 (9.0-285.7) 36
174.5 (21.0-452.8) 30

115.8 (0.1-257.3) 18

1.87 (0.3-3.45) 6
36.0 (36.0-36.0) 3

184.1 (128.6-240.5)
18

793.9 (525.2-1060.0)
6

3.7 (0.0-7.5) 37
0.3 (0.22-2.7) 28
38.0 (1.9-63.7) 36

7.5(7.5-7.5)9

1.7 (0.1-3.6) 7

75(75-7.5)3

0.0 (0.0-0.0) 3
15.7 (15.7-15.7) 5

1.3 (0.0-3.8) 16
0.0 (0.0-0.0) 4

6.0 (6.0-6.0) 6

0.2(0.2-02)3
Co

1.7 (0.0-1.82) 18

0.7 (0.6-1.0) 17

0.9 (0.9-0.9) 3

7.8 (0.0-19.6) 46
7.6 (0.0-53.0) 47
17.6 (0.0-53.3) 63
7.3 (0.0-12.8) 15
8.9(1.2-20.1) 11
1.2 (0.6-1.9) 6
13.1 (0.0-13.1) 7
1.3 (0.0-1.8) 10
452 (8.0-119.9) 50

12.7 (10.6-14.9) 8
24(24-24)3

15.3 (3.0-31.2) 22

3.0(2.5-3.6)7
Hg

0.0 (0.0-0.1) 15

0.0 (0.0-0.0)9

0.2(0.2-0.2)9

0.0 (0.0-0.0) 8

96.1 (10.0-371.1) 49
341.4 (70.0-655.8) 50
209.2 (0.0-425.8) 60
345 (2.0-76.5) 6
92 (4.3-14.1) 7
82.6 (37.4-127.9) 6
18.5 (4.5-32.5) 7
536.5 (500.0-572.0) 6
10.8 (4.3-14.2) 10
602.9 (159.0-1217.0)
53

736.0 (81.6-2404.5)
30
35.7 (0.7-70.8) 7

Other phosphate fertilizers (e.g., calcium superphosphate, calcium magnesium phos-
phate) had Cd concentrations (0.12-0.14 mg/kg) much lower than phosphate rock, remain-
ing within all the regulations considered (Figure 6; Table 1). Regarding Cr, the phosphate
fertilizer had an average concentration of 36.47 mg/kg, the highest value among all mineral
sources. California legislation does not limit Cr in phosphate fertilizers; it regulates only
As, Cd, and Pb. Brazilian legislation does not evaluate Cr in fertilizers that exclusively sup-
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ply micronutrients, fertilizers with secondary macronutrients and micronutrients, mixed
mineral fertilizers, and complex fertilizers with guaranteed primary macronutrients and mi-
cronutrients. European legislation only evaluates hexavalent Cr, precluding a comparison
with total Cr concentrations.

3.2.2. PTE Occurrence on Organic Sources

Swine manure showed a maximum Cd concentration of 7.91 mg/kg, exceeding the
limits of EU legislation (1.5 mg/kg), as well as the limits set by Brazilian (3 mg/kg) and
U.S. (39 mg/kg) legislation. Cu and Zn were also found in high concentrations, ranging
from 20.57 to 588.32 and 81.57 to 3270.00 mg/kg, respectively (Figure 6; Table 1). Cu and
Zn maximum values are higher than the limits for Cu (300 mg/kg) and Zn (800 mg/kg)
in European legislation. However, these values fall within the USEPA legislation lim-
its for Cu (1500 mg/kg) and Zn (2800 mg/kg). Brazilian legislation does not establish
limits for these elements. Swine manure also had high concentrations of manganese
(525.20-1060.00 mg/kg) and Fe (3490.00-4460.00 mg/kg), which are not regulated by any
legislation (Figure 7; Table 1).

Chicken manure showed variable Cr concentration (0.05-418.94 mg/kg), with a large
confidence interval, demonstrating high data variability (Figure 6; Table 1). The chicken
manure maximum Cr concentration is approximately three times higher and 18 times
higher than maximum concentrations for cattle and swine manure, respectively. Chi-
nese legislation on organic fertilizers (NY /T 525-2021) [74] sets a limit of 150 mg/kg for
total Cr, which means that the maximum value for chicken manure is approximately
three times higher.

Cattle manure showed a Cd maximum concentration of 4.40 mg/kg (Figure 6 and
Table 1), above the limits of European (1.5 mg/kg) and Brazilian legislation (3 mg/kg)
but within USEPA legislation (39 mg/kg). The range of Ni concentrations found in cattle
manure (1.52-38.00 mg/kg) stood out in relation to other animal sources; however, maxi-
mum concentrations were within the limits of European, Brazilian, and USEPA legislation
(50, 70, and 420 mg/kg, respectively). For total Cr in cattle manure, the maximum value
(159.30 mg/kg) was above the limit established in Chinese legislation (150 mg/kg).

