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ABSTRACT

Heavy metal contamination of agricultural soils poses a growing threat to safe and sustainable food
production, particularly in intensive horticultural systems. French bean (Phaseolus vulgaris L.), an
economically important legume widely consumed locally and traded in export markets, is highly
susceptible to the uptake and accumulation of toxic metals such as cadmium (Cd), lead (Pb), and copper
(Cu). This raises serious concerns regarding crop productivity, food safety, and public health. This review
synthesizes current knowledge on the sources, behavior, and management of heavy metal bioavailability
in French bean production systems, with particular emphasis on the role of soil amendments. Major
contamination pathways examined include synthetic agro-inputs, irrigation water, organic amendments,
atmospheric deposition, and geogenic sources. The review further evaluates the biological and
physicochemical mechanisms governing metal mobility and plant uptake, highlighting the influence of
soil pH, cation exchange capacity, microbial activity, and organic matter content. Particular attention
is given to the roles of organic and inorganic soil amendments in reducing heavy metal bioavailability
through adsorption, complexation, precipitation, and ion competition. Evidence from experimental
and field studies shows that amendments such as lime, phosphatic materials, compost, and biochar
can substantially reduce metal bioavailability while improving soil quality and crop performance.
Integrated amendment strategies frequently demonstrate synergistic effects and outperform single-
input applications, although their effectiveness remains dependent on soil type, amendment properties,
and metal speciation. Despite increasing research interest, studies specifically focused on French bean
systems remain limited, particularly regarding dose optimization, varietal responses, and long-term field
validation. Addressing these gaps is essential for developing evidence-based management strategies that
protect soil health, crop quality, and consumer safety.

HIGHLIGHTS

® Heavy metal contamination threatens French bean productivity, food safety, and consumer health.

@ Soil pH, organic matter, CEC, and metal speciation regulate metal mobility and plant uptake.

® Organic and inorganic amendments immobilize metals through complementary physicochemical
and biological mechanisms.

@ Integrated amendment strategies can reduce metal
uptake while improving soil quality and crop
performance.

@ Research priorities include amendment-rate
optimization, varietal responses, and long-term
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The contamination of agricultural soils with heavy
metals remains one of the most significant threats
to safe and sustainable crop production, particularly
in intensive horticultural systems (Vasilachi et al.
2023). Potentially toxic metals such as lead (Pb),
copper (Cu), cadmium (Cd), arsenic (As), and
nickel (Ni) may accumulate in soils to hazardous
levels through a range of anthropogenic and
natural pathways, including industrial emissions,
environmental pollution, inorganic fertilizer use,
and geogenic sources (Jadaa and Mohammed,
2023). Owing to their non-biodegradable nature,
these metals persist in soils for prolonged periods,
progressively entering the soil-plant continuum
through root uptake. Their accumulation in plant
tissues poses serious risks to crop growth, food
quality, and human health through transfer along
the food chain (Ali et al. 2019).

The growing demand for food production has
further intensified this challenge. Continuous
application of synthetic fertilizers, irrigation with
wastewater, and repeated use of organic manures
have contributed to the progressive enrichment of
agricultural soils with heavy metals. For example,
phosphorus-rich fertilizers are known to contain
trace amounts of cadmium, while livestock manures
may introduce additional metals through feed
additives and veterinary products (Suciu et al.
2022). The risk becomes even more pronounced
where multiple contamination sources coexist, such
as atmospheric deposition, industrial wastes, and
contaminated agricultural inputs (Khalid et al. 2016).
This problem is particularly critical in short-cycle
vegetable crops, which require substantial nutrient
inputs and frequent irrigation, especially in water-
limited production environments. Such intensive
management practices increase the vulnerability of
vegetables to heavy metal uptake and accumulation
(Egbueri et al. 2025).

Among horticultural crops, French bean (Phaseolus
vulgaris L.) is of particular agronomic and nutritional
importance. The crop is widely cultivated due
to its short growth cycle, adaptability to diverse
production environments, and high nutritional
value, including its rich content of proteins,
vitamins, antioxidants, and dietary fiber (Sinkovic et
al. 2024). French beans are also an important source
of income for smallholder farmers, contributing
significantly to household livelihoods, food security,
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and both local and export markets. However, their
intensive cultivation places considerable pressure on
soil resources, often necessitating repeated fertilizer
and water inputs. More importantly, French bean
pods, being the edible component, may accumulate
heavy metals to levels that raise serious food safety
concerns (Blommaert et al. 2022).

This concern is further amplified in export-oriented
production systems, where produce must meet
strict international food safety standards. Even trace
concentrations of heavy metals in edible tissues can
compromise market acceptability and significantly
reduce export value. Beyond economic implications,
such contamination poses direct public health risks
to consumers and may also adversely affect the
health of farmers exposed to contaminated soils and
agricultural inputs during production (Muimba-
Kankolongo et al. 2022; Moghaddam et al. 2021).
These concerns underscore the need for robust
management strategies that simultaneously sustain
productivity and minimize contamination risks.

