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ABSTRACT

The aim of this study was to summarize and critically assess available data on the content of heavy metals (HM) and naturally occurring
radionuclides (NOR) in mineral phosphorus fertilizers, their entry into agricultural soils, and associated ecological and human health hazards.
The systematic Scopus database search (2004-2024) was supplemented by highly cited earlier works and authoritative monographs to
introduce historical and methodological depth. The search term "heavy metals/ radionuclides and agricultural soils and phosphorus fertilizers"
was used in English and Russian. The publications were sorted by date, selecting the first 250 relevant papers for 2020-2024, 100 for 2014~
2020, and 50 for 2004-2014. The analysis suggests that mineral phosphorus fertilizers are an essential agrogenic source of ecotoxicants in
agroecosystems, which may contain unregulated and, in some cases, high levels of HM and NOR, primarily cadmium (Cd) and arsenic (As).
Long-term regular application can result in the gradual buildup of these elements and in the exceedance of safe levels in soils. Risk assessment
should consider the phosphate rock origin, fertilizer type and norm of application, soil physicochemical properties, climate, crop biology, and
agronomic practice, all of which influence contaminant bioavailability and transfer in the "crop-(livestock)-human" food chain. The results
highlight the urgent need for comprehensive risk assessment schemes and stricter regulation of HM and NOR in fertilizers. Future research
activities should focus on region-specific contamination pathways, innovative mitigation technologies, tightened fertilizer quality standards,
and long-term environmental monitoring in support of food security, ecosystem stability, and sustainable agricultural production.
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Nevertheless, fertilizer application remains high in many

INTRODUCTION regions, particularly in Asia, where reported rates range from

] ) ) - 277 kg/ha in South Korea to 436-750 kg/ha in China (Jiao et al.,

Modern intensive agriculture depends on fertilizers that 2012; Cai et al., 2015; Peng et al., 2019; Chen et al, 2022; Fei et
replenish nutrients removed with harvested crops, accounting al,, 2022).

for an estimated 30-50% of global crop yields (Gupta et al.,
2014). Over the past six decades, mineral fertilizer use has
increased substantially, with China, the USA, India, Brazil, and
Indonesia accounting for approximately two-thirds of global

Along with essential macronutrients such as nitrogen (N),
phosphorus (P), and potassium (K), fertilizers can introduce
heavy metals/metalloids (HM) and naturally occurring
radionuclides (NOR) into agricultural soils. Their gradual
accumulation in arable horizons may pose environmental risks
because of their persistence, adverse effects on biota, and
potential migration into adjacent environmental compartments

agrochemical consumption. In contrast, fertilizer use in Europe
declined approximately fourfold between 1980 and 2010, and
further reductions are projected through 2031 for phosphorus,
potassium, and nitrogen fertilizers (Fertilizers Europe, 2021).
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(Jiao et al,, 2012; Deng et al,, 2020; Liu et al.,, 2021a, 2021b;
Angon et al., 2024; Anas et al., 2025).

Some metals, including copper (Cu), zinc (Zn), molybdenum
(Mo), and nickel (Ni), are essential micronutrients and may be
deliberately incorporated into fertilizers. However, excessive
concentrations can become phytotoxic, impairing
photosynthesis, respiration, chlorophyll formation, protein
synthesis, and enzymatic activity. In particular, excessive Cu and
Zn may cause effects comparable to or greater than those
associated with some non-essential heavy metals (He et al,
2005; Broadley et al.,, 2012; Marschner 2012; Gupta et al., 2014;
Georgiadou et al., 2018).

Heavy metals and NOR also enter arable soils through organic
fertilizers, sewage sludge, manure, compost, soil amendments,
pesticides, and contaminated irrigation water (Chen et al., 2007;
Kabata-Pendias, 2010; Bigalke et al.,, 2017). However, mineral
fertilizers represent an important and continuous
anthropogenic source, with the highest concentrations of HM
and NOR impurities generally associated with phosphate rocks
and phosphate-containing fertilizers (Jiao et al., 2012; De Vries
& McLaughlin, 2013; Bolan et al.,, 2014; Gupta et al., 2014; Kratz
etal, 2016; Bigalke et al., 2017).

Among the ecotoxicants introduced through mineral
phosphorus fertilizers, cadmium (Cd) and uranium (U) are of
particular concern because of their mobility and potential
bioavailability in agricultural soils. Their accumulation may
facilitate transfer through food chains and, under certain
conditions, migration into groundwater. Phosphorus fertilizers
may also contain rare earth element impurities with potentially
toxic effects, further increasing environmental risks associated
with intensive fertilizer use (Silva et al., 2019).

The aim of this study was to critically review current data on
heavy metals (HM) and naturally occurring radionuclides (NOR)
in mineral phosphorus fertilizers, their input into agricultural
soils, and the associated ecological and human health risks
arising from their accumulation and bioavailability in
agroecosystems.

MATERIALS AND METHODS

Study design and scope

This study was designed as a critical review of peer-reviewed
scientific publications in high-impact international journals
indexed in the Scopus bibliographic and abstract database,
covering the period from 2004 to 2024. Additionally, highly
cited publications from earlier periods and authoritative
scientific monographs were included for historical and
methodological context.

Literature search strategy

The literature search was conducted in Scopus using the
keywords "heavy metals/ radionuclides and agricultural soils
and phosphorus fertilizers” in both Russian and English.
Publications were sorted by date of publication. The selection
included:

®  2020-2024: first 250 publications relevant to the query;
° 2014-2020: first 100 publications;
®  2004-2014: first 50 publications.
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All retrieved publications were screened for relevance by title
and abstract. Full texts were reviewed when necessary to
confirm inclusion.

Inclusion criteria

Studies were included if they met the following criteria:

1. Focused on heavy metals or radionuclides in agricultural
soils in the context of phosphorus fertilizers.

2. Published in peer-reviewed journals or as authoritative
monographs.

3. Provided quantitative or qualitative data relevant to the
review objectives.

Exclusion criteria
Publications were excluded if they were:

° Not peer-reviewed;
®  (Conference abstracts without full papers;

®  Focused on unrelated topics despite matching keywords.

Data extraction and synthesis

Relevant information from each selected publication was
extracted, including study location, types of phosphorus
fertilizers investigated, analytical methods, and reported
concentrations of cadmium (Cd) and other trace elements. Data
were synthesized qualitatively to identify key trends,
knowledge gaps, and methodological approaches.

Ethical and licensing considerations

All cited works were used in accordance with their publication
licenses. No permission was required for the use of
When methods or
descriptions were adapted from previously published works,

bibliographic data and summaries.

the original sources were cited, and wording was modified to
avoid verbatim reproduction.

Mineral phosphorus fertilizers as a source of HMs in agricultural
soils
HMs in mineral phosphorus fertilizers

Phosphate rock mining is an important industry in more than 40
countries. Of approximately 150 million tons mined annually,
around 90-95% is used for fertilizer production (Aydin et al.,
2010; Mar & Okazaki, 2012; Hartley et al., 2013). About 75-85%
of global phosphorus reserves occur in sedimentary phosphate
rocks, particularly in the Mediterranean phosphogenic
province, while igneous and metamorphic apatite ores account
for 15-20% and are concentrated, among other areas, in the
Khibiny Massif (Russia). Small amounts are also obtained from
bird and bat guano (Aydin et al.,, 2010; Mar and Okazaki, 2012;
Gupta et al,, 2014; Kratz et al., 2016). Global phosphate rock
production is projected to peak around 2030, with reserves
potentially becoming depleted within 50-100 years (Cordell et
al., 2009).

Commercial phosphate deposits generally contain apatite-
group calcium phosphate minerals, including hydroxyapatite,
francolite, and collophane, with P,05 contents above 20% (Silva
et al, 2010). Crystal lattice defects and chemisorption favor the
incorporation of HMs into these minerals. As, Cd, and Pb
concentrations in phosphate rocks from different regions may
reach 21, 130, and 43 mg/kg, respectively, with reported mean
concentrations of 0.7, 19.1, and 13.2 mg/kg (Jiao et al,, 2012).
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During processing, HM concentrations may remain unchanged
or increase by up to 1.5 times (Schipper et al., 2011; Bigalke et
al, 2017).

Cadmium contamination frequently exceeds regulatory limits.
Among 414 fertilizers analyzed in Europe and Norway, 10%
contained more than 60 mg Cd/kg P,0s (Verbeeck et al., 2020).
In Switzerland, 45% exceeded the national limit of 50 mg/kg P,
with concentrations reaching 220 mg/kg P (Bigalke et al,, 2017).
Similarly, analysis of 162 phosphate fertilizers marketed in
Germany showed that many single, triple, and partially
acidulated phosphate fertilizers exceeded the national Cd limit
of 50 mg/kg P,05 (Kratz et al,, 2016).

The composition and concentration of HMs in mineral
phosphorus fertilizers may vary by 10-1000 times depending
on raw material, production technology, and product type
(Figure 1). Fertilizers derived from sedimentary phosphate
rocks tend to contain higher levels of As, B, Be, Cd, Cr, Mo, Ni, Pb,
Sb, Se, T, U, Zn, and Al, whereas Co, Cu, Sn, and Sr are generally
more abundant in fertilizers produced from igneous and
metamorphic apatites (Kratz et al, 2016). Cd concentrations
may range from 0.15 to more than 640 mg/kg P, while reported
ranges for other HMs are As 0.5-20, Cr 63-896, Cu 0.2-1170, Ni
0.5-151, Pb 1-200, V 49-721, and Zn 31-1150 mg/kg (Chen et
al, 2007; Aydin et al, 2010; Kabata-Pendias, 2010; Jiao et al.,
2012; Kratz et al,, 2016; Bigalke et al., 2017; Hu et al., 2024).
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Figure 1. Frequency distribution of Cd (a), As (b), and Pb
(c) concentrations in phosphorus fertilizers produced in the
USA (Jiao et al., 2012)

The leading global producers and regional differences in Cd
concentrations are summarized in Table 1. In the EU, where the
average Cd in phosphate is
approximately 30 mg/kg P,0s, relatively low impurity levels are
reported in Scandinavian products and higher concentrations in
fertilizers from the Iberian Peninsula (Silva et al, 2010). U, V, Sb,
Cr, As, and Ni concentrations also positively correlate with
phosphorus and Cd levels (Silva et al., 2010).

concentration fertilizers

No. Country Cd in phosphate rocks, Cd in simple superphosphate, Sources
mg/kg mg/kg
. Robarge et al. 2003; Aydin et al. 2010; Silva et al.
! China * - : 2010; Mar aid Okazaki 2012
Robarge et al. 2003; Aydin et al. 2010; Schipper et al.
2011; Chauhan and Chauhan 2014; Hu et al. 2024;
2 Morocco 3-165 *30; 200-300 United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), 1977, ...
3 USA 3-186 ~20; ~140-160 Aydin et al. 2010, ...
4 Russia 0.1-<13 =20 Aydin et al. 2010, ...
5 Tunisia 38-173 ~50 Aydin et al. 2010, ...
6 Togo 44 =70 Aydin et al. 2010, ...
7 Jordan 6-23 — Aydin et al. 2010, ...
8 Brazil 4 ~40; =70 Aydin et al. 2010, ...
9 Israel 12-32 x30; 50 Aydin et al. 2010, ...
10 Syria 6-52 ~140-160 Aydin et al. 2010, ...
11 Pakistan 5-14 =20 Aydin et al. 2010, ...
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12 South Africa 2-<13 — Aydin et al. 2010, ...
13 Egypt 8-74 — Aydin et al. 2010, ...
14 Australia 7-43 =40 Aydin et al. 2010, ...
15 Senegal 37-221 =70 Aydin et al. 2010, ...
16 India — — Aydin et al. 2010, ...
17 Togo* 44-179 =70 Aydin et al. 2010, ...
18 Canada — — Aydin et al. 2010, ...
19 Nigeria —_ ~30 De Vries and McLaughlin 2013, ...
20 Saudi Arabia — =40 De Vries and McLaughlin 2013, ...
21 New Zealand — =50 De Vries and McLaughlin 2013, ...
22 Algeria — 200-300 De Vries and McLaughlin 2013, ...

Fertilizers produced and used in Asia generally contain higher
HM concentrations than European products. In Chinese
phosphate fertilizers, reported As, Cd, Cr, and Pb concentrations
are 15, 4, 25, and 56 mg/kg, respectively (Chen et al, 2020),
although fertilizers manufactured from domestic Chinese raw
materials may contain lower concentrations than imported
products (Peng et al, 2019). Pakistani phosphate fertilizers
reflect the characteristics of local sedimentary ores and contain
relatively high Cd and Pb concentrations, with reported levels of
Cd 9, Cr40,Cu9, Ni25,Pb 67, and Zn 102 mg/kg (Sabiha-Javied
etal, 2009).