The organic compost showed a Cd maximum concentration of 3.14 mg/kg, above the
limits of both European (1.5 mg/kg) and Brazilian (3 mg/kg) legislation but below the
USEPA legislation limit of 39 mg/kg (Figure 6; Table 1). Concentrations of arsenic ranged
from 1.90 to 63.67 mg/kg, with high data variability and a maximum value above the
limits of European (40 mg/kg), Brazilian (20 mg/kg) and USEPA legislation (41 mg/kg).
Furthermore, the maximum concentrations of Cu (351 mg/kg) and Zn (5651 mg/kg) also
exceeded the limits set by European legislation for organic fertilizers (300 and 800 mg/kg,
respectively) and only for Zn in the case of USEPA legislation (1500 and 2800 mg/kg,
respectively). Iron concentrations ranged from 1.10 to 12,472.00 mg/kg (Figure 7; Table 1).

Sewage sludge showed Cu concentrations between 63.00 and 637.80 mg/kg (Figure 6
and Table 1), not exceeding European (1000-1750 mg/kg), Brazilian (1500-4300 mg/kg)
or USEPA (15004300 mg/kg) regulations. For Zn, the values varied from 159.00 to
1217.00 mg/kg (Figure 6; Table 1), within the limits adopted by all legislations: Euro-
pean (2500-4000 mg/kg), USEPA (2800-7500 mg/kg) and Brazilian (2800-7500 mg/kg).
For Ni, the values in sewage sludge (9.00-53.00 mg/kg) were higher than in other sources
(maximum of 38.00 mg/kg in cattle manure) but within the limits established by European
(300-400 mg/kg), USEPA (420 mg/kg) and Brazilian (420 mg/kg) legislation. High Pb
concentrations were seen in sewage sludge (8.00-119.90 mg/kg) but also did not exceed the
limits determined by European (750-1200 mg/kg), USEPA (300-840 mg/kg) and Brazilian
(300-840 mg/kg) legislation (Figure 6; Table 1).
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For mercury, none of the sources showed concentrations above the limits of the legisla-
tion consulted (Figure 6; Table 1). In general, organic sources showed higher concentrations
of Mn, Fe, and Co than mineral ones (Figure 7; Table 1).

3.2.3. Other Sources

Potassium and silicon fertilizers, urea, limestone, industrial waste, and soil conditioners
did not show relevant concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn, being always
within the limits of all the legislations consulted. Brazilian legislation does not provide limits
for Cu and Zn, although it is more restrictive than European legislation for Hg.

3.3. Mineral Versus Organic Sources

The comparison between mineral and organic sources for PTE concentrations is shown
in Figure 8. Significant differences (p < 0.05) were found between the sources for copper
(p <0.0001), chromium (p < 0.0001), arsenic (p = 0.0010), lead (p = 0.0004), and zinc (p = 0.0008),
which were all higher in organic sources. In contrast, no significant differences were found
for cadmium (p = 0.1940) and nickel (p = 0.1218).
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Figure 8. Average concentration and standard deviation of the most relevant potentially toxic
elements among mineral and organic sources (unpaired t-test with Welch correction). ns = not
significant (p > 0.05); *** significant at 1% (p < 0.001). The data are derived from the 45 references
included in the meta-analysis.

3.4. Ecotoxicological Risk for Soil Organisms

Overall, organic sources showed higher RQ values than mineral ones (Tables 2 and 3).
Considering the most likely scenario (using the mean PTE concentration), at low application
rate, only Cr (0.18, moderate risk) for chicken manure and Cd (0.02, low risk) for phosphate
rock presented any risk. On the other hand, considering high application rates, other PTEs
and fertilizers showed moderate risk (Table 2): Cr—chicken manure (0.72), sewage sludge
(0.25), compost (0.23); As—compost (0.29), sewage sludge (0.12); Zn—swine manure (0.21),
compost (0.12), sewage sludge (0.10); and Cu—sewage sludge (0.10).
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Table 2. Ecological risk quotient (RQ) and time to PNEC (predicted no-effect concentration) for potentially toxic elements in mineral and organic fertilizers—most
likely scenario (mean values).

Mineral Sources

Sources Limestone Silicon Fertilizer Urea Phosphate Rock Phosphate Fertilizer Potassium Fertilizer
Metal Mean RQ Years* Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years

Cd 0.9 0.00 933 0.1 0.00 14,000 0.0 - - 74.2 0.02 57 0.1 0.00 52500 0.0 - -
Cr 0.9 0.00 3925 4.7 0.00 2279 10.6 0.00 1374 - - - 36.5 0.00 970 54 0.00 5815