Soil amendments have increasingly emerged as
a promising strategy for mitigating heavy metal
mobility and bioavailability in agricultural soils.
These materials are commonly applied to improve
the physical, chemical, and biological properties
of soils (Mogire et al. 2024). Organic amendments
such as compost, farmyard manure, vermicompost,
fertium, and biochar are widely used to enhance soil
structure, increase organic matter content, stimulate
microbial activity, and improve nutrient and water
retention, thereby supporting sustainable crop
production (Guo et al. 2022). Inorganic amendments,
including lime, gypsum, and mineral fertilizers,
also play critical roles in modifying soil chemical
conditions and nutrient availability. For instance,
lime is widely used to increase soil p" in acidic
soils, thereby improving nutrient accessibility and
reducing metal solubility (Al-Enzy et al. 2025).
Similarly, gypsum contributes calcium and sulfur,
which are important in improving soil structure
and nutrient balance (Abbas ef al. 2023). In addition
to enhancing soil fertility, these amendments can
influence the mobility and phytoavailability of
heavy metals in contaminated soils (Kaninga et al.
2020).

The interactions between soil amendments and heavy
metals are governed by complex physicochemical
and biological processes. Organic amendments may
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reduce metal bioavailability through the formation
of stable organo-metal complexes mediated by
functional groups associated with soil organic matter
(Ejileugha et al. 2023). These complexes immobilize
free metal ions in the soil solution, thereby limiting
their uptake by plant roots. Likewise, inorganic
amendments may reduce metal solubility through
pH modification, precipitation reactions, and
competitive ion interactions that suppress metal
mobility (Seshadri et al. 2015). Integrated use of both
organic and inorganic amendments, therefore, offers
considerable potential for reducing heavy metal
risks while simultaneously improving soil fertility
and crop productivity (Kim et al. 2022).

Despite increasing research on heavy metal
dynamics and soil remediation strategies, studies
specifically focused on French bean production
systems remain limited. Existing literature has
predominantly concentrated on cereals and leafy
vegetables, leaving a significant knowledge gap
regarding the mechanisms governing heavy metal
uptake, accumulation, and translocation in French
beans. This gap constrains the development of
targeted, evidence-based management strategies
for safe and sustainable French bean production.

This review therefore aims to: (i) examine the major
pathways and sources contributing to heavy metal
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accumulation in French bean tissues; (ii) synthesize
the mechanisms through which soil amendments
influence heavy metal mobility and bioavailability;
(iii) evaluate the effects of soil amendments on
metal uptake, crop performance, and food safety;
and (iv) identify key research gaps and priorities for
sustainable soil management approaches.

Sources of Heavy Metals in French Bean
Production Systems

Heavy metal contamination in agricultural soils
arises from both anthropogenic and natural sources,
which often interact synergistically to increase soil
contamination, metal mobility, and subsequent
plant uptake (Table 1) (Kalkhajeh et al. 2020).

1. Agricultural Inputs (Fertilizers and
Pesticides)

Agricultural inputs, particularly fertilizers and
pesticides, constitute major anthropogenic sources
of heavy metals in cultivated soils. Certain synthetic
fertilizers, especially phosphatic fertilizers, contain
trace metals originating from raw rock phosphate
materials (Sarkar et al. 2024). Continuous and
prolonged application of inorganic fertilizers can
therefore lead to the gradual accumulation of metals
such as cadmium, copper, and lead within soil

Table 1: Major Sources of Heavy Metals in French Bean Production Systems

zzrsgzry Specific Source ;IOJ;III;OH Entry Pathway Key Risk Factors {;25;1;?:;):: tfz;French

Agricultural ~ |Phosphate fertilizers, Cd, Pb, As, |Direct soil Low-quality inputs, |Increased topsoil

inputs pesticides, and Cu, Zn application and excessive use accumulation and
fungicides cumulative buildup phytoavailability

Organic Farmyard manure, Cu, Zn, Cd, |Addition of Feed additives, May improve soil quality,

amendments |poultry manure, Pb, Ni contaminated waste origin but also introduce metals
compost, sewage sludge organic matter

Irrigation Wastewater, industrial |Cd, Pb, Cr, |Repeated irrigation |Proximity to urban |Major risk in peri-urban

water effluents, contaminated |Ni, Hg and rhizosphere and industrial areas |horticulture systems
surface water loading

Atmospheric |Industrial emissions, Pb, Cd, Zn |Surface deposition |Traffic density, Direct contamination of

deposition vehicular exhaust, dust onto soil and foliage |industrial emissions |leaves and the soil surface

Mining and Tailings, smelting Pb, Cd, As, |Leaching, runoff, Poor waste Localized contamination

industrial residues Hg and sediment management hotspots

activities deposition

Geogenic Parent material, rock Ni, Cr, Co, |Natural pedogenic |Soil mineralogy and |Elevated baseline

sources weathering Zn processes geology background levels

Agrochemical |Herbicides, Cu, Zn Repeated seasonal |Misuse and Long-term cumulative soil

residues micronutrient application overapplication contamination
formulations
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layers. In addition, micronutrients such as zinc may
also be introduced through fertilizer use, and when
applied in excess, these metals may accumulate to
toxic concentrations (Rashmi et al. 2020).