Substantial variability may also occur within individual
countries and even within the same phosphate deposit as
mining progresses (Jiao et al., 2012; Mar & Okazaki, 2012). In
Germany, sedimentary-rock-based fertilizers were enriched in
Al, As, B, Be, Cd, Cr, Mo, Ni, Pb, Sb, Se, Tl, U, and Zn, whereas
magmatic apatite products contained relatively more Co, Cu, Sn,
Mn, Ti, Fe, and Sr (Kratz et al, 2016). In the United States,
fertilizers derived from eastern Pliocene phosphate formations
contain less than 10 mg/kg Cd, whereas products from western

Permian deposits may contain up to 174 mg/kg (Mortvedst,
1995).

Because of these risks, some U.S. states and other jurisdictions
regulate Cd and As concentrations in phosphate fertilizers. At
the same time, B, Co, Cu, Mo, and Zn may be deliberately added
to mixed mineral fertilizers as essential micronutrients,
increasing the total HM load on agricultural soils (He et al,
2005; Kratz et al.,, 2016). European regulation of several trace
elements, particularly Cd, As, Cr, Pb, Hg, and Ni, has also been
under discussion (Kratz et al., 2016; Fertilizers Europe, 2021).
The impurity profile also depends on fertilizer formulation.
Single,  double, and superphosphates  and
monoammonium and diammonium phosphates differ markedly
in TM composition (Chauhan & Chauhan, 2014). Single
superphosphate is often enriched in Cu, Hg, Ni, Pb, and Zn,
whereas monoammonium and diammonium phosphates may
contain higher As levels (Peng et al, 2019). Overall, single
superphosphate tends to contain higher concentrations of
several TMs, whereas calcium phosphate fertilizers show
comparatively low contamination levels (Table 2).

triple

Table 2. Average concentrations of TMs in different types of phosphate fertilizers, mg/kg (after (Kratz et al., 2016))

Element Ground phosphate Partially acidulated

Single superphosphate Triple superphosphate Dicalcium phosphate

Element

rock phosphate rock
As 8.3+4.0 13.5+9.9 85+4.8 8.2+3.8 n.d. As
Cd 12.5+6.9 23.4+79 34.0 £25.0 244 +94 n.d. cd
Co 0.96 +0.56 0.77 +0.26 1.5+18 0.73+0.33 0.28 Co
Cr 113 +25.4 148 + 56 90 + 489 171+ 66 0.92 Cr
Cu 151+74 31.2+£113 92+98 21.5+£14.0 1.1 Cu
Mo 6.6+5.0 11.3+6.8 155+1.0 8.4 +3.2 3 Mo
Ni 22.0+12.2 413 +121 389+1.1 26.5+13.1 3.5 Ni
Pb 6.9+ 4.5 3.8+1.8 3.0+0.67 39+4.4 1.1 Pb
Sn 0.38 £ 0.32 8.9 +16.9 n.d. 0.15 £ 0.05 n.d. Sn
Sr 1449 + 247 1057 + 368 1102 £ 197 909 + 82 36.7 Sr
Tl 1.1+0.79 0.36 +0.15 0.59 +0.34 0.39+0.11 n.d. Tl
U 89 + 54 141 £ 42.1 140+ 79 125+ 68 0.16 u
\%4 112 (n=1) n.d. n.d. n.d. 5.1 \
Zn 239 £127 426+ 185 469 + 136 390 £ 190 95 Zn

Temporal changes are also evident. In 196 phosphate fertilizer
samples from European countries, mean concentrations were
7.4 mg/kg Cd, 7.6 As, 14.8 Ni, 89.5 Cr, 2.9 Pb, and 166 Zn
(Nziguheba & Smolders, 2008). Later European data showed
lower mean As, Cd, Ni, and Cr levels but increased Pb and Zn
concentrations (Verbeeck et al, 2020). In contrast, 30
phosphate fertilizers used in Germany showed higher mean
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concentrations of Cd (20.5 mg/kg), As (10.4), Ni (33.8), Cr (135),
and Zn (354), while Pb averaged 1.7 mg/kg (Kratz et al.,, 2016).
Depletion of relatively “clean” phosphate deposits may
therefore increase HM concentrations in future fertilizers and
intensify ecotoxicant inputs into agroecosystems (Jiao et al.,
2012; Kratz et al,, 2016).
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Input of heavy metals through mineral phosphate fertilizers into
soils

In tropical agroecosystems, phosphorus is frequently a major
factor limiting crop productivity because P-bearing minerals are
resistant to weathering and phosphate ions are strongly fixed in
soils through chemisorption (Corguinha et al., 2012; Gupta et al.,
2014). Consequently, phosphate fertilizer application rates
should balance crop requirements with the need to minimize
HM contamination and environmental dispersion.

A single application of 500 kg/ha phosphate fertilizer
containing 20 mg/kg Cd would theoretically increase Cd
concentration in a 20-cm plow layer by only 0.0033 mg/kg,
generally below analytical detection limits (Jiao et al., 2012). At
an application rate of 20 kg P/ha, annual inputs have been
estimated at approximately 55.4 g/ha Zn, 25 g/ha Cr, 12.3 g/ha
Cu, 7.7 g/ha Pb, 0.13 g/ha Cd, and 0.01 g/ha Hg (Hu et al.,, 2013;
Gupta et al., 2014).

Actual inputs vary with crop requirements and fertilizer
composition. In the EU, average phosphorus fertilizer
application rates are approximately 21 kg P,0s/ha for cereals
and 45 kg P,0s/ha for potatoes. With an average fertilizer Cd
concentration of 36 mg/kg P,0s, this corresponds to annual Cd
inputs of approximately 0.8 and 1.6 g/ha, respectively (Six &
Smolders, 2014). Brazil uses higher P,05 rates—approximately
66 kg/ha for soybean and 430 kg/ha for potatoes—but
fertilizers generally contain only 2-12 mg/kg Cd (Corguinha et
al. 2012). Vegetable production may involve particularly high
fertilizer inputs because of crop nutrient requirements and
economic incentives (Qiutong & Mingkui, 2017).

Long-term field observations confirm that repeated
applications can alter soil Cd concentrations. After 31 years and
a cumulative application of 930 kg P/ha in Irish pasture soils, Cd
increased by 0.05 mg/kg above a background concentration of
0.20 mg/kg (McGrath & Tunney, 2010). In the USA, 36 years of
fertilizer use based on Florida phosphates containing <10
mg/kg Cd produced no significant increase, whereas fertilizers
containing 174 mg/kg Cd increased soil concentrations from
0.07 to 1.0 mg/kg (Mortvedt, 1995). In Australia, long-term
single and triple superphosphate applications increased
pasture-soil Cd by 0.015-0.045 mg/kg above a background of
0.020 mg/kg (Schipper et al.,, 2011).

Thus, substantial changes in soil HM concentrations generally
develop over decades and depend strongly on impurity levels
and cumulative fertilizer inputs. Cd accumulation in European
agricultural soils correlates with phosphorus fertilizer use and
P,0s accumulation (Pan et al, 2010), while long-term
experiments in China also indicate an effect of phosphorus
fertilization on Hg concentrations in soils with initially low
background levels (Zheng et al., 2008). Meta-analytical evidence
identifies phosphate fertilizers as a major agrogenic and, in
some systems, principal anthropogenic source of Cd, with total
P, Cd, and U concentrations closely linked to fertilizer type and
application rate (Schipper et al, 2011; Jiao et al, 2012).
Historical soil archives from the UK, France, and Denmark
further indicate a 1.3-2.6-fold increase in soil Cd accompanied
by increasing concentrations in wheat grain (Six & Smolders,

2014).
Evaluation of fertilizer-derived contamination requires
consideration of natural TM backgrounds, atmospheric

deposition, agricultural inputs, crop removal, runoff, and
leaching. Across Europe and the USA, phosphate fertilizers
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contribute approximately 0.2-4.0 g/ha Cd, 2.3-6.0 g/ha As, and
61-1083 g/ha Zn annually, with atmospheric deposition often
providing comparable amounts (Keller & Schulin, 2003; Kratz et
al., 2016). Some studies estimate that fertilizers account for 54-
74% of total TM inputs to arable soils (Chen, W. et al.,, 2007;
Grant et al., 2010), although the relative contribution varies
considerably among elements and countries (Nziguheba &
Smolders, 2008). For EU countries and Norway, the annual Cd
balance in the arable layer may approach zero because fertilizer
inputs are partly offset by downward leaching (Six & Smolders,
2014).

Regional studies illustrate this variability. In England and Wales,
atmospheric deposition dominates total HM inputs, but
phosphorus fertilizers contribute approximately 25% of Cd and
32% of Cr loading (Nicholson et al, 2003). At Rothamsted,
annual application of 35 kg P/ha containing 401-1575 mg/kg
As between 1856 and 1948 approximately doubled soil As
concentrations; after fertilizer As concentrations declined to
1.6-20.3 mg/kg, soil levels stabilized (Hartley et al.,, 2013). In
France, mineral fertilizers account for approximately 2-5% of
annual Pb, Cu, and Zn inputs, 8-18% of Hg, Ni, Mo, and As, and
40-55% of Cr, Se, and Cd (Belon et al., 2012). In Switzerland, Cd
stocks in arable horizons were significantly higher than in
parent materials and correlated with phosphate fertilizer
application (Bigalke et al., 2017).

In California, atmospheric deposition, irrigation, and
phosphorus fertilizers contribute differently to As and Cd
loading. Modeling suggests that the long-term topsoil As balance
may become negative, whereas Cd may continue to accumulate
by approximately 11 g/ha annually; fertilizers with higher
impurity concentrations could raise annual inputs to 330 g/ha
As and 89 g/ha Cd (Chen, W. et al., 2007).

China provides one of the most extensively studied examples.
Approximately 20% of agricultural soils are reported to be
contaminated with TMs (Shi et al, 2019), with industrial
activity, lithogenic sources, and agriculture contributing
approximately 28%, 27%, and 21%, respectively (Fei et al.,
2019). Cd represents one of the principal ecological hazards
(Khatun et al. 2022), although industrial and agricultural soils
differ substantially in contamination patterns (Yang et al.,
2018). Atmospheric TM inputs remain particularly important in
rapidly industrializing regions, with an atmospheric-to-
agrochemical input ratio of approximately 4:1 in some areas
(Luo etal., 2009; Pan et al.,, 2010; Shi et al., 2018). Nevertheless,
fertilizer use contributes to positive annual TM balances and
may increase the relative importance of agricultural Hg inputs
as atmospheric emissions decline (Hu et al,, 2013; Peng et al.,
2019).

In southern China, intensive fertilizer use increases both HM
loading and the mobility of cationic TMs in acidic soils (Peng et
al., 2019). Source-apportionment studies in Sichuan attributed
18% of TM inputs to agriculture, compared with 26% to natural
materials, 31% to metallurgical emissions, and 25% to coal
combustion (Shi et al, 2024). In Guangdong, mean Cd
concentration under long-term phosphorus fertilization was
0.60 mg/kg, and 90% of samples exceeded the Chinese
environmental quality standard (Cai et al, 2015). The same
study associated Cr, Ni, and Co primarily with lithogenic sources
and As and Hg largely with atmospheric inputs.

Urbanization further modifies these patterns. Around Shanghai,
industrial emissions dominate Pb and part of the Cr load, coal
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combustion contributes Hg, fertilizer application is an
important Cd source, and As is primarily geogenic (Fei et al,
2019, 2022). In suburban Nanjing, mineral fertilizers contribute
only small proportions of total Cd, Pb, Cu, and Zn inputs (Hu et
al, 2013), whereas around Hanzhong fertilizer application was
identified as the main factor behind an 85% increase in Cd in the
0-20 cm arable layer (Xiao et al, 2019). In Shandong,
agrochemical sources contribute substantially to elevated Cu
concentrations (Wen et al., 2025).

Outside major urban and industrial zones, the contribution of
fertilizers may become more pronounced. In Henan,
agrochemical and transport sources account for approximately
61% of Cd accumulation (Wang et al, 2025). In the Yangtze
River Valley, current Cd trends suggest that the agricultural
safety threshold of 0.3 mg/kg could be reached within nine
years (Shao et al, 2016). In Jilin Province, phosphate
fertilization accounts for approximately 59% of Cd in
chernozems and 70% in aeolian arenosols, while severe Cd and
Hg contamination increased between 1998 and 2022 (Ren et al.,
2022; Wang et al., 2023; Zhou et al., 2024).