Low Rate As 0.1 0.00 34,400 1.4 0.00 4195 0.2 0.00 39,091 - - - 7.5 0.00 2583 0.0 - -
Pb 8.9 0.00 1371 12.7 0.00 1637 3.0 0.00 9159 - - - 13.1 0.00 5250 1.3 0.00 46,923
Ni 1.2 0.00 21,667 - - - 3.6 0.00 16,250 - - - 6.7 0.00 21,886 129 0.00 10,078
Cu 35 0.00 14,971 - - - 9.0 0.00 13,113 - - - 3.6 0.00 81,875 1.7 0.00 154,118
Zn 9.2 0.00 16,652 - - - 35.7 0.00 9664  536.5 0.00 1428 18.5 0.00 46,707 10.8 0.00 70,926
Sources Limestone Silicon Fertilizer Urea Phosphate Rock Phosphate Fertilizer Potassium Fertilizer
Metal Mean RQ Years  Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years
Cd 0.9 0.01 175 0.1 0.00 4773 0.0 - - 74.2 0.09 11 0.1 0.00 9545 0.0 - -
Cr 0.9 0.00 736 47 0.00 759 10.6 0.00 457 - - - 36.5 0.01 193 54 0.00 2181
High Rate As 0.1 0.00 26,061 1.4 0.00 1396 0.2 0.00 12,836 - - - 7.5 0.00 516 0.0 - -
Pb 8.9 0.00 1028 12.7 0.00 546 3.0 0.00 3050 - - - 13.1 0.00 1047 1.3 0.00 17,630
Ni 1.2 0.00 4063 - - - 3.6 0.00 5417 - - - 6.7 0.00 4362 12.9 0.00 3779
Cu 35 0.00 2807 - - - 9.0 0.00 4367 - - - 3.6 0.00 16,375 1.7 0.00 57,709
Zn 9.2 0.00 3122 - - - 35.7 0.00 3218  536.5 0.00 286 18.5 0.00 9312 10.8 0.00 26,597
Organic Sources
Sources Cattle Manure Chicken Manure Compost Swine Manure Sewage Sludge
Metal Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years
Cd 1.0 0.01 126 0.3 0.00 420 0.9 0.01 140 1.6 0.01 79 1.2 0.01 105
Cr 12.7 0.01 74 170.5 0.18 6 53.3 0.06 18 16.7 0.02 56 59.1 0.06 16
Low Rate As 34 0.01 152 0.3 0.00 1720 37.8 0.07 14 6.0 0.01 86 15.7 0.03 33
Pb 7.4 0.00 247 7.6 0.00 241 17.6 0.01 104 15.3 0.01 120 45.2 0.02 40
Ni 17.1 0.00 228 7.8 0.00 500 9.3 0.00 419 14.1 0.00 277 30.5 0.01 128
Cu 57.8 0.01 136 729 0.01 108 85.6 0.01 92 187.7 0.02 42 199.1 0.03 39
Zn 102.3 0.00 225 341.4 0.01 67 689.9 0.03 33 11825 0.05 19 602.9 0.03 38
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Table 2. Cont.

Organic Sources

Sources Cattle Manure Chicken Manure Compost Swine Manure Sewage Sludge
Metal Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years Mean RQ Years
Cd 1.0 0.03 31 0.3 0.01 105 0.9 0.03 35 1.6 0.05 20 12 0.04 26
Cr 12.7 0.05 19 170.5  0.72 1 53.3 0.23 4 16.7 0.07 14 59.1 0.25 4
High Rate As 34 0.03 38 0.3 0.00 430 37.8 0.29 3 6.0 0.05 22 15.7 0.12 8
Pb 7.4 0.02 62 7.6 0.02 60 17.6 0.04 26 15.3 0.03 30 45.2 0.10 10
Ni 17.1 0.02 57 7.8 0.01 125 9.3 0.01 105 14.1 0.01 69 30.5 0.03 32
Cu 57.8 0.03 34 729 0.04 27 85.6 0.04 23 187.7 0.10 10 1991  0.10 10
Zn 102.3 0.02 56 3414  0.06 17 689.9  0.12 8 1182.5 0.21 5 6029  0.10 10

mg/kg—milligrams per kilogram; kg /ha/year—kilograms per hectare per year. * Annual applications, not considering losses due to leaching, surface runoff, and crop absorption (see a
detailed description in Section 2.4). Assumed soil density: 1.5 g/cm?3; soil depth: 0.2 m.

Table 3. Ecological risk quotient (RQ) and time to PNEC (predicted no-effect concentration) for potentially toxic elements in mineral and organic fertilizers—worst-
case scenario (mean values).