Similarly, pesticides and fungicides contribute
significantly to elevated heavy metal concentrations
in soils. Intensive horticultural production systems
frequently rely on high volumes of copper-based
fungicides, which can result in excessive copper
accumulation in the soil (Ochmian and Malinowski,
2024). Although plants possess inherent mechanisms
for tolerating certain metal concentrations,
excessive metal loads can overwhelm these defense
systems, disrupt physiological processes, and
ultimately reduce crop productivity (Kumar et
al. 2019). Consequently, careful and regulated
use of agrochemicals is essential to minimize soil
contamination and reduce the risk of metal transfer
through the food chain (Dixit et al. 2015).

2. Soil Organic Amendments (Compost and
Manure Contamination)

Organic amendments are widely applied to
improve soil fertility, enhance soil structure, and
support crop productivity (Gourkhede et al. 2026).
However, despite their agronomic benefits, these
materials may also serve as sources of heavy metals,
particularly when contamination levels exceed
acceptable thresholds (Nunes ef al. 2021).

For instance, livestock manure may contain elevated
concentrations of copper and zinc due to their use
as feed additives and dietary supplements in animal
production systems (Zhang et al. 2026). These metals
are subsequently excreted and introduced into soils
through manure application, leading to gradual
increases in soil metal concentrations over time
(Mohammadi et al. 2025). In addition, industrial
effluents incorporated into composting streams or
waste-based amendments may contribute metals
such as nickel, cadmium, and copper, which are
recognized environmental contaminants (Mokarram
et al. 2020).

Although organic amendments enhance soil
organic matter and microbial abundance, repeated
application without prior characterization may
progressively elevate heavy metal concentrations
and compromise long-term soil productivity
(Periasamy et al. 2025). Because amendment quality
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and degree of decomposition vary widely, proper
physicochemical characterization before field
application is essential to ensure suitability and
safety (Matisic et al. 2024).

3. Irrigation Water and Wastewater

Irrigation practices and the quality of water sources
used play a significant role in the introduction and
redistribution of heavy metals within agricultural
soils (Goldan et al. 2023). In water-deficient areas,
the use of untreated or polluted water sources
is common, often introducing metals such as
chromium, copper, cadmium, and lead into the
soil-plant rhizosphere system (Dongre 2021).

This issue is particularly pronounced in peri-urban
agricultural systems, where wastewater is frequently
used due to its accessibility and perceived nutrient
value, often resulting in substantial heavy metal
loading in soils (Fischer and Fischer-Garcia, 2023).
Furthermore, both groundwater and surface water
sources may contain trace metals derived from
natural leaching processes, mining activities, and
industrial discharges. Repeated irrigation under
conditions of increasing food demand and water
scarcity can therefore lead to cumulative metal
loading, enhanced plant uptake, and eventual
transfer to human consumers (Sheng et al. 2022).

4. Atmospheric and Industrial Deposition

Industrialization and urbanization contribute
significantly to heavy metal contamination through
atmospheric deposition pathways (Li et al. 2022).
Emissions from factory chimneys, vehicular exhaust
fumes, mining operations, and smelting activities
release metal-laden particulates and gases into the
atmosphere (Obayes 2022).

These emissions subsequently settle onto soil
surfaces through dry deposition, rainfall, and
adsorption processes. As a result, soils located near
industrial zones, urban centers, and major road
networks often exhibit higher concentrations of
heavy metals compared with rural areas (Mehmood
et al. 2019). Metals such as zinc, copper, and
lead are commonly associated with atmospheric
emissions and can be readily taken up by plants,
thereby increasing risks to crop productivity and
food safety (Boahen 2024). Owing to the diffuse
nature of atmospheric contamination, this pathway
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remains one of the most difficult sources of soil
contamination to control (Long et al. 2021).

5. Geogenic Sources

In addition to anthropogenic sources, geogenic
processes also contribute to the natural presence
of heavy metals in soils (Wu et al. 2022). Through
physical, chemical, and biological weathering
processes, parent rocks gradually disintegrate and
release minerals containing varying concentrations
of heavy metals into soils.

Elevated levels of metals such as chromium, nickel,
and copper are often associated with volcanic and
sedimentary soils (Yang et al. 2022). The specific
concentrations and types of metals released
depend largely on the mineralogical composition
of the parent material and regional geological
characteristics (Wen et al. 2020).