These risks are widely incorporated into Chinese land-use
assessments (Li et al.,, 2005; Chen, S. et al., 2007; Chen, W. et al.,
2007; Luo etal., 2009; Jiao et al., 2012; Niu et al., 2013; Cai et al.,
2015; Feiet al,, 2019; Peng et al,, 2019; Chen et al.,, 2020, 2022;
Fei et al, 2022; Shi et al,, 2024). Evidence from other Asian
countries remains more limited. In central Bangladesh, more
than 99% of analyzed arable soils were contaminated with Ni
and Cd, with agrochemical sources contributing up to 29%
(Proshad et al., 2024). In Iran, fertilizer use increased from 2.4
million tin 1999 to 4.4 million t in 2018, while agricultural soils
in many provinces showed elevated Ni, As, Pb, Cd, and Cr
concentrations (Jahandari & Abbasnejad, 2024). In Qazvin
Province, only 5% of assessed soils met the “very high quality”
criterion (Rahmanipour et al,, 2014).

In Australia and New Zealand, phosphate fertilizers are
regarded as the principal anthropogenic source of Cd in arable
and improved pasture soils. Surface-layer Cd concentrations
increased 7-8 times in some long-term systems (Chen, W. et al.,
2007; Schipper et al, 2011; Bolan et al., 2014; Salmanzadeh et
al, 2016). In Australia, modeled and field-verified increases
during 1900-2000 averaged 0.21 mg/kg under rainfed cereal
production, 0.42 mg/kg under irrigation, and 0.68 mg/kg under
fodder production (De Vries & McLaughlin, 2013). Agricultural
phosphate fertilizer use may influence TM concentrations at
distances of up to 20 km and increase Cd, Zn, Cu, and Pb in arable
horizons relative to background soils (Rodriguez et al., 2008).

Ecological consequences and risks from the input of TMs via
mineral phosphate fertilizers into agricultural soils

The bioavailability of TMs and their transfer from soil to crops
depend strongly on pH, redox potential, organic matter, clay
carbonates, soil solution

minerals, Fe and Mn oxides,

mineralization, and related precipitation-dissolution,
adsorption-desorption, and complexation processes (He et al.,
2005; Zhang et al., 2018). Soil pH is particularly important for
Cd: root uptake generally increases as pH decreases (Kirkham,
2006), making acidic systems such as the “red soil-rice-human”
food chain especially vulnerable (Li et al, 2005). Humus
depletion and acidification associated with agricultural
degradation can further increase TM mobility (Zhou et al,

2024).
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Fertilizer-derived TMs are generally considered more mobile
than geogenic forms, while soil organic matter promotes
immobilization (Jiao et al., 2012; Niu et al.,, 2013; Zhang et al,,
2018). However, isotope-tracing experiments indicate that only
6.5-15% of Cd found in wheat shoots originated directly from
recently applied '°°Cd-labeled triple superphosphate, with
most fertilizer-derived Cd retained in soil and roots
(Wiggenhauser et al., 2019). Huang et al., (2004) similarly found
that less than 1% of fertilizer-derived Cd accumulated in lettuce
biomass. These results demonstrate that direct crop uptake
from newly applied incompletely
understood.

fertilizers remains
Field and laboratory studies also demonstrate interactions
among elements. In the Yangtze River Delta, extractable TM
fractions in soils correlated with pH, humus content, CEC, and
other physicochemical properties (Ran et al., 2016). Triple
superphosphate and monoammonium phosphate increased Cd
in flax seed and wheat grain, while a four-year experiment
showed increasing Cd and decreasing Zn in flax, rapeseed, and
spring wheat after monoammonium phosphate application,
suggesting competitive interactions (Grant et al., 2010). Cd and
Zn also compete for sorption sites, while phosphate fertilizers
may alter ionic strength and pH; in one experiment, fertilizer
application increased Cd concentrations in soil extracts by 87%
relative to the control (Lambert et al, 2007). Crop uptake
additionally varies with edaphic and climatic conditions (Perilli
etal,2010).

The effect of phosphate fertilizers on Cd mobility remains
controversial. Immobilization has been reported in some
studies (Knox et al, 2006; Hong et al.,, 2008), whereas others
indicate enhanced mobilization of Cd and As in contaminated
soils (Sabiha-Javied et al., 2023). Predictions therefore include
both decreases (Azzi et al, 2017) and increases (Grant et al.,
2013) in Cd mobility. Competition between Cd and Zn occurs
both in the soil sorption complex and during plant uptake and
translocation (Zhao et al., 2005). Overall, fertilizer-induced
changes in Cd bioavailability are considered relatively limited
because Cd mobility is controlled by multiple interacting factors
(Jiao etal., 2012).

Effects on other elements are also element-specific. Phosphate
fertilizers can Hg in paddy soils while
simultaneously reducing Hg bioavailability to rice under certain
conditions (Tang et al,, 2018). In contrast, Pb mobility generally
decreases stable organic
complexes and precipitation of poorly soluble pyromorphite
(Chen, S. et al., 2007; Udeigwe et al,, 2011; Bolan et al., 2014;
Gupta et al., 2014). Increasing soil phosphorus may similarly

increase total

because phosphate promotes

enhance immobilization of Cu, Pb, and Ni, with single and triple
superphosphate considered particularly effective for Pb
stabilization (Jiao et al., 2012; Chen et al., 2022).

For As and Sb, phosphate application can increase mobility
through competition of arsenates and antimonates with
phosphates for sorption sites or through isomorphic
substitution in the solid phase (Cao et al, 2003; Gupta et al.,
2014). At Rothamsted, long-term As accumulation in vegetation
declined toward background levels after contaminant
concentrations in fertilizers were reduced (Hartley et al.,, 2013).
In suburban Beijing soils, mobile Cu and Zn fractions were
higher in arable horizons, whereas Cr and As showed more
uniform profiles, suggesting different anthropogenic and
natural origins (Heimann et al, 2015). More than 90% of
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fertilizer-derived As may eventually be leached from the root-
inhabited layer because phosphate competes with arsenate for
adsorption sites on Fe and Al oxides and hydroxides (Chen, W.
etal, 2007; Jiao et al., 2012).

The rhizosphere strongly modifies TM mobility and uptake.
Root exudates, microbial activity, redox processes, and local pH
changes can either mobilize or immobilize elements (Gupta et
al., 2014). Rhizosphere soil contains more organic compounds
and available N but less available P than bulk soil, indicating
intense plant-microbial competition (Gupta et al., 2014; Liu et
al, 2022). A review of 123 studies showed that mineral
elements are generally more mobile in the rhizosphere because
of microbial activity and chelation by root exudates (Bertin et
al., 2003; He et al., 2005; Kim et al., 2010; Heimann et al., 2015;
Zhong et al., 2025). Amino acids such as mugineic and avenic
acids in cereals and phenolic compounds in dicots can mobilize
metals, whereas other root-derived chelates reduce TM
availability and contribute to rhizostabilization (He et al., 2005;
Bais et al., 2006; Gupta et al., 2014; Aslan et al., 2024; Cesaitis et
al, 2024; He et al, 2024; Jeung, 2024; Miranda et al., 2024;
Varoneckaité et al.,, 2024; Cai et al., 2025; Castro & Billones,
2025; Lietal, 2025; Oud et al., 2025; Joyson & Rajasekar, 2026;
Muradov et al.,, 2026; My & Tam, 2026).

Rhizosphere microorganisms and roots also catalyze redox and
acid-base reactions that influence TM uptake (Gupta et al.,
2014). Arbuscular mycorrhizal associations, present in
approximately 80% of vascular plant species, expand the
effective absorptive surface through fine hyphae and can
substantially modify trace-element uptake (Grant et al.,, 2010;
Smith et al,, 2010).

Actual accumulation in crops therefore depends not only on soil
availability but also on plant physiology (Nziguheba & Smolders,
2008). Toxic TMs such as As, Cd, and Pb may enter plants
through transport systems for chemically similar essential
nutrients (Kabata-Pendias, 2010; Penrose et al., 2016). Cd can
be transported with Fe, Mn, Zn, Ni, Cu, and Co through ZIP and
NRAMP transporters, while As may enter through phosphate- or
silicon-transport proteins (Sasaki et al., 2012; Gupta et al., 2014;
Bin et al.,, 2018; Ajeesh Krishna et al., 2020; Bandi et al., 2024;
Chen et al,, 2025; Jannath et al., 2025; Makoae et al., 2025; Salem
etal, 2025).

Consequently, crop species differ markedly in TM accumulation.
In the Yangtze River Delta, mobile soil fractions followed Cd >
Cu > Pb > Ni > Zn, whereas bioconcentration in wheat grain
followed Zn (0.47) > Cd (0.36) > Cu (0.19) > Ni (0.01) > Pb
(0.004) (Ran et al, 2016). In Shandong, peanut showed
relatively high Cd, Cu, and Pb bioconcentration, wheat
accumulated Zn most strongly, sweet potato showed the highest
Cr value, and maize most effectively restricted TM uptake (Wen
et al, 2025). In Pakistan, wheat grain bioconcentration after
phosphate fertilization followed Zn > Pb > Ni, Cu > Cr > Cd,
demonstrating the influence of soil and pedoclimatic conditions
(Sabiha-Javied et al., 2023; Alhossan et al., 2024; Danchin et al.,
2024; Frost et al., 2024; Hillman, 2024; Cuenca-Martinez et al.,
2025; Ismail et al,, 2025; Laaksonen & Virtanen, 2025; Mishra et
al., 2025; Peterson & Rogers, 2025; Torres et al., 2025).
Fertilizer type is another important factor. Soluble complex P-
containing fertilizers (NPK) increased Cd concentrations in
carrot, lettuce, oats, ryegrass, and wheat, whereas phosphate
rock with comparable Cd concentrations did not produce the
same effect (Gupta et al., 2014).
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Finally, increased TM mobility may affect aquatic environments.
Agricultural sources account for approximately 36% of TM
fluxes, particularly Zn, Pb, and Cd, in the Huanghe River
watershed (Li et al, 2024). Agricultural activity has also been
associated with As accumulation in Erhai Lake sediments (Lin et
al, 2016) and progressive Cd, Pb, and Zn accumulation in
Chaohu Lake sediments (Tang et al, 2010). In ponds between
the Huanghe and Yangtze rivers, most investigated TMs
increased between 1980 and 2004; Cd rose fourfold from 0.08
to 0.33 mg/kg, and the temporal trend corresponded to
increasing phosphate fertilizer application (Zhang & Shan,
2008).

Assessment of human health risks

Five trace metals (TMs), including As, Cd, Cr, Pb, and Hg, are
considered the most hazardous to human health and are
classified as “known” or “probable” carcinogens by the
International Agency for Research on Cancer (IARC) (Khatun et
al., 2022). Recently, assessments of human health risks of both
carcinogenic and non-carcinogenic nature, associated with TM
accumulation in arable soils, have become increasingly popular.
For example, an analysis of the combined use of phosphorus
fertilizers at a dose of 25 kg/ha and zinc micronutrients applied
to maize on neutral, saturated soils at the Quzhou experimental
station in Hebei Province (China) showed that this scheme met
the crop’s requirements for essential Zn and Cu while
simultaneously reducing potential human health risks
associated with Cd and Pb, whereas phosphorus fertilizer doses
above 50 kg/ha led to increased carcinogenic risks associated
with Cr impurities (Chen et al,, 2022).

However, a slightly earlier 10-year field experiment conducted
by the same authors at the same Quzhou station, assessing the
effect of phosphorus fertilizer application in doses from 25 to
400 kg/ha, showed that, with the relative accumulation of Zn,
Pb, Cd, and As in the plow horizon, only the concentrations of Cd
and As in wheat grain increased (without exceeding the
respective safety thresholds), whereas the concentrations of Zn,
Cu, Pb, and Ni, on the contrary, decreased, and the transfer of Cr
from soil to wheat grain remained invariant with respect to the
fertilizer doses. The optimal dose in terms of minimizing TM soil
contamination was recognized as 50 kg/ha (Chen et al., 2020).
In areas with pronounced contamination of vegetable-growing
soils in the suburban zone of Nanjing (China) and with elevated
concentrations of Cd, Pb, Cu, and Zn accumulated in the plow
horizons, the estimated intake of TMs through plant products
was much lower than the risk-inducing dose for both children
and adults (Hu et al, 2013). In the industrial-agricultural
Shandong Province, the main route of TM entry into the human
body, by contrast, was alimentary intake; Cd was the most
significant element posing carcinogenic risks, while Cu was
responsible for non-carcinogenic risks for adults and children
(Wen et al., 2025). According to a nationwide assessment of
human health risks in China caused by agricultural soil
contamination, the hazard from ingestion of TM-containing dust
was higher than the risk from dermal adsorption of ecotoxicants
(Yang et al, 2018). In agricultural regions, the assessment of
non-carcinogenic health risks is generally lower than in
industrial areas. The disease risk for adult men is negligible, but
the hazard of diseases caused by TM-contaminated soils exists
for women and children, especially in the agricultural provinces
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of Guangxi and Hubei, and to some extent in the farming regions
of Hunan, Jiangxi, and Yunnan (Yang et al,, 2018).