Mineral Sources

Sources Limestone Silicon Fertilizer Urea Phosphate Rock Phosphate Fertilizer Potassium Fertilizer
Metal Max RQ Years Max RQ Years Max RQ Years Max RQ Years Max RQ Years Max RQ Years
Cd 1.9 0.02 66 0.2 0.00 7241 0.1 0.00 19,091 814 0.02 52 0.1 0.00 52,500 0.1 0.00 42,000
Cr 0.9 0.00 1047 9.2 0.00 1164 10.6 0.00 1334 - - - 36.5 0.00 970 54 0.00 48,519
Low Rate As 3.6 0.01 143 3.8 0.00 1544 0.2 0.00 39,091 - - - 7.5 0.00 2583 0.0 - -
Pb 20.1 0.01 91 14.9 0.00 1396 3.6 0.00 7625 - - - 13.1 0.00 5250 1.8 0.00 33,889
Ni 1.2 0.00 21,667 - - - 3.6 0.00 16,250 - - - 6.7 0.00 21,886 12.9 0.00 10,078
Cu 5.6 0.00 1404 - - - 17.8 0.00 6630 - - - 6.1 0.00 48,519 3.2 0.00 81,875
Zn 141 0.00 1630 - - - 70.8 0.00 4873 572.0 0.00 1339 325 0.00 26,579 14.2 0.00 53,944
Sources Limestone Silicon Fertilizer Urea Phosphate Rock Phosphate Fertilizer Potassium Fertilizer
Metal Max RQ Years Max RQ Years Max RQ Years Max RQ Years Max RQ Years Max RQ Years
Cd 1.9 0.06 17 0.2 0.00 2386 0.1 0.00 6364 814 0.10 10 0.1 0.00 9545 0.1 0.00 16,154
Cr 0.9 0.00 262 9.2 0.00 388 10.6 0.00 444 - - - 36.5 0.01 193 5.4 0.00 18,194
High Rate As 3.6 0.03 36 3.8 0.00 514 0.2 0.00 12,836 - - - 7.5 0.00 516 0.0 - -
Pb 20.1 0.04 23 14.9 0.00 465 3.6 0.00 2542 - - - 13.1 0.00 1047 1.8 0.00 12,708
Ni 1.2 0.00 4063 - - - 3.6 0.00 5417 - - - 6.7 0.00 4362 129 0.00 3779
Cu 5.6 0.00 351 - - - 17.8 0.00 2208 - - - 6.1 0.00 9661 3.2 0.00 30,679
Zn 141 0.00 407 - - - 70.8 0.00 1623 572.0 0.00 268 325 0.00 5300 14.2 0.00 20,232
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Table 3. Cont.
Organic Sources

Sources Cattle Manure Chicken Manure Compost Swine Manure Sewage Sludge

Metal Max RQ Years * Max RQ Years Max RQ Years Max RQ Years Max RQ Years
Cd 44 0.03 29 0.5 0.00 252 3.1 0.02 41 7.9 0.06 16 33 0.03 38
Cr 159.3 0.17 6 418.9 0.44 2 124.2 0.13 8 10.6 0.01 89 180.5 0.19 5

Low Rate As 7.5 0.01 69 2.7 0.01 191 63.7 0.12 8 6.0 0.01 86 15.7 0.03 33

Pb 19.6 0.01 93 53.0 0.03 35 53.3 0.03 34 31.2 0.02 59 119.9 0.07 15
Ni 38.0 0.01 103 36.8 0.01 106 27.6 0.01 141 30.3 0.01 129 53.0 0.01 74
Cu 423.3 0.05 19 164.2 0.02 48 351.0 0.04 22 588.3 0.07 13 637.8 0.08 12
Zn 371.1 0.02 62 655.8 0.03 35 5651.0 0.25 4 3270.0 0.14 7 1217.0 0.05 19

Sources Cattle Manure Chicken Manure Compost Swine Manure Sewage Sludge

Metal Max RQ Years Max RQ Years Max RQ Years Max RQ Years Max RQ Years
Cd 44 0.14 7 0.5 0.02 63 3.1 0.10 10 7.9 0.25 4 3.3 0.10 10
Cr 159.3 0.68 1 418.9 1.78 1 124.2 0.53 2 10.6 0.05 22 180.5 0.77 1

High Rate As 7.5 0.06 17 2.7 0.02 48 63.7 0.49 2 6.0 0.05 22 15.7 0.12 8

Pb 19.6 0.04 23 53.0 0.12 9 53.3 0.12 9 31.2 0.07 15 119.9 0.26 4
Ni 38.0 0.04 26 36.8 0.04 26 27.6 0.03 35 30.3 0.03 32 53.0 0.05 18
Cu 423.3 0.22 5 164.2 0.08 12 351.0 0.18 6 588.3 0.30 3 637.8 0.32 3
Zn 371.1 0.06 15 655.8 0.11 9 5651.0 0.98 1 3270.0 0.57 2 1217.0 0.21 5

mg/kg—milligrams per kilogram; kg /ha/year—kilograms per hectare per year. * Annual applications, not considering losses due to leaching, surface runoff, and crop absorption (see a
detailed description in Section 2.4). Assumed soil density: 1.5 g/cm?3; soil depth: 0.2 m.
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The worst-case scenario (using the maximum reported metal concentration) showed a
much more concerning picture for organic sources, with moderate risks at low application
rates for: Cr—chicken manure (0.44), sewage sludge (0.19), cattle manure (0.17), compost
(0.13); As—compost (0.12); and Zn—compost (0.25), swine manure (0.14). On the other hand,
for mineral sources, only low risks were observed: Cd—limestone (0.02), phosphate rock
(0.02); and Pb—limestone (0.01). At high application rates, the RQ for Cr in chicken manure
(1.78) stood out, surpassing the safety levels as fast as in 1 year (a unique application). In
this worst-case scenario, all organic sources presented moderate RQ for at least two PTEs,
especially sewage sludge, which showed moderate RQ for: Cr (0.77), Cu (0.32), Pb (0.26), Zn
(0.21), As (0.12), and Cd (0.10). Mineral sources presented only low risks for: Cd—phosphate
rock (0.10), limestone (0.06); As—limestone (0.03); and Pb—limestone (0.04) (Table 3).