When geogenic sources interact with anthropogenic
inputs such as fertilizers and pesticides, the
resulting metal burden in soils may increase
substantially. Although anthropogenic inputs often
contribute higher contamination loads, naturally
elevated background concentrations can also
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pose significant risks to agricultural production
and food safety (Demirela ef al. 2025). Therefore,
understanding baseline geogenic metal levels is
critical for accurately distinguishing contamination
sources and guiding appropriate soil remediation
strategies (Soltani-Gerdefaramarzi et al. 2021).

The contribution of heavy metal sources varies
considerably depending on input quality,
production systems, irrigation practices, and local
geological conditions. Consequently, accurate source
identification remains essential before selecting
appropriate soil amelioration and remediation
measures.

Mechanisms Controlling Heavy Metal
Availability and Uptake in French Beans

Heavy metal movement within French bean
production systems is governed by a complex
interplay of physiological, chemical, and biological
processes that determine metal availability in the
rhizosphere, mobility within the soil matrix, root
uptake, and eventual accumulation in pods and
other plant tissues (Table 2) (Jorjani and Karakas
2024). In legumes such as French beans, root

Table 2: Soil Amendments and Their Mechanisms in Reducing Heavy Metal Bioavailability

Amendment Exampl Primary Mechanism Target  |Effects on Soil Effects on Plant Limitation.

Type pies Ty Yiec sms Metals |Properties Uptake ons

Organic Compost, manure, |Complexation, Cd, Pb, |1 Organic matter, | Metal uptake May introduce

amendments |biochar, green adsorption, chelation, Cu, Zn |1 CEC, improved |(depending on metals if
manure and increased organic aggregation amendment contaminated

matter quality)

Biochar Crop residue Surface adsorption, Cd, Pb, |1 pH, 1 CEC, Strong reduction | The effect depends
biochar, wood pH increase, pore Zn improved soil in bioavailability |on feedstock type
biochar entrapment structure and pyrolysis

temperature

Lime CaCQO;, CaO pH increase, precipitation|Cd, Pb, |1 Soil pH, | soil | Metal solubility |Less effective in

of metals as hydroxides |Zn acidity and uptake neutral to alkaline
and carbonates soils

Phosphate DAP, rock Precipitation through Pb,Cd |t Phosphorus Significant Risk of

amendments |phosphate metal-phosphate availability reductioninPb  |eutrophication if

complex formation uptake overapplied

Gypsum CaS0,2H,O Ion exchange, Ca- Pb, Cd, |Improves structure, |Moderate Generally, less

mediated competition,  |Zn particularly in sodic |reduction in metal |effective than lime
structural improvement soils uptake for immobilization

Mineral Zeolite, clay Adsorption, ion exchange|Cd, Zn, |1 CEC, improved || Mobility and Cost and

amendments |minerals Ni retention capacity  |uptake availability

constraints

Integrated Organic matter Synergistic mechanisms |Multiple Improved overall |Strongest Site-specific

amendments |+ lime, biochar + |(pH adjustment, metals  |soil quality reduction in responses
fertilizer adsorption, chelation) uptake
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nodules involved in biological nitrogen fixation can
influence rhizosphere chemistry by modifying soil
p" and redox conditions, thereby affecting metal
solubility and plant uptake. Because pods represent
the principal edible component and undergo rapid
growth and nutrient demand during filling stages,
they are particularly vulnerable to the accumulation
of heavy metals under contaminated conditions
(Wysokinski et al. 2023).

A sound understanding of these physiological and
soil-mediated processes is essential for developing
evidence-based strategies aimed at reducing heavy
metal contamination in French bean pods and
improving food safety outcomes.

1. Soil Chemical Dynamics (p", Organic
Matter, and CEC)

Heavy metal bioavailability is strongly influenced
by soil chemical properties, among which soil p*
remains one of the most critical determinants.
Metals such as cadmium and copper generally
exhibit greater solubility under acidic conditions,
where increased proton activity enhances their
release into the soil solution and makes them more
available for plant uptake (Hasan et al. 2019). In
contrast, under neutral to alkaline conditions, many
metals become less available due to precipitation as
hydroxides, carbonates, or other insoluble mineral
forms.

Cation exchange capacity (CEC) also plays a
major role in regulating heavy metal retention
and mobility. Soils with higher clay and organic
matter contents typically possess greater CEC,
which enhances the adsorption and retention of
positively charged metal ions, thereby reducing
their bioavailability in the root zone (Zeng et al.
2010).

Similarly, soil organic matter contributes
significantly to heavy metal immobilization through
complexation and chelation processes. Functional
groups such as carboxyl and phenolic groups bind
metal ions and promote the formation of relatively
stable organometallic complexes (Almotairy, 2024).
However, under certain conditions, dissolved
organic carbon may form soluble complexes that
increase metal mobility toward the rhizosphere.
This dual role indicates that organic matter can
either reduce or enhance metal uptake depending
on prevailing soil conditions and the nature of the
metal involved (Lian et al. 2022).
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2. Mobility of Heavy Metals

Heavy metals occur in soils in different
physicochemical fractions, including residual,
exchangeable, carbonate-bound, oxide-bound,
and organic-bound forms (Mogire et al. 2025).
Among these, the exchangeable and carbonate-
bound fractions are generally considered the most
bioavailable because they are more readily released
into the soil solution (Akbarpour et al. 2021).