An assessment of human health risks associated with
contamination of agricultural soils in various provinces of Iran
indicated the pressing need to mitigate ecological hazards posed
by As, Cd, and Cu, mainly related to the ingestion of TM-
containing dust blown from the surface of over-dried arable
land (Jahandari & Abbasnejad, 2024).

Thus, the application of mineral phosphorus fertilizers
contributes noticeably to the contamination of agricultural soils
with TMs from anthropogenic sources and may affect crop
quality, potentially creating health risks for the population.
Children are almost always more vulnerable to TM exposure
than adults (Ran et al,, 2016; Yang et al., 2018).

Input of naturally occurring radioactive materials (NORM) via
mineral phosphorus fertilizers into agricultural soils

The primary specific source of NORM entry into arable soils, as
in the case of trace metals, is mineral phosphorus fertilizers
(Kabata-Pendias, 2010; Chauhan & Chauhan, 2014; Kratz et al.,
2016; Bigalke et al., 2017).
Phosphate-containing raw materials
production typically contain elevated concentrations of
naturally occurring radionuclides of the 238U series. Activities
of 238U and ~226Ra in phosphate rocks can reach up to 4800
Bq/kg, while the activity of #232Th is lower, up to 163 Bq/kg
(United Nations Scientific Committee on the Effects of Atomic
Radiation [UNSCEAR], 1977, 1982; Ajiboye et al., 2024; Ashwin
et al., 2024; Jin et al, 2024; Konaparthi et al,, 2024; Li et al,
2024; Owusu et al., 2024; Alves et al., 2025; Chen et al., 2025).
Processing phosphate-containing mineral raw materials and
disposal of associated waste can lead to increased NORM
contentin the soils of industrial sites and surrounding areas. For
example, in soils at a phosphorus fertilizer production facility

used for fertilizer

near Mumbai (India), “226Ra and *238U concentrations reach
50% of their levels in phosphate raw materials, which is 30-35
times higher than the background concentrations in Indian
soils. In soils adjacent to the plant, #226Ra and "238U
concentrations are elevated 1.5-2.5 times above background
levels (Sahu et al., 2014).

During the processing of raw phosphate-containing materials, a
significant redistribution of #226Ra, 238U, #232Th, and other
NORM isotopes occurs. Almost all *238U and substantial
portions of #226Ra and ”~232Th can transfer into the final
product. In phosphorus fertilizers, NORM activities vary widely:
55-1100 Bq/kg for ~226Ra and ~238U, and 7-100 Bq/kg for
A232Th in single superphosphate; 100-800 Bq/kg *226Ra, up
to 2100 Bq/kg 238U, and 6-540 Bq/kg ~232Th in triple
superphosphate; 75+11 Bq/kg *226Ra and 65+3 Bq/kg ~232Th
in diammonium phosphate (United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR),
1982; El-Taher & Althoyaib, 2012; Chauhan & Chauhan, 2014;
Gupta et al., 2014; Hameed et al., 2014; Sahu et al.,, 2014; Uosif
et al.,, 2014; Punniyakotti et al., 2020; Bouargane et al., 2023).
Phosphorus fertilizers produced from sedimentary phosphate
rocks contain on average 50-200 mg/kg (620-2500 Bq/kg)
~238U and 2-20 mg/kg (8-81 Bq/kg) *232Th, whereas those
produced from apatite ores contain less than 10 mg/kg (<125
Bq/kg) 238U, but higher amounts of #232Th and rare earth
elements (Chauhan & Chauhan, 2014).
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~238U concentrations in phosphorus fertilizers manufactured
in different countries vary as follows: Brazil - 5-185 mg/kg (62-
2300 Bq/kg), Germany - 3-186 mg/kg (37-2320 Bq/kg), India
- 16-36 mg/kg (199-448 Bq/kg), Serbia - 13-1778 mg/kg
(162-22100 Bq/kg), USA - 9-221 mg/kg (112-2750 Bq/kg),
Uzbekistan - 11-70 mg/kg (137-871 Bq/kg), Croatia - 66-127
mg/kg (822-1580 Bq/kg), Japan - 31 mg/kg (386 Bq/kg)
(Yamazaki & Geraldo, 2003; Takeda et al., 2006; Avelar et al.,
2016; Kratz et al, 2016; Vranje$ et al., 2020). In fertilizers
produced in EU countries, the average ~238U content is 94
mg/kg (1170 Bq/kg) (Verbeeck et al., 2020).

In phosphorus fertilizers, 238U can exist in a relatively mobile
and potentially plant-available form. For example, phosphorus
fertilizers used in central Italy have been shown to contain 30-
65% of ~238U in a plant-available form in triple
superphosphate, diammonium phosphate, and organo-mineral
NPK fertilizers, respectively (Roselli et al., 2010).

Regular and long-term application of phosphorus fertilizers
with elevated NORM content leads to their accumulation in soils
over extended periods, even after the cessation of fertilizer use.
In soils of North Carolina, #238U content increased by 1.4-1.7
times compared to unfertilized soils (Hu et al, 2024); in the
United Kingdom - by 1.3 times (Ahmed et al., 2014); in soils of
India - by 1.3-1.5 times (Hameed et al.,, 2014; Punniyakotti et
al, 2020); in soils of Thailand - more than 2 times
(Porntepkasemsan et al., 2018); in soils of Japan - by 1.4-3.9
times (Takeda et al, 2006; Yamaguchi et al., 2009); in soils of
central Russia - by 1.3-1.9 times (Manakhov et al.,, 2022); and
in soils of Kenya, Tanzania, and Uganda - by 2.3-4.0 times
(Mwalongo et al., 2023).

In addition, a portion of 238U remains in a plant-available form
in soils: from 2% in soils of North Carolina (Hu et al., 2024) and
2.5% in soils of Japan (Takeda et al., 2006) to 7% in soils of
southern Kazakhstan (Nursapina et al., 2022) and 24% in soils
of the United Kingdom (Ahmed et al, 2014). The fraction of
plant-available #226Ra in soils of central Russia reaches 8-13%
of its total activity (Manakhov et al., 2022).

The accumulation of NORM in crops grown on soils fertilized
with phosphorus fertilizers occurs more intensively than on
unfertilized soils. The 238U accumulation factor in crops on
fertilized soils in Brazil was on average 1.5-2 times higher than
on unfertilized soils (Lauria et al., 2009). In soils of southern
Kazakhstan, the accumulation factor of radish on soil fertilized
with potassium monophosphate exceeded 4 (Nursapina et al.,
2022). At the same time, in tobacco grown on fertilized soils in
Kenya, Tanzania, and Uganda, the 238U accumulation factor
was almost two times lower than on background soils
(Mwalongo et al., 2023). For acidic soils in Croatia, it was shown
that the intensity of #238U and other NORM accumulation by
maize grown on soils with phosphorus fertilizers containing
elevated NORM decreases with increasing doses of applied
phosphorus and nitrogen (Zgorelec et al., 2021).

According to the United Nations Scientific Committee on the
Effects of Atomic Radiation, NORM accumulation in soils leads
to a slight increase in the external dose to the population and
the possible dose from intake of radionuclides via crops grown
on soils fertilized with phosphorus fertilizers containing
elevated NORM. Slightly higher exposure may occur for
populations living in close proximity to phosphorus fertilizer
production facilities: up to 100 pSv/year, which constitutes
about 4% of the total annual effective dose from all natural
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radiation sources (United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR), 2000). For workers
directly handling phosphorus fertilizers and mineral raw
materials with elevated NORM content, the increase in radiation
dose, both from external exposure and inhalation, can reach 10-
25% of the total annual effective dose (Gezer et al., 2012).

The chemical hazard of #238U for biota components exceeds the
radiological component: it has been established that an
ecotoxicological effect can manifest at a load of more than 1 kg
(12.8 MBq) of 7238U/ha per year. In Germany, the use of
phosphate fertilizers over a 60-year period from 1951 to 2011
led to a total input of approximately 14,000 t of 238U into
arable soils, which corresponds to an average cumulative load
of 1 kg 7238U/ha (Schnug & Lottermoser, 2013). A unique
analysis of the impact of phosphorus fertilizer application to the
arable soils of the Rothamsted Research station (UK), conducted
from 1876 to the 2010s, showed that the average annual
accumulation rate of #238U in the arable horizon varied across
experimental sites from 2.8 to 6.1 pg/kg (35-76 mBq/kg) per
year and did not affect the mobility and, consequently, the
bioavailability of the radionuclide for plants (Sun et al., 2022).
For agricultural lands in different countries, the average
increment of 238U levels in the arable horizon with continuous
use of mineral phosphorus fertilizers is estimated at 0.85 pg/kg
of soil (11 mBq/kg of soil). Thus, the accumulation of #238U
derived from fertilizers is a global issue, even if the rates of
manifestation vary (Sun et al, 2022). Some studies report an
increase in the reserves of terrigenous radionuclides in arable
soils compared to virgin soils, which correlates with the
duration of phosphorus fertilizer use (Yamazaki & Geraldo,
2003; Takeda et al, 2006; Schnug & Lottermoser, 2013;
Verbeeck et al., 2020), while others note no significant changes
over the observed period (Roselli et al, 2010; El-Taher &
Althoyaib, 2012; Guidotti et al., 2015).

CONCLUSION

Providing food safety necessitates a careful evaluation of human
health and environmental risks due to the contamination of
agricultural soils with heavy metals (HMs) and naturally
occurring radionuclides (NOR). Mineral phosphorus fertilizers
constitute a considerable anthropogenic source of ecotoxicants
in agroecosystems since they contain unregulated (in most
nations) and sometimes high levels of HMs and NOR, notably Cd
and As. Repeated inputs of these elements into arable soils can,
in the long term, result in exceedances of safe threshold
concentrations. Risk evaluation should consider the region of
phosphate rock mining, doses and types of phosphorus
fertilizers applied, soil type, climate and weather patterns, and
biological characteristics of crops in rotation and agronomic
management, all of which affect the bioavailability of HMs and
NOR to plants and, as a consequence, their transfer along the
food chain from "crop - (livestock) - human.

ACKNOWLEDGMENTS: None

CONFLICT OF INTEREST: None

68

FINANCIAL SUPPORT: BR24992839 "Study of the impact of
ecotoxicants and innovative agricultural technologies on
agricultural lands and products of the Kostanay region".

ETHICS STATEMENT: None

REFERENCES

Ahmed, H., Young, S. D., & Shaw, G. (2014). Factors affecting
uranium and thorium fractionation and profile
distribution in contrasting arable and woodland soils.
Journal of Geochemical Exploration, 145, 98-105.
doi:10.1016/j.gexplo.2014.05.017

Ajeesh Krishna, T. P., Maharajan, T., Victor Roch, G,
Ignacimuthu, S., & Antony Ceasar, S. (2020). Structure,
function, regulation and phylogenetic relationship of ZIP
family transporters of plants. Frontiers in Plant Science, 11,
662.doi:10.3389/fpls.2020.00662

Ajiboye, B. 0., Famusiwa, C. D., Ojelabi, A. 0., Akinola, W. O,
Adeyemi, E. T., Adejumo, A. A, Owolabi, 0. V., Jeje, T. 0.,
Bamisaye, F. A, Oyinloye, B. E., et al. (2024). Hibiscus
sabdariffa leaf extract activates molecular gene
expressions of insulin and GLP-I receptor in
streptozotocin-induced rats. Pharmacophore, 15(5), 15-
26.d0i:10.51847 /xSFzqq250Y

Alhossan, A., Al Aloola, N. Basoodan, M., Alkathiri, M.,
Alshahrani, R, Mansy, W., & Almangour, T. A. (2024).
Assessment of community pharmacy services and
preparedness in Saudi Arabia during the COVID-19
pandemic: A cross-sectional study. Annals of Pharmacy
Education, Safety, and Public Health Advocacy, 4, 43-49.
doi:10.51847/C52qAb0bZW

Alves, R, Mendes, T., Pinto, J., & Correia, N. (2025). Warfarin
pharmacogenomics in the era of precision medicine:
Persistent  underrepresentation of non-European
ancestries and implications for global health equity.
Special Journal of Pharmacognosy and Phytochemistry
Biotechnology, 5, 1-26. doi:10.51847 /3jxE52PnLi

Anas, M., Khattak, W. A, Fahad, S., Alrawiq, N., Alrawiq, H. S,,
Abdelsalam, N. R,, Jaremko, M., & Quraishi, U. M. (2025).
Mitigating heavy metal pollution in agriculture: A multi-
omics and nanotechnology approach to safeguard global
wheat production. Journal of Hazardous Materials
Advances, 17,100584. d0i:10.1016/j.hazadv.2024.100584