4. Discussion

This study explored the state of the art regarding the presence of potentially toxic
elements in organic and mineral fertilizers, encompassing information on publications, key-
words, and relationships among authors, countries, and affiliations (bibliometric analyses).
Moreover, quantitative information on the occurrence and concentration of these elements
in fertilizers was also analyzed (meta-analysis). Overall, the results from the bibliometric
analysis indicate two key findings: Firstly, the research frontier on this topic is located in
China, which concentrates the majority of publications, authors, and affiliations involved.
Secondly, fertilizers can be a relevant source of PTEs, potentially impacting soil organisms,
in some cases even in the short-term.

The conceptual structure of article keywords in the bibliometric analysis revealed
that, among the most cited papers, various organic materials are used either as a source
of PTEs [75,76] or as raw materials for biochar synthesis [77,78]. These studies focus
on agricultural soils, particularly in relation to metal toxicity and on advancing reme-
diation techniques in agricultural contexts [79,80]. There is also a strong influence of
research related to mechanisms for the removal and sorption of metals in water or
wastewater treatment [81,82].

Another way to explore the relationships among these keywords is through a thematic
co-word map, which delineates clusters of keywords, using density and centrality to classify
themes and map them in a two-dimensional diagram [83]. The results indicate that the
metals cadmium, zinc, and lead, along with the concepts of accumulation and remediation,
are motor themes, being the most developed and relevant within the domain. In turn, the
terms contamination, pollution, risk assessment, sediments, and China represent emerging
or declining themes, meaning that they are not yet fully developed or are only marginally
relevant. Basic themes include heavy metals, copper, waste, biomass, and mechanisms,
which reflect significant values for the domain and are transversal across its different areas.
Niche themes, corresponding to themes that are highly developed but marginal to the
domain, include activated carbon, biosorption, ions, and aqueous solutions.

The meta-analysis (based on 115 data lines) showed that some metals, such as Zn
(n=91), Cu (n=289), Cd (n = 88), and Pb (n = 83), were more investigated than others, such
as Co (n=6), Hg (n =9), Se (n = 2), and Mo (n = 2). Farid et al. (2025) [63] pointed out that,
for organic fertilizers, Hg, Se, beryllium (Be), antimony (Sb), silver (Ag), and thallium (T1)
are under-investigated metals. Moreover, in the case of Hg and Se, besides being poorly
investigated, they presented high RQ, while for Sb, Ag, and T, risks are not clearly defined
due to the limited number of available data [63].

China is dominant in this field, which is evidenced by its leading position in the
number of published articles, the most productive authors, citations, co-citations, and
international collaborations. This may be related to relevant metal pollution that the country
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has been facing in recent years [84]. For example, local surveys reported that 16% of soil
samples and 19% of agricultural Chinese soils are contaminated with inorganic and/or
organic pollutants, with 82.4% of the contamination attributed to metals and metalloids
and 17.6% to organic contaminants [85]. This contamination poses severe risks to food
security and public health, leading to the emergence of so-called “cancer villages” in some
regions of China, such as Jiangsu and Guangdong provinces, where cancer morbidity rates
are significantly higher than the national average. Metal contamination is directly linked to
agricultural and mining activities [20].

Phosphate fertilizers are known to be a relevant source of PTEs [86], which is con-
sistent with our meta-analysis results. Phosphate rocks are the main global source of
phosphate fertilizers and occur in the Earth’s crust as igneous, metamorphic, and sed-
imentary deposits [87]. The geographical origin and geological characteristics of these
deposits influence the concentrations of PTEs, which may also be introduced as impu-
rities from acids used during fertilizer manufacturing [88]. In general, rock phosphates,
especially those derived from sedimentary rock, contain higher Cd concentrations than
other fertilizers, such as diammonium phosphate (DAP) or nitrophosphate (NP) [87]. The
meta-analysis showed that phosphate rock mean Cd (74.2 mg/kg) and Zn (536.5 mg/kg)
concentrations were substantially higher than any other mineral source. Moreover, the
mean Cd concentration in phosphate rock was up to 700-fold higher than that of other
phosphate fertilizers, while the Zn concentration was nearly 30-fold higher (Table 1).

Lucena et al. (2025) [39] reported mean Cu concentrations of 360.08 mg/kg in su-
perphosphates, which is one hundred times higher than Cu in the phosphate fertilizers
reported here (3.6 mg/kg). Furthermore, the authors reported a Zn concentration of
103 mg/kg in natural phosphate, a concentration much below that found in our phosphate
rock (536.5 mg/kg). The authors’ meta-analysis is much different from ours, since it focuses
on a very limited region (northeastern Brazil), considering fewer metals (only Cu, Zn, Fe,
Mn, and Ni). Additionally, only seven sources were evaluated (limestone, agricultural
gypsum, organomineral fertilizers, superphosphates, mixed fertilizers, natural phosphate,
and magnesium oxides).