The distribution of metals among these fractions is
highly dynamic and influenced by environmental
factors such as soil pH, microbial activity, and
oxidation-reduction reactions. For instance,
reducing conditions may increase the solubility of
certain metals by dissolving metal oxides, thereby
enhancing their mobility and plant availability (Selvi
et al. 2019). Conversely, oxidizing environments
often promote precipitation reactions that reduce
metal mobility and subsequent uptake by roots
(Benalia ef al. 2021).

3. Root Uptake Mechanisms

Plant roots absorb heavy metals through both passive
and active transport processes. Passive uptake
occurs through diffusion and mass flow, where
dissolved metal ions move along concentration
gradients in the soil solution. Active uptake, on the
other hand, involves energy-dependent transport
mediated by specific membrane proteins and ion
carriers (Pang et al. 2023).

Some heavy metals exploit transport pathways
normally used by essential nutrients. For example,
cadmium may enter roots through calcium and
zinc transport channels, facilitating its movement
from the rhizosphere into above-ground biomass
(Srivastava et al. 2017). Similarly, lead ions may
utilize pathways shared by other divalent cations,
reflecting the limited selectivity of some transport
systems. This lack of selectivity contributes to the
accumulation of metals in plant tissues beyond
permissible safety thresholds (Kushwaha et al. 2015).

Root exudates, including enzymes and organic
acids, further influence heavy metal uptake by
modifying rhizosphere chemistry, altering p*, and
changing metal solubility and speciation (Neina
2019).

Online ISSN : 2230-732X



Managing Heavy Metal Bioavailability in French Bean (Phaseolus vulgaris L.) Production...

4. Internal Transport and Sequestration

Following root uptake, heavy metals are translocated
from below-ground tissues to shoots and pods
primarily through the xylem transport system.
The extent of translocation depends on the type of
metal, plant species, and prevailing physiological
conditions (Sterckeman and Thomine 2020).

The accumulation of heavy metals in edible tissues
such as French bean pods presents significant food
safety concerns. To mitigate metal toxicity, plants
employ several detoxification mechanisms. One
major strategy involves sequestration of metal ions
within vacuoles, thereby limiting their interaction
with essential cellular processes (Galal et al. 2021).

In addition, phytochelatins and other metal-
binding peptides play a crucial role in chelating
and immobilizing heavy metals within plant cells,
reducing their toxic effects (Faizan et al. 2024).
Certain metals, particularly lead, also exhibit strong
binding affinity to root cell walls, which restricts
their translocation to aerial tissues and serves as an
important defense mechanism (Hossain et al. 2012).

These internal transport and sequestration processes
ultimately determine the extent to which metals
accumulate in edible tissues.

5. Heavy Metal-Specific Behaviors (Zinc,
Copper, Cadmium, Lead, and Others)

Different heavy metals exhibit distinct behaviors
within the soil-plant system, which significantly
influences their bioavailability, uptake, and
accumulation in French bean tissues.

Cadmium is among the most concerning metals
due to its high mobility in soils and efficient
translocation within plants, often resulting in
elevated concentrations in edible tissues (Vasile et
al. 2021). In contrast, lead is generally less mobile
and tends to accumulate predominantly in roots,
although limited translocation to shoots and pods
may occur under certain soil conditions (Ghori et
al. 2019).

Copper and zinc, unlike cadmium and lead, are
essential micronutrients required for normal plant
growth and metabolic functioning. However,
excessive concentrations can induce toxicity,
disrupt physiological processes, and impair tissue
development (Prasad et al. 2016). While plants
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possess regulatory mechanisms to maintain
homeostasis of these essential elements, elevated
soil concentrations may overwhelm these systems
and lead to excessive accumulation.

The distinct physicochemical properties and
plant interactions of individual metals necessitate
metal-specific management strategies for effective
remediation and risk reduction in contaminated
production systems (Gupta et al. 2016).

Heavy metal bioavailability and uptake in French
bean tissues are governed by soil chemical properties,
metal speciation, plant physiological dynamics, and
the intrinsic characteristics of individual metals,
underscoring the importance of both individual and
integrated management approaches for ensuring
crop safety and consumer health.

Effects of Organic Amendments on the
Immobilization of Heavy Metals

The application of organic amendments significantly
alters the biological, chemical, and physical
properties of soils, thereby playing an important
role in the detoxification and immobilization of
heavy metals in contaminated environments. These
amendments reduce heavy metal bioavailability
through several mechanisms, including precipitation,
adsorption, complexation, and microbially mediated
transformations (Sharma and Nagpal 2017).
However, the effectiveness of these amendments
varies depending on application rate, amendment
quality, and prevailing soil conditions. A critical
understanding of both their benefits and limitations
is therefore essential for effective management.