Angon, P. B, Islam, M. S, KC, S., Das, A., Anjum, N., Poudel, A, &
Suchi, S. A. (2024). Sources, effects and present
perspectives of heavy metals contamination: Soil, plants
and human food chain. Heliyon, 10, e28357.
d0i:10.1016/j.heliyon.2024.e28357

Ashwin, S. P, Sinduja, P., Jayaraman, S., & Priyadharshini, R.
(2024). Evaluation of 8-OHDG, SOD, and GPx biomarkers
among individuals with OPMD and OSCC. Asian Journal of
Current Research in Clinical Cancer, 4(1), 11-17.
doi:10.51847/DIQtos2d7D

Aslan, F. E,, Sanlier, N. B., & Cinar, F. (2024). Studies conducted
in Turkey on the effect of hypothermia on the surgical
process: A meta-analysis study. Journal of Integrative
Nursing and Palliative Care, 5, 35-41.
doi:10.51847/6mGzMdUDph

Avelar, A. C,, Ferreira, W. M., Pemberthy, D., Abad, E., & Amaral,
M. A. (2016). Dioxins, furans, biphenyls, arsenic, thorium



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

and uranium in natural and anthropogenic sources of
phosphorus and calcium used in agriculture. Science of the
Total Environment, 551-552, 695-698.
doi:10.1016/j.scitotenv.2016.01.126

Aydin, I, Aydin, F., Saydut, A., Bakirdere, E. G., & Hamamci, C.
(2010). Hazardous metal geochemistry of sedimentary
phosphate rock used for fertilizer (Mazidag, SE Anatolia,
Turkey). Microchemical Journal, 96(2), 247-251.
doi:10.1016/j.microc.2010.03.006

Azzi, V., Kanso, A., Kazpard, V., Kobeissi, A., Lartiges, B., & El
Samrani, A. (2017). Lactuca sativa growth in compacted

and non-compacted semi-arid alkaline soil under
phosphate  fertilizer  treatment and cadmium
contamination. Soil & Tillage Research, 165, 1-10.

doi:10.1016/j.5till.2016.07.014

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M.
(2006). The role of root exudates in rhizosphere
interactions with plants and other organisms. Annual
Review of Plant Biology, 57, 233-266.
d0i:10.1146/annurev.arplant.57.032905.105159

Bandi, V., Dey, S. K., & Rao, 0. (2024). Factors influencing the
physician
developed and developing countries: A systematic review.
Journal of Integrative Nursing and Palliative Care, 5, 21-34.
doi:10.51847/ZS3boQgksO

Belon, E., Boisson, M., Deportes, 1. Z., Eglin, T. K,, Feix, L, Bispo, A.
0., Galsomies, L., Leblond, S., & Guellier, C. R. (2012). An
inventory of trace elements inputs to French agricultural
soils. Science of the Total Environment, 439, 87-95.
doi:10.1016/j.scitotenv.2012.09.011

Bertin, C., Yang, X.,, & Weston, L. A. (2003). The role of root
exudates and allelochemicals in the rhizosphere. Plant and
Soil, 256, 67-83. d0i:10.1023 /A:1026290508166

Bigalke, M., Ulrich, A, Rehmus, A, & Keller, A. (2017).
Accumulation of cadmium and uranium in arable soils in

221, 85-93.

prescribing behaviour of medicines in

Switzerland. Environmental Pollution,
doi:10.1016/j.envpol.2016.11.035

Bin, B. H,, Seo, J., & Kim, S. T. (2018). Function, structure, and
transport aspects of ZIP and ZnT Zinc transporters in
immune cells. Journal of Immunology Research, 2018,
9365747.d0i:10.1155/2018/9365747

Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park,
J., Makino, T. Kirkham, M. B, & Scheckel, K. (2014).
Remediation of heavy metal(loid)s contaminated soils - To
mobilize or to immobilize? Journal of Hazardous Materials,
266,141-166.doi:10.1016/j.jhazmat.2013.12.018

Bouargane, B., Pérez-Moreno, S. M., Barba-Lobo, A., Bakiz, B.,
Atbir, A., & Bolivar, J. P. (2023). Behavior of heavy metals
and natural radionuclides along the
phosphogypsum carbonation process with several alkaline
reagents. Chemical Engineering Science, 280, 119013.
d0i:10.1016/j.ces.2023.119013

Broadley, M., Brown, P., Cakmak, I., Rengel, Z., & Zhao, F. (2012).
Function of nutrients: Micronutrients. In Marschner’s
mineral nutrition of higher plants (pp. 191-248) (3rd ed.).
Cambridge: Academic Press. doi:10.1016/B978-0-12-
384905-2.00007-8

Cai, Z., Li, C. X,, Chen, A. M. H,, Zhou, ], & Zhang, X. (2025). Effects
of orthodontic force intensity and movement patterns on

Moroccan

lower premolar pulp and neurovascular bundle: A finite

69

element analysis. Asian Journal of Periodontics and
Orthodontics, 5, 56-64. doi:10.51847 /iWxnonihg6

Cai, L., Xu, Z., Bao, P., He, M., Dou, L., Chen, L., Zhou, Y., & Zhu, Y.
G. (2015). Multivariate and geostatistical analyses of the
spatial distribution and source of arsenic and heavy metals
in the agricultural soils in Shunde, Southeast China. Journal
of Geochemical Exploration, 148, 189-195.
doi:10.1016/j.gexplo.2014.09.010

Cao, X., Ma, L. Q., & Shiralipour, A. (2003). Effects of compost and
phosphate amendments on arsenic mobility in soils and
arsenic uptake by the hyperaccumulator, Pteris vittata L.
Environmental Pollution, 126(2), 157-167.
doi:10.1016/50269-7491(03)00208-2

Castro, M. H. & Billones, J. (2025). Phytochemicals from
Philippine medicinal plants as dual inhibitors of
Acinetobacter baumannii IMP-1 and OXA-24 B-lactamases.
Journal of Biochemical 16(1), 34-39.
doi:10.51847 /JZTeLtrtZf

Cesaitis, L., Jonusas, R, Latakas, D., JanuZis, G., & Razukevitius,
D. (2024). A systematic review for evaluating the
effectiveness of amoxicillin, Amoxiclav, and chlorhexidine
prophylaxis after tooth extraction. Annals of Dental
Specialty, 12(1), 26-32. doi:10.51847 /IbVZcU6Pfs

Chauhan, P., & Chauhan, R. P. (2014). Measurement of fertilizers
induced radioactivity in tobacco plants and elemental
analysis using ICAP-AES. Radiation Measurements, 63, 6-
11.d0i:10.1016/j.radmeas.2014.02.006

Chen, W. ], Wy, C. L., Huang, Y. C, Lin, P. C.,, & Tsai, M. H. (2025).
Precision medicine readiness among Malaysian
community pharmacists: High perceived value, moderate
knowledge, and urgent training needs. Special Journal of
Pharmacognosy and Phytochemistry Biotechnology, 5, 27-
38.d0i:10.51847 /xiZECWNmB8

Chen, X, Hu, X, Shi, S, & Tian, Q. (2025). Marriage and its
influence on overweight and obesity: Insights from China.

Technology,

Bulletin of Pioneer Research in Medical and Clinical
Sciences, 5(1), 51-59. do0i:10.51847 /BpWIOEXxj]4

Chen, S, Xu, M., Ma, Y., & Yang, J. (2007). Evaluation of different
phosphate amendments on availability of metals in
contaminated soil. Ecotoxicology and Environmental
Safety, 67(2), 278-285. doi:10.1016/j.ecoenv.2006.06.008

Chen, W,, Chang, A. C,, & Wu, L. (2007). Assessing long-term
environmental risks of trace elements in phosphate
fertilizers. Ecotoxicology and Environmental Safety, 67(1),
48-58.d0i:10.1016/j.ecoenv.2006.12.013

Chen, X. X,, Jiao, J. Y., Cao, W. Q,, Yu, B. G., Liu, Y. M,, & Zou, C. Q.
(2022). A sustainable phosphorus management in
agriculture: Assessing trade-offs between human health
risks and nutritional yield regarding heavy metals in maize
grain. Environmental Research, 203, 111792.
doi:10.1016/j.envres.2021.111792

Chen, X. X,, Liu, Y. M,, Zhao, Q. Y., Cao, W. Q., Chen, X. P., & Zou, C.
Q. (2020). Health risk assessment associated with heavy
metal accumulation in wheat after long-term phosphorus
fertilizer application. Environmental Pollution, 262,
114348. doi:10.1016/j.envpol.2020.114348

Cordell, D., Drangert, J. 0., & White, S. (2009). The story of
phosphorus: Global food security and food for thought.
Global  Environmental — Change, 19(2), 292-305.
d0i:10.1016/j.gloenvcha.2008.10.009



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

Corguinha, A. P. B, Gongalves, V. C,, de Souza, G. A, de Lima, W.
E. A, Penido, E. S., Pinto, C. A. B. P, Francisco, E. A. B, &
Guilherme, L. R. G. (2012). Cadmium in potato and
soybeans: Do phosphate fertilization and soil management
systems play a role? Journal of Food Composition and
Analysis, 27(1), 32-37. d0i:10.1016/j.jfca.2012.05.001

Cuenca-Martinez, F., Herranz-Gémez, A., Madrofiero-Miguel, B.,
Reina-Varona, A., Touche, R. L., Angulo-Diaz-Parrefio, S.,
Pardo-Montero, J., Corral, T. D., & Lépez-de-Uralde-
Villanueva, L. (2025). A systematic review of the literature
on the connection between cervical spine abnormalities
and internal disorders of the temporomandibular joint.
Journal of Current Research in Oral Surgery, 5, 1-10.
doi:10.51847/e4CoCM6iSZ

Danchin, A.,, Ng, T. W.,, & Turinici, G. (2024). Transmission
pathways and mitigation strategies for COVID-19.
Interdisciplinary Research in Medical Sciences Special, 4(1),
1-10. doi:10.51847 /p0YhQPxvkW

De Vries, W., & McLaughlin, M. J. (2013). Modeling the cadmium
balance in Australian agricultural systems in view of
potential impacts on food and water quality. Science of the
Total Environment, 461-462, 240-257.
doi:10.1016/j.scitotenv.2013.04.069

Deng, W., Liu, W,, Li, X,, & Yang, Y. (2020). Source apportionment
of and potential health risks posed by trace elements in
agricultural soils: A case study of the Guanzhong Plain,
northwest China. Chemosphere, 258, 127317.
d0i:10.1016/j.chemosphere.2020.127317

El-Taher, A, & Althoyaib, S. S. (2012). Natural radioactivity
levels and heavy metals in chemical and organic fertilizers
used in Kingdom of Saudi Arabia. Applied Radiation and
Isotopes, 70(1), 290-295.
doi:10.1016/j.apradiso.2011.08.010

Fei, X, Lou, Z,, Xiao, R, Ren, Z., & Lv, X. (2022). Source analysis
and source-oriented risk assessment of heavy metal
pollution in agricultural soils of different cultivated land
qualities. Journal of Cleaner Production, 341, 130942.
doi:10.1016/j.jclepro.2022.130942

Fei, X, Xiao, R, Christakos, G., Langousis, A., Ren, Z., Tian, Y., &
Lv, X. (2019). Comprehensive assessment and source
apportionment of heavy metals in Shanghai agricultural
soils with different fertility levels. Ecological Indicators,
106,105508. doi:10.1016/j.ecolind.2019.105508

Fertilizers Europe. (2021). Forecast of food, farming and
fertilizer use in the European Union 2021-2031. Brussels:
Fertilizers Europe.
https://www. fertilizerseurope.com/wp-
content/uploads/2021/12 /Forecast-2021-31-Studio-
final-web.pdf

Frost, N., Deckert, P. M., Nolte, C. H,, Kohl, R., & Schreiber, S. J.
(2024). Challenges and strategies in recruiting patients for
a trial on patient-centered navigation in age-associated
diseases. Annals of Pharmacy Education, Safety, and Public
Health Advocacy, 4, 50-62. doi:10.51847 /BLHIqwfTFT

Georgiadou, E. C., Kowalska, E., Patla, K., Kulbat, K., Smolinska,
B., Leszczynska, J., & Fotopoulos, V. (2018). Influence of
heavy metals (Ni, Cu, and Zn) on nitro-oxidative stress
responses, proteome regulation and allergen production
in basil (Ocimum basilicum L.) plants. Frontiers in Plant
Science, 9,862. doi:10.3389/fpls.2018.00862