The use of organic fertilizers can alter the soil physicochemical properties due to
the addition of organic matter (OM increasing soil concentrations of N, P, K, Cu, and
Zn [89,90]. Moreover, it enhances soil microbial activity and diversity, also influencing the
bioavailability of metals in soils, such as Cd [91]. Because OM contains a large number of
functional groups and surface charges, it can adsorb metals onto its surface and immobilize
them [92], reducing their interaction with plants and animals. However, it is important to
note that OM can also enhance the transport of PTEs, mainly associated with dissolved or-
ganic carbon fractions [91], making monitoring of other soil properties crucial, particularly
pH [93]. Under acidic conditions, the solubility of cationic metals increases, enhancing their
bioavailability and expected toxicity [83].

Long-term application of organic fertilizers, such as cattle [83] and swine ma-
nure [19], may lead to the accumulation of PTEs in soils [19,94]. Duan and Feng (2021) [19],
when analyzing PTEs in manures, observed that swine manure (588 mg/kg) had
copper concentrations 14 times higher than cattle manure (41 mg/kg). Similarly,
Nookabkaew et al. (2016) [95] reported higher average Cu concentrations in swine ma-
nure (410 mg/kg) compared with cattle manure (18 mg/kg). These results are consistent
with our meta-analysis, where swine manure (187.7 mg/kg) also had higher concentrations
of Cu than cattle manure (57.8 mg/kg) and chicken manure (72.9 mg/kg).

High copper and zinc concentrations in manure are directly related to animal diets
and mineral supplementation, as these elements are added to improve animal performance
and provide protection against bacterial infections [96]. Consequently, the most effective
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strategy to reduce soil accumulation of these elements from manure, especially swine
manure, may be lowering Cu and Zn contents through dietary management [97]. However,
this approach may face resistance from the production sector, requiring reformulation of
animal supplementation practices, such as the adoption of amino acid—chelated minerals
as alternatives to inorganic mineral sources [98]. Chicken manure can also contain PTEs,
mainly influenced by the premixed feed used in poultry feeding [99]. This highlights the
importance of rigorous quality control of the raw materials used in the manufacture of
animal feed [100].

In practice, untreated manure can represent a relevant fraction of the total amount of
organic fertilizer applied to the soil. However, in most countries, such as in Brazil, USA
and European Union, raw manure is not directly regulated for metal content, [63] which
represents a major regulatory gap [63]. However, in the absence of specific legislation for
metal content in raw manure, regulations available for processed organic fertilizers can
serve as an approximate reference [63]. The European Union has reduced the limits of Cu
and Zn in pig feed and banned pharmacological doses of zinc oxide [101]. Considering that
slightly more than 40% of the data included in this meta-analysis is from China, concerns
related to Cu and Zn concentrations surpassing the European legislative limits may be
overestimated for countries outside Europe with less restrictive regulations [102].

Duan and Feng (2021) [19] reported significantly higher Cr concentrations in chicken
manure (153.66 £ 176.95 mg/kg) compared to swine (21.86 + 136.62 mg/kg) and cattle
(24.47 £ 34.57 mg/kg) manure, while they were similar when compared to sewage sludge
(180.51 + 35.45 mg/kg). Our results showed a similar trend, except for Cr in sewage sludge,
which in our work was almost three times smaller (59.1 mg/kg) than chicken manure
(170.5 mg/kg). Chromium mainly exists in two oxidation states: Cr(III) and Cr(VI). The
hexavalent form is more toxic and mobile in water than the trivalent form, being classified
as carcinogenic to humans [103]. Legislative frameworks are often criticized for failing to
distinguish between chromium oxidation states, commonly treating both Cr(III) and Cr(VI)
as equally toxic. In contrast, regulations in countries such as the United States, Brazil,
and the European Union already consider limit values in organic fertilizers expressed
specifically as Cr(VI) [104].

In general, for all fertilizers, European legislation is more restrictive than U.S. and
Brazilian legislation (Table S3). For sewage sludge, a distinctive feature of Brazilian legisla-
tion is the inclusion of metals such as barium (Ba) and Cr (absent in U.S. legislation), as
well as As, Cr, molybdenum (Mo), selenium (Se), and Ba (absent in European legislation).
On the other hand, unlike the other legislations, the Brazilian one does not regulate Cu and
Zn in manure and compost.

Like Cu, Zn, and Cr, Ni can also be present in industrial animal feed, where it is
used as a catalyst in the production of specific ingredients [105]. In the meta-analysis, the
highest concentrations of Ni were found in sewage sludge (30.5 mg/kg), cattle manure
(17.1 mg/kg), swine manure (14.1 mg/kg), and potassium fertilizer (12.9 mg/kg). These
results are consistent with data from the European Food Safety Authority (EFSA), which
analyzed 2198 animal feed samples for Ni content and concluded that the category with
the highest mean levels was “Minerals and their derived products” (n = 72; 3905 ug/kg),
followed by “Compound feed” (n = 516), particularly complementary feeds for cattle
fattening (n = 26; 6813 pg/kg), unspecified complementary feeds (n = 9; 5270 pg/kg), and
complementary feeds for swine fattening (n = 6; 4344 pg/kg). This report also highlights
that sewage sludge, widely used in agriculture, may contain appreciable levels of Ni,
representing an additional source of exposure [105].