1. Biochar

Biochar is a carbon-rich material produced through
the pyrolysis of plant biomass under oxygen-
limited conditions and has gained considerable
attention as a soil amendment for the remediation
of heavy metal-contaminated soils (Tu et al. 2020). Its
effectiveness in reducing heavy metal bioavailability
is largely attributed to its alkaline nature, which
promotes the precipitation of metals as hydroxides
and carbonates, thereby reducing their solubility
and mobility.

In addition, biochar possesses a large surface
area, porous structure, and abundant functional
groups, all of which enhance its capacity to adsorb
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and immobilize metal ions (El-Naggar et al. 2017).
Beyond heavy metal immobilization, biochar
also improves soil cation exchange capacity, soil
structure, water-holding capacity, and microbial
abundance through enhanced biogeochemical
interactions (Bandara et al. 2019).

The efficiency of biochar is strongly influenced
by the feedstock material used and the conditions
maintained during the pyrolysis process. Poorly
prepared biochar may retain contaminants or
release residual heavy metals into the soil system
(Murtaza et al. 2024). Furthermore, excessive
application may increase dissolved organic carbon
in the soil, which under certain conditions can
enhance the mobility of specific metals rather
than suppress it (Liu et al. 2022). This highlights
the importance of standardized production and
appropriate application rates.

2. Compost

Compost is widely preferred by farmers because of
its capacity to improve soil structure, enhance water-
holding capacity, and supply essential nutrients. In
contaminated soils, compost contributes to heavy
metal immobilization mainly through adsorption
and complexation processes facilitated by the
release of functional organic groups (Urra et al.
2019).

Compost also stimulates microbial activity by
supplying organic substrates, which promotes
particle flocculation and aggregation, thereby
reducing metal mobility and improving crop growth
conditions (Liu et al. 2021).

Despite these benefits, compost application is not
without limitations. Since compost is often prepared
from multiple raw materials, contamination
risk depends heavily on source quality. Organic
materials originating from contaminated waste
streams may themselves contain heavy metals
and other pollutants. Moreover, decomposition
processes release dissolved organic carbon, which
under favorable conditions may increase the
solubility and mobility of certain metals, thereby
facilitating translocation within plant tissues (Sui
et al. 2026). These limitations underscore the need
for careful assessment of feedstock quality before
field application.
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3. Farmyard Manure

Farmyard manure consists of accumulated animal
waste, including urine, droppings, and trampled
feed residues, and is widely used to improve
soil fertility while contributing to heavy metal
immobilization (Sikka et al. 2025).

The organic matter released from farmyard manure
facilitates the formation of stable organo-metal
complexes through complexation processes, thereby
reducing the availability of heavy metals in the soil
solution (Dotaniya et al. 2022). In addition, farmyard
manure improves soil aggregation, enhances
moisture retention, and promotes microbial
abundance, all of which contribute to reduced
metal mobility and lower plant uptake (Irin and
Hasanuzzaman 2024).

However, the quality of farmyard manure is highly
dependent on its source. Manure derived from
livestock exposed to contaminated feeds and water
sources may contribute substantial loads of metals
such as copper and zinc, especially under repeated
long-term application (Aziz et al. 2017). During
mineralization, some metals previously bound to
organic fractions may also be released back into
the soil solution, increasing their availability in the
rhizosphere.

4. Green Manures

Green manures contribute to heavy metal
immobilization through both direct and indirect
mechanisms. These amendments are typically
derived from fresh plant biomass, often fast-
growing leguminous species with high vegetative
mass (Hussain et al. 2021).

Upon decomposition, green manures release
organic matter that contains functional groups
capable of binding heavy metal ions and forming
relatively stable organo-metal complexes, thereby
reducing their concentration in the soil solution
(Stancampiano ef al. 2023). Some plant species used
as green manure may also accumulate heavy metals
within their tissues and sequester them in vacuoles,
temporarily restricting their movement within the
soil-plant system.

Furthermore, the decomposition of green manure
improves the soil biological environment, stimulating
microbial activity that can transform metals from
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more bioavailable forms into less accessible fractions
(Kweza 2020).

Nevertheless, the effectiveness of green manures
depends on factors such as decomposition rate,
environmental conditions during mineralization,
and plant species used. During decomposition, the
release of humic substances and organic acids may,
under some conditions, increase metal solubility
and enhance uptake rather than immobilization
(Chen et al. 2022). Additionally, species with strong
phytoaccumulation characteristics may reintroduce
previously accumulated metals into the soil after
decomposition, which may counteract remediation
efforts.