70

Gezer, F., Turhan, S., Ugur, F. A, Goren, E., Kurt, M. Z,, & Ufuktepe,
Y. (2012). Natural radionuclide content of disposed
phosphogypsum as TENORM produced from phosphorus
fertilizer industry in Turkey. Annals of Nuclear Energy, 50,
33-37.d0i:10.1016/j.anucene.2012.07.018

Grant, C. A., Monreal, M. A, Irvine, R. B,, Mohr, R. M., McLaren, D.
L, & Khakbazan, M. (2010). Preceding crop and
phosphorus
concentration of flaxseed under conventional and reduced
tillage. Plant and Soil, 333, 337-350. doi:10.1007/s11104-
010-0349-7

Grant, C., Flaten, D., Tenuta, M., Malhi, S., & Akinremi, W. (2013).
The effect of rate and Cd concentration of repeated

fertilization affect cadmium and zinc

phosphate fertilizer applications on seed Cd concentration
varies with crop type and environment. Plant and Soil, 372,
221-233.d0i:10.1007/s11104-013-1691-3

Guidotti, L., Carini, F., Rossi, R., Gatti, M., Cenci, R. M., & Beone, G.
M. (2015). Gamma-spectrometric measurement of
radioactivity in agricultural soils of the Lombardia region,
northern Italy. Journal of Environmental Radioactivity, 142,
36-44. doi:10.1016/j.jenvrad.2015.01.010

Gupta, D. K., Chatterjee, S., Datta, S., Veer, V., & Walther, C.
(2014). Role of phosphate fertilizers in heavy metal uptake
and detoxification of toxic metals. Chemosphere, 108,
134144.doi:10.1016/j.chemosphere.2014.01.030

Hameed, P. S, Pillai, G. S., & Mathiyarasu, R. (2014). A study on
the impact of phosphate fertilizers on the radioactivity
profile of cultivated soils in Srirangam (Tamil Nadu, India).
Journal of Radiation Research and Applied Sciences, 7(4),
463-471.d0i:10.1016/j.jrras.2014.08.011

Hartley, T. N., Macdonald, A.]., McGrath, S. P., & Zhao, F.]. (2013).
Historical arsenic contamination of soil due to long-term
phosphate fertiliser applications. Environmental Pollution,
180, 259-264. d0i:10.1016/j.envpol.2013.05.034

He, M,, Yin, H,, Liu, Z,, Luo, F., Zhao, X,, Li, H,, & Song, X. (2024).
Root exudate-assisted phytoremediation of copper and
lead contamination using Rumex acetosa L. and Rumex K-
1. Ecotoxicology and Environmental Safety, 284, 117036.
doi:10.1016/j.ecoenv.2024.117036

He, Z. L., Yang, X. E., & Stoffella, P. J. (2005). Trace elements in
agroecosystems and impacts on the environment. Journal
of Trace Elements in Medicine and Biology, 19(2-3), 125-
140. doi:10.1016/j.jtemb.2005.02.010

Heimann, L., Roelcke, M., Hou, Y., Ostermann, A.,, Ma, W., &
Nieder, R. (2015). Nutrients and pollutants in agricultural
soils in the peri-urban region of Beijing: Status and
recommendations. Agriculture, Ecosystems & Environment,
209, 74-88. doi:10.1016/j.agee.2015.03.026

Hillman, T. (2024). A predictive approach for determining the
optimal anti-CCR5 monoclonal antibody. Interdisciplinary
Research in Medical Sciences Special, 4(1), 11-22.
doi:10.51847/jV]3mRs3yR

Hong, C. 0., Lee, D. K., & Kim, P.]. (2008). Feasibility of phosphate
fertilizer to immobilize cadmium in a field. Chemosphere,
70(11), 2009-2015.
d0i:10.1016/j.chemosphere.2007.09.025

Hu, J., Wang, Z., Williams, G. D. Z., Dwyer, G. S., Gatiboni, L.,
Duckworth, 0. W., & Vengosh, A. (2024). Evidence for the
accumulation of toxic metal(loid)s in agricultural soils
impacted from long-term application of phosphate



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

fertilizer. Science of the Total Environment, 907, 167863.
doi:10.1016/j.scitotenv.2023.167863

Hu, W, Huang, B,, Shi, X,, Chen, W,, Zhao, Y., & Jiao, W. (2013).
Accumulation and health risk of heavy metals in a plot-
scale vegetable production system in a peri-urban
vegetable farm near Nanjing, China. Ecotoxicology and
Environmental Safety, 98, 303-309.
d0i:10.1016/j.ecoenv.2013.09.040

Huang, B., Kuo, S., & Bembenek, R. (2004). Availability of
cadmium in some phosphorus fertilizers to field-grown
lettuce. Water, Air, and Soil Pollution, 158, 37-51.
doi:10.1023/B:WATE.0000044832.04770.41

Ismail, S. F,, Hassan, N. A,, & Musa, M. H. (2025). Plasma VEGF-A
short isoforms as a predictive biomarker for bevacizumab
efficacy in first-line treatment of metastatic colorectal
cancer: A phase II study (WJOG7612GTR). Archives of
International Journal of Cancer and Allied Sciences, 5(1),
125-137.doi:10.51847 /PcIAGZ3VSM

Jahandari, A., & Abbasnejad, B. (2024). Environmental pollution
status and health risk assessment of selective heavy
metal(oid)s in Iran’s agricultural soils: A review. Journal of
Geochemical Exploration, 256, 107330.
doi:10.1016/j.gexplo.2023.107330

Jannath, A, Elango, R., & Chidambaranathan, A. M. (2025). A
scoping review on ethical issues in the Mpox outbreak.
Asian Journal of Ethics in Health and Medicine, 5, 36-51.
doi:10.51847/EQ8at7Q71A

Jeung, Y. Y. (2024). Studying the effect of positive thinking
training on fear of childbirth and health anxiety in
pregnant women. Journal of Integrative Nursing and
Palliative Care, 5, 55-61. d0i:10.51847 /XEoAEL5hmj

Jiao, W, Chen, W, Chang, A. C, & Page, A. L. (2012).
Environmental risks of trace elements associated with
long-term phosphate fertilizers applications: A review.
Environmental Pollution, 168, 44-53.
d0i:10.1016/j.envpol.2012.03.052

Jin, L. W,, Tahir, N. A. M,, Islahudin, F., & Chuen, L. S. (2024).
Exploring treatment adherence and quality of life among
patients with transfusion-dependent thalassemia. Annals
of Pharmacy Practice and Pharmacotherapy, 4, 8-16.
doi:10.51847/B8R85qakUv

Joyson, J. ], & Rajasekar, A. (2026). Adjunctive effect of
ranitidine hydrogel on clinical parameters and
Porphyromonas gingivalis levels in periodontal disease.
Annals  of  Dental  Specialty, 14(1),  44-49.
doi:10.51847/10wtkbPCQZ

Ju, X. T., Kou, C. L., Christie, P., Dou, Z. X., & Zhang, F. S. (2007).
Changes in the soil environment from excessive
application of fertilizers and manures to two contrasting
intensive cropping systems on the North China Plain.
Environmental Pollution, 145(2), 497-506.
doi:10.1016/j.envpol.2006.04.017

Kabata-Pendias, A. (2010). Trace elements in soils and plants
(4th ed.). Boca Raton, FL: CRC Press/Taylor & Francis
Group, 458 p. d0i:10.1201/b10158

Keller, A., & Schulin, R. (2003). Modelling regional-scale mass
balances of phosphorus, cadmium and zinc fluxes on
arable and dairy farms. European Journal of Agronomy,
20(1-2),181-198.d0i:10.1016/S1161-0301(03)00075-3

Khatun, J., Intekhab, A., & Dhak, D. (2022). Effect of uncontrolled
fertilization and heavy metal toxicity associated with

71

arsenic (As), lead (Pb) and cadmium (Cd), and possible
remediation. Toxicology, 477, 153274.
doi:10.1016/j.tox.2022.153274

Kim, S, Lim, H, & Lee, 1. (2010). Enhanced heavy metal
phytoextraction by Echinochloa crus-galli using root
exudates. Journal of Bioscience and Bioengineering, 109(1),
47-50.d0i:10.1016/j.jbiosc.2009.06.018

Kirkham, M. B. (2006). Cadmium in plants on polluted soils:
Effects of soil factors, hyperaccumulation, and
amendments. Geoderma, 137(1-2), 19-32.
do0i:10.1016/j.geoderma.2006.08.024

Knox, A. S, Kaplan, D. I, & Paller, M. H. (2006). Phosphate
sources and their suitability for remediation of
contaminated soils. Science of the Total Environment,
357(1-3),271-279. doi:10.1016/j.scitotenv.2005.07.014

Kochian, L. V. (1991). Mechanisms of micronutrient uptake and
translocation in plants. Micronutrients in agriculture, 4,
229-296. d0i:10.2136/sssabookser4.2ed.c8

Konaparthi, S. B., Guduru, M. R., Anumalasetti, A., Kakad, K., &
Nawale, S. (2024). Herbal nanocosmeceuticals: The
ultimate fusion of science and nature. Pharmacophore,
15(5), 1-14. d0i:10.51847 /9BMYoPsrjn

Kratz, S., Schick, J., & Schnug, E. (2016). Trace elements in rock
phosphates and P containing mineral and organo-mineral
fertilizers sold in Germany. Science of the Total
Environment, 542(B), 1013-1019.
d0i:10.1016/j.scitotenv.2015.08.046

Laaksonen, O. ., & Virtanen, M. P. (2025). Role of m®A RNA
methylation in mediating resistance to chemotherapy and
immunotherapy in cancer. Archives of International Journal
of Cancer and Allied Sciences, 5(1), 75-98.
doi:10.51847/91bgiSgyyw

Lambert, R, Grant, C., & Sauvé, S. (2007). Cadmium and zinc in
soil solution extracts following the application of
phosphate fertilizers. Science of the Total Environment,
378(3), 293-305. d0i:10.1016/j.scitotenv.2007.02.008

Lauria, D. C,, Ribeiro, F. C. A., Conti, C. C., & Loureiro, F. A. (2009).
Radium and uranium levels in vegetables grown using
different farming management systems. Journal of
Environmental Radioactivity, 100(2), 176-183.
d0i:10.1016/j.jenvrad.2008.11.006

Li, C. X, Zhang, L., Yan, Y. R, Ding, Y. ], Lin, Y. N, Zhou, ]. P, Li, N,,
Li, H. P, Li, S. Q. Sun, X. W,, et al. (2024). Exploring
advanced diagnostic techniques for salivary gland
disorders: A narrative overview. Asian Journal of Current
Research in Clinical Cancer, 4(1), 1-10.
doi:10.51847 /uN2¢cjdmOP8

Li, ], Wang, W,, Li, X, Liy, S, Xu, X, A, Y., & Ren, S. (2024). Heavy
metals in the continuous river-estuary-sea system of the
Yellow River Delta, China: Spatial patterns, potential
sources, and influencing factors. Marine Pollution Bulletin,
209(B),117247.doi :10.1016/j.marpolbul.2024.117247

Li, R, Li, Z,, Zhang, K., Zhang, C., Sun, Y., Zhang, J., Zheng, Y., Yao,
Y., & Qin, X. (2025). The responses of root exudates and
microbiome in the rhizosphere of main plant and aromatic
intercrops to soil Cr stress. Environmental Pollution, 366,
125528. doi:10.1016/j.envpol.2024.125528

Li, Z., Li, L., & Chen, G. P. ]. (2005). Bioavailability of Cd in a soil-
rice system in China: Soil type versus genotype effects.
Plant and Soil, 271, 165-173. doi:10.1007/s11104-004-
2296-7



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

Lin, Q. Liu, E, Zhang, E., Li, K, & Shen, J. (2016). Spatial
distribution, contamination and ecological risk assessment
of heavy metals in surface sediments of Erhai Lake, a large
eutrophic plateau lake in southwest China. Catena, 145,
193-203. doi:10.1016/j.catena.2016.06.003

Liu, S, He, F., Kuzyakov, Y., Xiao, H,, Hoang, D. T. T,, Py, S,, &
Razavi, B. S. (2022). Nutrients in the rhizosphere: A meta-
analysis of content, availability, and influencing factors.
Science of the Total Environment, 826, 153908.
doi:10.1016/j.scitotenv.2022.153908

Liu, X, Chen, S, Yan, X,, Liang, T., Yang, X,, EI-Naggar, A, Liy, J., &
Chen, H. (2021a). Evaluation of potential ecological risks in
potential toxic elements contaminated agricultural soils:
Correlations between soil contamination and polymetallic
mining activity. Journal of Environmental Management,
300,113679.d0i:10.1016/j.jenvman.2021.113679

Liu, X, Yu, T, Yang, Z,, Hou, Q,, Yang, Q,, Li, C, Ji, W,, Li, B., Duan,
Y., Zhang, Q., Zhuo, X, Wu, T., & Wang, L. (2021b). Transfer
mechanism and bioaccumulation risk of potentially toxic
elements in soil-rice systems comparing different soil
parent materials. Ecotoxicology and Environmental Safety,
216,112214.d0i:10.1016/j.ecoenv.2021.112214

Luo, L., Ma, Y., Zhang, S., Wei, D., & Zhu, Y. G. (2009). An inventory
of trace element inputs to agricultural soils in China.
Journal of Environmental Management, 90(8), 2524-2530.
d0i:10.1016/j.jenvman.2009.01.011

Makoae, M., Mokhele, T., Naidoo, I, Sifunda, S., & Sewpaul, R.
(2025). The influence of COVID-19 on standard child
immunisation practices in South Africa. Bulletin of Pioneer
Research in Medical and Clinical Sciences, 5(1), 28-36.
doi:10.51847 /tJtNDImcXV

Manakhov, D. V., Tamrazova, A. R, Magomedova, K. M,
Karpukhin, M. M,, Lipatov, D. N., & Mamikhin, S. V. (2022).
Content and behavior of heavy natural radionuclides in
Tula Zaseki gray and agro-gray soils. Moscow University
Soil Science Bulletin, 77(4), 244-252.
d0i:10.3103/S0147687422040111

Mar, S. S., & Okazaki, M. (2012). Investigation of Cd contents in
several phosphate rocks used for the production of
fertilizer. Microchemical  Journal, 104, 17-21.
d0i:10.1016/j.microc.2012.03.020

Marschner, P. (2012). Marschner’s mineral nutrition of higher
plants (3rd ed.). Cambridge: Academic Press.