For As, organic compost was the source with the highest concentration (37.8 mg/kg)
and the greatest variation (1.9-63.7 mg/kg) (Table 1). A key aspect of organic fertilizers is
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their inherent variability in physicochemical composition, which is influenced by numerous
factors, such as season, location, animal diet, climate, and management practices [106]. For
organic composts, numerous combinations of plant and animal components are possible,
such as swine manure + cotton plant residues [29], swine manure + cereal straw [29], cattle
manure + straw [107], and coffee pulp + wastewater [108]. As indicated by the bibliometric
analysis, China accounts for a large proportion of the articles included in this meta-analysis.
Due to the country’s large cereal production, particularly rice, composting with straw
is common [30,107]. Several studies conducted in China reported significant arsenic up-
take by rice [109,110], which may explain the high As values found in organic composts
(Table 1, Figure 6).

For lead, none of the fertilizers exceeded the legal limits of all legislations, indicating
that fertilization is not a relevant source of soil lead contamination. Vehicle emissions,
especially in soils near highways, and industrial activities are more important sources
of Pb in the environment [18,111]. Nevertheless, even within regulatory limits, our data
show that Pb may still cause negative impacts, with estimated application times of 40
and 4 years to achieve the PNEC, considering the most likely-low and worst-case-high
scenarios, respectively (Tables 2 and 3).

When comparing organic and mineral sources, the results observed here are con-
sistent with previous studies, such as a study comparing swine manure and mineral
fertilizer (urea + triple superphosphate + potassium chloride) [112], where the highest Cu
(285.9 £ 154 mg/kg) and Zn (455.6 + 210 mg/kg) values were found in organic manure,
whereas mineral fertilizers exhibited the lowest concentrations (29.3 and 158.5 mg/kg).
On the other hand, different from our results, the mineral fertilizer analyzed by these
authors contained higher concentrations of As, Cr, and Ni (8, 124, and 21 mg/kg) than the
organic sources.

Concerning risk assessment, in the most likely scenario (Table 2), only organic sources
(chicken manure, compost, swine manure, and sewage sludge) presented moderate risk
to soil organisms. Among these sources, chicken manure stood out, with an estimated
application interval until the PNEC is achieved of only 6 years (RQ = 0.18) under a low
fertilization rate (5 ton/ha). Under a high fertilization rate (20 ton/ha), safety limits would
be achieved in the first year of application, with an RQ = 0.72. Among the mineral sources,
only phosphate rock presented a low risk (for Cd, RQ = 0.02), with an estimated application
time of 57 years.

In the worst-case scenario (Table 3), chicken manure showed the highest RQ for Cr,
with applications limited to 2 years (Moderate RQ = 0.44) under a low rate and only 1 year
(High RQ = 1.78) under a high rate. In the worst-case scenario with a high rate, attention is
also drawn to Cr in cattle manure (RQ = 0.68; 1 year of application), compost (RQ = 0.53;
2 years of application), and sewage sludge (RQ = 0.77; 1 year of application). Another PTE
that stood out was Zn, mainly in compost (RQ = 0.98; 1 year of application) and swine
manure (RQ = 0.57; 2 years of application). Mineral sources (limestone and phosphate rock)
presented only low risk in the worst-case scenario. Similarly, a study focused exclusively
on animal manures (cattle, chicken, pig, and sheep) also reported RQ > 1 for Zn, Cu, As,
Hg, and Se, thereby suggesting relevant ecological risks [63].

Considering the worst-case scenario under a high fertilization rate, sewage sludge
(Cr = 0.77; Cu = 0.32; Pb = 0.26; Zn = 0.21; As = 0.12; Cd = 0.10) and compost
(Zn = 0.98; Cr = 0.53; As = 0.49; Cu = 0.18; Pb = 0.12) stood out from the other or-
ganic sources due to the number of situations with moderate risk, indicating a multi-
contamination scenario in the long-term (18 and 35 years, respectively). It is also important
to highlight that sewage sludge is a relevant source of other pollutants, such as endocrine-
disrupting compounds, persistent organic pollutants, microplastics, pharmaceuticals, per-
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sonal care products, and pathogens [113,114]. These pollutants can accumulate in the soil
or be transported to water bodies, entering the food chain and increasing risks to human
health and the ecosystem [115]. Composting itself is a low-cost technology for reducing
or eliminating pathogens and organic pollutants in sewage sludge, such as polycyclic
aromatic hydrocarbons and antibiotic resistance genes [116,117]. However, it has little
effect on PTE concentrations, as these are persistent inorganic compounds that are not
biologically degraded [117].