Organic amendments offer considerable potential
for reducing heavy metal bioavailability while
simultaneously improving soil quality and crop
productivity. However, their effectiveness is
strongly dependent on amendment source, quality,
application rate, and soil conditions, underscoring
the need for site-specific management strategies.

Effects of Inorganic Amendments on the
Immobilization of Heavy Metals

Inorganic amendments are widely used as rapid
and effective options for reducing heavy metal
concentrations in degraded soils, particularly by
smallholder farmers. Unlike organic amendments,
which often rely on complexation and biologically
mediated mechanisms, inorganic amendments
primarily reduce heavy metal bioavailability
through physicochemical processes such as
adsorption, precipitation, and pH modification
(Guo et al. 2020). These amendments play a critical
role in stabilizing heavy metals within the soil
matrix, thereby reducing their transfer into the
edible tissues of French beans. Their effectiveness,
however, is strongly influenced by the type of
metal involved, soil characteristics, and the rate of
amendment application (Gul et al. 2019).

1. Lime

Lime is among the most commonly used inorganic
soil amendments for reducing heavy metal
concentrations in contaminated soils, particularly in
acidic production systems. Its primary mechanism
of action is the increase of soil p", which reduces
the solubility of metals such as lead, cadmium, and
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copper. Under elevated p" conditions, many metals
precipitate as hydroxides and carbonates, thereby
reducing their mobility and plant availability (Sun
et al. 2009).

In addition to p"-mediated precipitation, lime
application can enhance cation exchange capacity
and increase the adsorption of metal ions onto soil
particles, further reducing their uptake by plants. In
French bean production systems, liming therefore
plays an important role in minimizing heavy metal
translocation from the soil to edible tissues (Cui et
al. 2024).

Despite these benefits, excessive reliance on lime
may result in over-alkalinization of soils, which
can induce deficiencies of essential nutrients such
as phosphorus, iron, and manganese, ultimately
affecting crop productivity. Moreover, liming
primarily immobilizes heavy metals rather than
removing them from the soil system, meaning
contamination may persist over extended periods,
especially under changing environmental conditions
(Moghal et al. 2019). Its effectiveness may also
decline in highly buffered soils where p" changes
are less pronounced.

2. Phosphates

Phosphorus-rich amendments are widely used
to immobilize heavy metals, particularly lead,
through the formation of stable and insoluble
metal-phosphate compounds. For example, lead
may precipitate as lead phosphate minerals, thereby
reducing its mobility and bioavailability (Peiris et
al. 2023).

Phosphorus also reduces heavy metal availability
by competing for adsorption sites within the soil
matrix, thereby limiting the binding and movement
of certain metals. Through these precipitation
and competitive adsorption processes, phosphatic
amendments can effectively reduce heavy metal
uptake within the root zone of French bean
production systems (Campillo-Cora et al. 2020).

However, phosphorus-based amendments also
present important limitations. Excessive application
may lead to nutrient imbalances and environmental
concerns such as eutrophication of nearby water
bodies. In addition, some phosphatic fertilizers may
themselves contain trace amounts of heavy metals,
which can contribute to soil contamination under

Online ISSN : 2230-732X



Mogire et al.

LIAEB

repeated use (Abebe et al. 2022). Their performance
is also influenced by soil p* and ionic competition,
which determine the stability of formed metal-
phosphate compounds (Liu et al. 2022).

3. Gypsum

Gypsum, also known as calcium sulfate, is another
important inorganic amendment used to improve
soil physical, chemical, and biological properties
while contributing to the reduction of heavy metal
bioavailability (Dubrovina et al. 2021).

Unlike lime, gypsum does not directly alter soil pH
to a significant extent (Minato et al. 2023). Instead,
its role in heavy metal management is largely
mediated through calcium-driven ion exchange and
improvements in soil structure. By enhancing soil
aggregation, permeability, and infiltration, gypsum
reduces surface runoff and erosion, thereby limiting
metal movement across the soil profile.

The calcium ions supplied by gypsum also
compete with heavy metal cations for exchange
and adsorption sites on soil particles, which may
reduce heavy metal uptake and improve French
bean productivity under contaminated conditions
(Moyne and Sterckeman 2023).

Gypsum is particularly beneficial in sodic soils,
where it improves root penetration and plant
resilience by ameliorating soil physical constraints.
Nevertheless, compared with lime and phosphate
amendments, its effectiveness in heavy metal
immobilization is often relatively lower and may
require repeated applications to maintain its benefits
over time.

4. Mineral Additives

Mineral-based amendments possess high adsorption
capacities and are widely used in the immobilization
of heavy metals in soils. Common examples include
zeolites, bentonite, iron oxides, and manganese
oxides (Zhang and Pu 2011).