McGrath, D., & Tunney, H. (2010). Accumulation of cadmium,
fluorine, magnesium, and zinc in soil after application of
phosphate fertilizer for 31 years in a grazing trial. Journal
of Plant Nutrition and Soil Science, 173(4), 548-553.
doi:10.1002/jpIn.200900140

Miranda, L. G.,, Amigo, T. R, & Ortiz, H. A. D. L. B. (2024).
Validating an objective structured clinical examination to
enhance assessment of clinical skills in physical therapy
students. Journal of Advanced Pharmacy Education and
Research, 14(2), 16-26. doi:10.51847 /c2DIK9b9pQ

Mishra, N., Dadhich, A., Vande, A. V., Saluja, H., Shah, S., & Mishra,
M. (2025). A comparative assessment of topical 5-
fluorouracil and modified Carnoy's solution for the
treatment of odontogenic keratocyst. Journal of Current
Research in Oral Surgery, 5, 11-16.
d0i:10.51847 /0rVjjlmrxW

Mondal, A, Das, S., Sah, R. K., Bhattacharyya, P., & Bhattacharya,
S.S.(2017). Environmental footprints of brick kiln bottom

72

ashes: Geostatistical approach for assessment of metal
toxicity. Science of the Total Environment, 609, 215-224.
doi:10.1016/j.scitotenv.2017.07.172

Mortvedst, J. J. (1995). Heavy metal contaminants in inorganic
and organic fertilizers. Fertilizer Research, 43, 55-61.
doi:10.1007/BF00747683

Muradov, M. L., Surgaev, R. R,, Kartoyev, M. M., Rashipova, M. R,,
Shinkarova, A. M., Khidirova, L. R, Kosenko, V. V.,
Gelyastanova, M. M., Kantaeva, Y. S., & Akhmedova, A. P.
(2026). Correction of micronutrient status in women of the
North Caucasus using phytoadaptogens. Journal of
Biochemical Technology, 17(1), 90-101.
doi:10.51847 /SKh]DkcfYP

Mwalongo, D. A, Haneklaus, N. H,, Carvalho, F. P,, Lisuma, J. B,
Kivevele, T. T., & Mtei, K. M. (2023). Influence of phosphate
fertilizers on the radioactivity of agricultural soils and
tobacco and Uganda.
Environmental Science and Pollution Research, 30(34),
83004-83023. doi:10.1007/s11356-023-27543-8

My, N.T.T., & Tam, L. T. (2026). The impact of ESG disclosure on
performance of financial institutions in Vietnam. Journal of
Organizational —Behavior Research, 11(1), 71-84.
doi:10.51847/z8ZCW9tjPq

Nicholson, F. A, Smith, S. R,, Alloway, B. ]., Carlton-Smith, C.,, &
Chambers, B. J. (2003). An inventory of heavy metals
inputs to agricultural soils in England and Wales. Science of
the Total Environment, 311(1-3), 205-219.
doi:10.1016/S0048-9697(03)00139-6

Niu, L, Yang, F., Xu, C,, Yang, H., & Liu, W. (2013). Status of metal
accumulation in farmland soils across China: From

plants in Kenya, Tanzania,

distribution to risk assessment. Environmental Pollution,
176,55-62. doi:10.1016/j.envpol.2013.01.019

Nursapina, N. A,, Shynybek, B. A, Matveyeva, 1. V., Nazarkulova,
Sh. N, Strok, M., Benedik, L., & Ponomarenko, O. I. (2022).
Effect of mineral fertilisers application on the transfer of
natural radionuclides from soil to radish (Raphanus
sativus L.). Journal of Environmental Radioactivity, 247,
106863. d0i:10.1016/j.jenvrad.2022.106863

Nziguheba, G., & Smolders, E. (2008). Inputs of trace elements in
agricultural soils via phosphate fertilizers in European
countries. Science of the Total Environment, 390(1), 53-57.
d0i:10.1016/j.scitotenv.2007.09.031

Oud, R. E, Mekdad, A, Amedjar, A, & Lamalem, A. (2025).
Transition to sustainable accounting: The opportunities
and challenges of IFRS S1. jJournal of Organizational
Behavior Research, 10(2), 61-69.
doi:10.51847/xUzq26CTwN

Owusu, A., Bonnaire, K., & Hailemeskel, B. (2024). Lovastatin in
the context of organ transplantation: Comprehensive
review and survey findings. Annals of Pharmacy Practice
and Pharmacotherapy, 4, 1-7. doi:10.51847 /VKrex2ILgt

Pan, J., Plant, ]. A, Voulvoulis, N., Oates, C. J., & Ihlenfeld, C.
(2010). Cadmium levels in Europe: Implications for human
health. Environmental Geochemistry and Health, 32, 1-12.
d0i:10.1007/s10653-009-9273-2

Peng, H,, Chen, Y, Weng, L., Ma, |, Ma, Y., Li, Y., & Islam, M. S.
(2019). Comparisons of heavy metal input inventory in
agricultural soils in North and South China: A review.
Science of the Total Environment, 660, 776-786.
d0i:10.1016/j.scitotenv.2019.01.066



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

Penrose, B., Johnson née Payne, K. A., Arkhipov, A., Maksimenko,
A., Gaschak, S., Meacham, M. C,, Crout, N. ]J. M., White, P. ].,
Beresford, N. A, & Broadley, M. R. (2016). Inter-cultivar
variation in soil-to-plant transfer of radiocaesium and
radiostrontium in Brassica oleracea. Journal of
Environmental Radioactivity, 155-156, 112-121.
doi:10.1016/j.jenvrad.2016.02.020

Perilli, P., Mitchell, L. G., Grant, C. A, & Pisante, M. (2010).
Cadmium concentration in durum wheat grain (Triticum
turgidum) as influenced by nitrogen rate, seeding date and
soil type. Journal of the Science of Food and Agriculture,
90(5), 813-822. d0i:10.1002 /jsfa.3889

Peterson, S. L., & Rogers, E. K. (2025). Enhancing accuracy of
SARS-CoV-2 point-of-care testing through proficiency
testing: Experiences from a provincial EQA program in
Canada. jJournal of Medical Sciences Interdisciplinary
Research, 5(1), 67-79. d0i:10.51847/07GF11Vzrn

Porntepkasemsan, B., Kulsawat, W., & Nochit, P. (2018). Impact
of phosphate fertilizers on the uranium and thorium of
cultivated soils profiles, Kamphaeng Phet, Thailand.
Journal of Physics: Conference Series, 1144, 012072.
doi:10.1088/1742-6596/1144/1/012072

Proshad, R., Abedin Asha, S. M. A, Abedin, M. A,, Chen, G., Li, Z.,
Zhang, S., Tan, R, Lu, Y., Zhang, X, & Zhao, Z. (2024).
Pollution area identification, receptor model-oriented
sources and probabilistic health hazards to prioritize
control measures for heavy metal management in soil.
Journal of Environmental Management, 369, 122322.
doi:10.1016/j.jenvman.2024.122322

Punniyakotti, ], Lakshmi, K. S., Meenakshisundaram, V., Manju,
N., & Poonguzhali, P. (2020). Influence of fertilizers on the
natural radioactivity profile of soil samples of agricultural
land in Villupuram District, Tamilnadu State, India. Journal
of Radioanalytical and Nuclear Chemistry, 325(1), 85-92.
doi:10.1007/s10967-020-07210-9

Qiutong, X.,, & Mingkui, Z. (2017). Source identification and
exchangeability of heavy metals accumulated in vegetable
soils in the coastal plain of eastern Zhejiang province,
China. Ecotoxicology and Environmental Safety, 142, 410-
416.d0i:10.1016/j.ecoenv.2017.03.035

Rahmanipour, F., Marzaioli, R.,, Bahrami, H. A., Fereidouni, Z.,, &
Bandarabadi, S. R. (2014). Assessment of soil quality
indices in agricultural lands of Qazvin Province, Iran.
Ecological Indicators, 40, 19-26.
doi:10.1016/j.ecolind.2013.12.003

Ran, ], Wang, D., Wang, C., Zhang, G., & Zhang, H. (2016). Heavy
metal contents, distribution, and prediction in a regional
soil-wheat system. Science of the Total Environment, 544,
422-431.doi:10.1016/j.scitotenv.2015.11.105

Ren, S, Song, C., Ye, S, Cheng, C, & Gao, P. (2022). The
spatiotemporal variation in heavy metals in China’s
farmland soil over the past 20 years: A meta-analysis.
Science of the Total Environment, 806(2), 150322.
doi:10.1016/j.scitotenv.2021.150322

Robarge, W. P., Boos, D., & Proctor, C. (2003). Determination of
trace metal content of fertilizer source materials produced
in North America. In W. L. Hall, & W. P. Robarge (Eds.),
Environmental impact of fertilizer on soil and water
(pp.75-89). Washington, DC: American Chemical Society.
doi:10.1021/bk-2004-0872.ch006

73

Rodriguez, J. A, Nanos, N, Grau, J. M,, Gil, L., & Lépez-Arias, M.
(2008). Multiscale analysis of heavy metal contents in
Spanish agricultural topsoils. Chemosphere, 70(6), 1085-
1096.d0i:10.1016/j.chemosphere.2007.07.056

Roselli, C.,, Desideri, D.,, Meli, M. A, & Feduzi, L. (2010).
Sequential extraction for the leachability evaluation of
phosphate fertilizers. Microchemical Journal, 95(2), 373-
376.d0i:10.1016/j.microc.2010.02.020

Sabiha-Javied, Mehmood, T., Chaudhry, M. M., Tufail, M., & Irfan,
N. (2009). Heavy metal pollution from phosphate rock
used for the production of fertilizer in Pakistan.
Microchemical Journal, 91(1), 94-99.
doi:10.1016/j.microc.2008.08.009

Sabiha-Javied, Siddque, N., Waheed, S., uz Zaman, Q., Aslam, A.,
Tufail, M., & Nasir, R. (2023). Uptake of heavy metal in
wheat from application of different phosphorus fertilizers.
Journal of Food Composition and Analysis, 115, 104958.
doi:10.1016/j.jfca.2022.104958

Sahu, S. K, Ajmal, P. Y., Bhangare, R. C,, Tiwari, M., & Pandit, G. G.
(2014). Natural radioactivity assessment of a phosphate
fertilizer plant area. Journal of Radiation Research and
Applied Sciences, 7(1), 123-128.
doi:10.1016/j.jrras.2014.01.001

Salem, H. M. Watanabe, S, & Chang, A. H. (2025). Ethical
concerns in managing anorexia nervosa: A content
analysis of ethics consultation records. Asian Journal of
Ethics in Health and  Medicine, 5, 25-35.
doi:10.51847 /oHEI6FgL3V

Salmanzadeh, M., Balks, M. R, Hartland, A., & Schipper, L. A.
(2016). Cadmium accumulation in three contrasting New
Zealand soils with the same phosphate fertilizer history.
Geoderma Regional, 7(3), 271-278.
doi:10.1016/j.geodrs.2016.05.001