A relevant drawback of this work is that it does not account for the dynamics of PTEs
in soils and the metal losses that may occur due to different processes such as crop uptake
and removal, surface runoff, and leaching [96], all of which directly affect the soil metal
balance. Additionally, soil metal contamination may occur through other pathways such as
atmospheric deposition and pesticide use [85,92]. However, it should be highlighted that
considering metal losses will not necessarily produce relevant changes in the estimated
time for metal accumulation in the soil. Taking the application of swine manure as an
example, with a Zn average concentration of 1182.5 mg/kg, applied to a soil with a density
of 1.5 g/cm?3, considering a 0.2 m depth layer and a rate of 5 ton/ha, this would result in a
total Zn input of 5912.5 g /ha. Considering losses due to crop harvest equal to 342 g/ha and
by leaching of 39 g/ha [118], this would result in a net annual accumulation of 5531.5 g/ha.
Considering the PNEC for Zn adopted in this study (38 mg/kg), this would result in an
estimated maximum application time of 21 years, which is not much different than our
19-year estimate (Table 2).

The risk assessment illustrated that, in many cases, safe thresholds could be reached
within only a few years, underscoring the importance of material characterization, ap-
plication rate adjustments, and derivation of safe limits to ensure sustainable and safe
fertilizer use, particularly over the long term [9]. It is also crucial to recognize that natural
concentrations of metals in soils can vary widely, depending on weathering processes, soil
mineralogy, and volcanic activity [22]. This is a critical aspect that can strongly influence
the time required to reach PNEC values. For example, in a study conducted in the state of
Parand (Brazil), natural concentrations of Cu (103.8 mg/kg) and Sb (3.7 mg/kg) already ex-
ceeded the reference values for soil quality protection [119] of 60 and 2 mg/kg, respectively.
The authors emphasized the importance of the basaltic rock of this region for the high Cu
and Sb natural levels [120].

For manure application in China, Zhang et al. (2026) [102] estimated that the con-
centration limits of Chinese legislation would be achieved in 15, 18, and 14 years for Cd,
Zn, and Cu, respectively. Sun et al. (2023) [121] conducted a field monitoring of PTE
accumulation in agricultural soils following continuous application of organic fertilizers,
observing distinct dynamics among the analyzed metals (Cu, Zn, As, and Pb) and cropping
systems (rice paddy, orchards, and vegetable garden) over a period of up to eight years. In
that study, manure application significantly influenced the accumulation of Cu, Zn, and As
in soils, whereas its impact on Pb accumulation was relatively minor.

Taken together, our results evidenced relevant ecological risks associated with long-
term fertilizer application, especially from organic sources. These findings evidence the
urgency of fertilizer management practices, the need for improved animal feed regulation,
and the need for rigorous quality control of organic fertilizers. Therefore, medium- and
long-term monitoring of the impacts of fertilizer application on soil PTE concentrations is
essential for ecosystem sustainability [90,91,122].

5. Conclusions

Bibliometric analyses indicated an annual growth of 11.89% in publications on the
topic between 1982 and 2024, driven mainly by China, Pakistan, the United States, and
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Brazil. Research has focused mainly on cadmium, the use of biochar, and aspects related
to the bioavailability of PTEs in soils. Elements such as mercury, manganese, cobalt,
and selenium have received little attention compared to cadmium, arsenic, lead, zinc
and copper.

The comparison between mineral and organic sources showed that organic sources
presented higher concentrations of copper, chromium, arsenic, lead, and zinc, while no
differences were found for cadmium and nickel. Concentrations of zinc and copper were
especially high in swine manure, with maximum concentrations of 1182 mg/kg for Zn
and 588 mg/kg for Cu, respectively. Although Cu and Zn in organic fertilizers are not
regulated by Brazilian legislation (IN SDA No. 27, 5 June 2006), it includes Cr and As,
which are not regulated in European legislation for sewage sludge. Furthermore, some
metals (such as hexavalent chromium and mercury), although included in European and
Brazilian regulatory frameworks, have been poorly investigated in the scientific literature,
highlighting the relevance of their inclusion in future research.

Organic sources showed higher RQ than mineral ones, representing greater risks to soil
organisms. For chicken manure, even at low fertilization doses, a moderate risk for Cr was
seen, with applications lasting only six years until reaching the PNEC. Although in some
limited cases even short-term applications could already reach the PNEC values, for most
sources, this is more likely to occur associated with medium- to long-term applications.
Nevertheless, our results clearly show that fertilizers, especially organic ones, can be a
relevant source of PTEs in soils.

Overall, our findings highlight the need for: (i) further studies assessing the impact
of fertilizer application on soil biota under local edaphoclimatic conditions, especially
in long-term application scenarios; (ii) more research to derive reference values for soil
quality protection using ecotoxicological tests with native organisms, which is especially
important for tropical soils, which actually show less available data; (iii) more stringent
feed formulation policies; (iv) specific legislation for monitoring PTEs in raw manure; and
(v) fertilization management practices that consider the pollution footprint of fertilizers.
Altogether, these efforts constitute strategic means for advancing into the direction of a
more sustainable agriculture.
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