Sasaki, A., Yamaji, N., Yokosho, K., & Ma, J. F. (2012). Nramp5 is
a major transporter responsible for manganese and
cadmium uptake in rice. The Plant Cell, 24(5), 2155-2167.
doi:10.1105/tpc.112.096925

Schipper, L. A, Sparling, G. P., Fisk, L. M., Dodd, M. B., Power, I. L.,
& Littler, R. A. (2011). Rates of accumulation of cadmium
and uranium in a New Zealand hill farm soil as a result of

Agriculture,

95-101.

long-term use of phosphate fertilizer.
Ecosystems & Environment, 144(1),
doi:10.1016/j.agee.2011.08.002

Schnug, E., & Lottermoser, B. G. (2013). Fertilizer-derived
uranium and its threat to human health. Environmental
Science & Technology, 47(6), 2433-2434.
doi:10.1021/es4002357

Shao, D., Zhan, Y., Zhou, W., & Zhu, L. (2016). Current status and
temporal trend of heavy metals in farmland soil of the
Yangtze River Delta Region: Field survey and meta-
analysis. Environmental Pollution, 219, 329-336.
doi:10.1016/j.envpol.2016.10.023

Shi, J,, Yang, Y., Shen, Z,, Lin, Y., Mei, N., Luo, C., Wang, Y., Zhang,
C., & Wang, D. (2024). Identifying heavy metal sources and
health risks in soil-vegetable systems of fragmented
vegetable fields based on machine learning, positive
matrix factorization model and Monte Carlo simulation.
Journal of Hazardous Materials, 478, 135481.
doi:10.1016/j.jhazmat.2024.135481

Shi, T, Ma, J.,, Wu, F,, Ju, T., Gong, Y., Zhang, Y., Wu, X,, Hou, H.,,
Zhao, L., & Shi, H. (2019). Mass balance-based inventory of



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

heavy metals inputs to and outputs from agricultural soils
in Zhejiang Province, China. Science of the Total
Environment, 649, 1269-1280.
doi:10.1016/j.scitotenv.2018.08.414

Shi, T., Ma, J., Wy, X, Ju, T, Lin, X,, Zhang, Y., Li, X,, Gong, Y., Hou,
H., Zhao, L., & Wu, F. (2018). Inventories of heavy metal
inputs and outputs to and from agricultural soils: A review.
Ecotoxicology and Environmental Safety, 164, 118-124.
d0i:10.1016/j.ecoenv.2018.08.016

Silva, E. F. da, Mlayah, A., Gomes, C., Noronha, F., Charef, A,
Sequeira, C,, Esteves, V., & Marques, A. R. F. (2010). Heavy
elements in the phosphorite from Kalaat Khasba mine
(North-western Tunisia): Potential implications on the
environment and human health. Journal of Hazardous
Materials, 182(1-3), 232-245.
doi:10.1016/j.jhazmat.2010.06.020

Silva, F. B. V., Nascimento, C. W. A,, Alvarez, A. M., & Araujo, P. R.
M. (2019). Inputs of rare earth elements in Brazilian
agricultural soils via P-containing fertilizers and soil
correctives. Journal of Environmental Management, 232,
90-96.d0i:10.1016/j.jenvman.2018.11.031

Six, L., & Smolders, E. (2014). Future trends in soil cadmium
concentration under current cadmium fluxes to European
agricultural soils. Science of the Total Environment, 485-
486,319-328. doi:10.1016/j.scitotenv.2014.03.109

Smith, L. E. D., & Siciliano, G. (2015). A comprehensive review of
constraints to improved management of fertilizers in
China and mitigation of diffuse water pollution from
agriculture. Agriculture, Ecosystems & Environment, 209,
15-25.doi:10.1016/j.agee.2015.02.016

Smith, S. E., Facelli, E,, Pope, S., & Smith, F. A. (2010). Plant
performance in stressful environments: Interpreting new
and established knowledge of the roles of arbuscular
mycorrhizas. Plant and Soil, 326, 3-20.
doi:10.1007/s11104-009-9981-5

Sun, Y., Amelung, W., Wu, B, Haneklaus, S. H.,, Schnug, E. W,, &
Bol, R. (2022). Fertilizer P-derived uranium continues to
accumulate at Rothamsted long-term experiments. Science
of the Total Environment, 820, 153118.
doi:10.1016/j.scitotenv.2022.153118

Takeda, A., Tsukada, H., Takaku, Y., Hisamatsu, S., & Nanzyo, M.
(2006). Accumulation of uranium derived from long-term
fertilizer applications in a cultivated Andisol. Science of the
Total Environment, 367(2-3), 924-931.
doi:10.1016/j.scitotenv.2006.01.006

Tang, W., Shan, B, Zhang, H., & Mao, Z. (2010). Heavy metal
sources and associated risk in response to agricultural
intensification in the estuarine sediments of Chaohu Lake
Valley, East China. Journal of Hazardous Materials, 176(1-
3),945-951. doi:10.1016/j.jhazmat.2009.11.131

Tang, Z., Fan, F,, Wang, X,, Shi, X,, Deng, S., & Wang, D. (2018).
Mercury in rice (Oryza sativa L.) and rice-paddy soils
under long-term fertilizer and organic amendment.
Ecotoxicology and Environmental Safety, 150, 116-122.
doi:10.1016/j.ecoenv.2017.12.021

Tao, C., Song, Y., Chen, Z., Zhao, W.,, Ji, ], Shen, N., Ayoko, G. A, &
Frost, R. L. (2021). Geological load and health risk of heavy
metals uptake by tea from soil: What are the significant
influencing factors? Catena, 204, 105419.
doi:10.1016/j.catena.2021.105419

74

Torres, I. M., Pinho, R. S., Gutierrez, F. L., & Cortes, M. A. (2025).
Quality of COVID-19 care in Sierra Leone: Development
and application of a standardized national assessment tool.
Journal of Medical Sciences Interdisciplinary Research, 5(1),
57-66.d0i:10.51847/iyWOEhcb12

Udeigwe, T. K., Eze, P. N,, Teboh, ]. M., & Stietiya, M. H. (2011).
Application, chemistry, and environmental implications of
contaminant-immobilization amendments on agricultural
soil and water quality. Environment International, 37(1),
258-267.d0i:10.1016/j.envint.2010.08.008

United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR). (1977). Sources and effects of
ionizing radiation: 1977 report to the General Assembly,
with scientific annexes. New York: United Nations.

United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR). (1982). lonizing radiation, sources
and biological effects: 1982 report to the General
Assembly, with scientific annexes. New York: United
Nations. doi:10.18356/34127272-en

United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR). (2000). Sources and effects of
ionizing radiation. 1: Sources. New York: United Nations.

Uosif, M. A. M., Mostafa, A. M. A,, Elsaman, R., & Moustafa, E.
(2014). Natural radioactivity levels and radiological
hazards indices of chemical fertilizers commonly used in
Upper Egypt. Journal of Radiation Research and Applied
Sciences, 7(4), 430-437. d0i:10.1016/j.jrras.2014.07.006

Varoneckaité, M., Jasinskaité, K., Varoneckas, A., Vasiliauskas, A.,
& Leketas, M. (2024). Comparing root resorption in fixed
vs. clear aligner orthodontics: A radiographic study. Asian
Journal of Periodontics and Orthodontics, 4, 34-41.
doi:10.51847/fl70Rw6Djo

Verbeeck, M., Salaets, P., & Smolders, E. (2020). Trace element
concentrations in mineral phosphate fertilizers used in

A balanced survey. Science of the Total
Environment, 712, 136419.
doi:10.1016/j.scitotenv.2019.136419

Vranjes, B., Milicevi¢, D., Sefer, D., Stefanovi¢, S. M., Ajti¢, J., &
Mitrovi¢, B. M. (2020). Presence of natural radionuclides
and toxic elements in monocalcium phosphate, complete
feed and pig manure. Science of the Total Environment, 720,
137578. doi:10.1016/j.scitotenv.2020.137578

Wang, C., Zhang, Q., Yan, C, Tang, G., Zhang, M., Ma, L. Q,, Gu, R.-
H. & Xiang, P. (2023). Heavy metals in agricultural soils,
rice, and wheat across China: Status assessment and
spatiotemporal analysis. Science of the Total Environment,
882,163361. doi:10.1016/j.scitotenv.2023.163361

Wang, P., Yu, F,, Lv, H,, Wy, L., & Zhou, H. (2025). Potential risk
of heavy metals release in sediments and soils of the
Yellow River Basin (Henan section): A perspective on

Europe:

bioavailability and bioaccessibility. Ecotoxicology and
Environmental Safety, 291, 117799.
doi:10.1016/j.ecoenv.2025.117799

Wen, T., Cheng, Y., Yuan, Y, & Sun, R. (2025). Quantitative
analysis and risk assessment of heavy metal pollution in an
intensive industrial and agricultural region. Ecotoxicology

and Environmental Safety, 289, 117634.
d0i:10.1016/j.ecoenv.2024.117634
Wiggenhauser, M., Bigalke, M., Imseng, M. Keller, A,

Rehkdmper, M., Wilcke, W., & Frossard, E. (2019). Using
isotopes to trace freshly applied cadmium through mineral



Yskak et al.

World ] Environ Biosci, 2026, 15, 3: 60-75

phosphorus fertilization in soil-fertilizer-plant systems.
Science of the Total Environment, 648, 779-786.
doi:10.1016/j.scitotenv.2018.08.127

Xiao, R, Guo, D,, Alj, A, Mi, S,, Liu, T, Ren, C,, Li, R,, & Zhang, Z.
(2019). Accumulation, ecological-health risks assessment,
and source apportionment of heavy metals in paddy soils:
A case study in Hanzhong, Shaanxi, China. Environmental
Pollution, 248, 349-357.
doi:10.1016/j.envpol.2019.02.045

Yamaguchi, N., Kawasaki, A., & liyama, L. (2009). Distribution of
uranium in soil components of agricultural fields after
long-term application of phosphate fertilizers. Science of
the Total Environment, 407(4), 1383-1390.
doi:10.1016/j.scitotenv.2008.10.011

Yamazaki, I. M., & Geraldo, L. P. (2003). Uranium content in
phosphate fertilizers commercially produced in Brazil.
Applied Radiation and Isotopes, 59(2-3), 133-136.
doi:10.1016/S0969-8043(03)00159-3

Yang, Q. Li, Z, Lu, X, Duan, Q, Huang, L., & Bi, J. (2018). A review
of soil heavy metal pollution from industrial and
agricultural regions in China: Pollution and risk
assessment. Science of the Total Environment, 642, 690-
700. doi:10.1016/j.scitotenv.2018.06.068

Zgorelec, 7., Sodtarié¢, M., Babi¢, D., Sestak, L., Mesi¢, M., Peréin, A.,
& Petrinec, B. (2021). Effects of fertilisation on
radionuclide uptake by maize from an acidic soil in
northwestern Croatia. Soil and Tillage Research, 212,
105030. doi:10.1016/j.still.2021.105030

Zhang, H., & Shan, B. (2008). Historical records of heavy metal
accumulation in sediments and the relationship with
agricultural intensification in the Yangtze-Huaihe region,

75

China. Science of the Total Environment, 399(1-3),113-120.
doi:10.1016/j.scitotenv.2008.03.036

Zhang, L., Zhu, G, Ge, X, Xu, G., & Guan, Y. (2018). Novel insights
into heavy metal pollution of farmland based on reactive
heavy metals (RHMs): Pollution characteristics, predictive
models, and quantitative source apportionment. Journal of
Hazardous Materials, 360, 32-42.
doi:10.1016/j.jhazmat.2018.07.075

Zhao, Z.Q., Zhuy, Y. G., Smith, S. E., & Smith, F. A. (2005). Cadmium
uptake by winter wheat seedlings in response to
interactions between phosphorus and zinc supply in soils.
Journal of Plant Nutrition, 28(9), 1569-1580.
doi:10.1080/01904160500203457

Zheng, Y. M,, Liu, Y. R, Hu, H. Q., & He, J. Z. (2008). Mercury in
soils of three agricultural experimental stations with long-
term fertilization in China. Chemosphere, 72(9), 1274-
1278.d0i:10.1016/j.chemosphere.2008.04.052

Zhong, X, Fu, Y, Yu, G, Jiang, P, You, S, & Liu, J. (2025).
Mechanisms activating trace heavy metals in the
rhizosphere microenvironment of  Amaranthus
hypochondriacus L. Environmental and Experimental
Botany, 229, 106067.
d0i:10.1016/j.envexpbot.2024.106067

Zhou, W.,, Li, Z,, Liu, Y., Shen, C,, Tang, H., & Huang, Y. (2024). Soil
type data provide new methods and insights for heavy
metal pollution assessment and driving factors analysis.
Journal of Hazardous Materials, 480, 135868.
doi:10.1016/j.jhazmat.2024.135868