These materials primarily function through
adsorption and cation exchange mechanisms,
owing to their large surface area and abundance
of reactive binding sites. For example, iron oxides
are particularly effective in binding metals such
as cadmium, lead, and arsenic, while zeolites
efficiently adsorb cationic heavy metals because
of their high cation exchange capacity and porous
structure (Yuna 2016).
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The incorporation of mineral additives therefore
improves metal retention in soils and reduces
bioavailability within the rhizosphere, thereby
minimizing uptake by French bean roots. A major
advantage of these amendments is their stability
and metal-specific performance across a wide range
of soil conditions.

However, their application may be limited by
relatively high costs, and their adsorption sites
may become saturated over time, leading to
reduced effectiveness. In addition, unlike organic
amendments, mineral additives contribute little to
improvements in soil organic matter and biological
activity, which may limit their broader agronomic
benefits (Kumar et al. 2017).

Inorganic amendments offer rapid and effective
mechanisms for heavy metal stabilization, although
their long-term performance and agronomic
suitability depend strongly on soil conditions,
amendment type, and application strategy.

Comparative Performance of Organic and
Inorganic Soil Amendments in Heavy Metal
Immobilization

Considerable attention has been directed toward
the use of soil amendments as practical strategies
for immobilizing heavy metals in contaminated
agricultural soils, particularly within French bean
production systems (Table 3). Both inorganic and
organic amendments have demonstrated varying
degrees of effectiveness in reducing heavy metal
bioavailability, although their performance differs
depending on soil conditions, metal type, and
amendment characteristics (Zhao and Imran 2024).

A comparative evaluation of these amendment
groups reveals important differences in their
mechanisms of action, speed of response, long-
term stability, agronomic benefits, and associated
limitations. Inorganic amendments such as lime,
phosphates, gypsum, and mineral additives
generally provide rapid immobilization through
chemical stabilization mechanisms, including
precipitation, adsorption, and ion exchange (Rocco
et al. 2018)

In contrast, organic amendments such as biochar,
compost, manure, and green manure typically
exert their effects through gradual physicochemical
and biologically mediated processes. These
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Table 3: Comparison of Organic and Inorganic Amendments in Heavy Metal Immobilization

Di 0 . .
1mension gypsum, mineral additives)

Inorganic Amendments (lime, phosphates,

Organic Amendments (biochar, compost, manure,
green manure)

Speed of action

Fast (days to weeks); immediate chemical

Slow to moderate (weeks to months); gradual

stabilization physicochemical and biological processes
Persistence Moderate; effects may decline without High; longer-term stability through persistent
repeated application organic matter
Soil health benefits Limited, mainly chemical immobilization High improves structure, water retention, nutrient

cycling, and microbial activity.

Contamination risk

Low when clean materials are used

Variable; depends on feedstock quality

Cost/accessibility

Generally low and widely available

Moderate; biochar may be costly, but compost and
manure are more accessible.

Suitability by soil type

Acidic, sandy, and low-clay soils

Soils with low organic matter and poor biological
activity

Effectiveness by metal type |Strong for Cd, Pb, Zn

Strong for Cd, Zn; moderate for Pb and Ni

include complexation, chelation, adsorption, and
enhancement of soil biological activity. Although
their response may be slower, they often provide
longer-term improvements in soil quality and
ecosystem function (Fadeyi et al. 2026).

Importantly, organic amendments confer broader
soil health benefits, including improvements in
soil structure, moisture retention, nutrient cycling,
and microbial abundance, whereas inorganic
amendments are generally more limited to chemical
stabilization functions (Ali et al. 2025).

The relative effectiveness of these amendments
also varies by metal type. Inorganic amendments
are often particularly effective for immobilizing
cadmium, lead, and zinc, while organic amendments
may provide stronger long-term control of cadmium
and zinc, with variable performance for lead and
nickel depending on amendment source and soil
environment (Ibrahim et al. 2026).

The choice between organic and inorganic
amendments should be guided by site-specific
soil conditions, target metal species, economic
feasibility, and desired duration of remediation.

Integrated Amendment Strategies and
Synergistic Effects

Integrated soil amendment strategies often provide
superior outcomes in reducing heavy metal
bioavailability compared with the application of
single amendments alone (Huang et al. 2016). The
synergistic effects of these combined approaches
arise from the interaction of physical, chemical,
and biological mechanisms that collectively
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enhance heavy metal immobilization, improve soil
health, and support crop productivity. However,
the effectiveness of integrated systems may be
compromised by inappropriate application rates,
poor timing, and the use of low-quality amendment
materials, all of which reduce their remediation
potential (Table 4).

1. Organic Matter and Lime Combinations

Organic amendments such as farmyard manure,
compost, and green manures are important
sources of organic matter in agricultural soils.
When combined with lime, these amendments are
generally more effective in immobilizing heavy
metals than when applied individually.

Lime primarily reduces heavy metal solubility
through an increase in soil p", which promotes
precipitation of metals as hydroxides and carbonates.
In contrast, organic amendments contribute to
immobilization through adsorption processes and
the formation of stable organo-metal complexes,
particularly via humic substances and other reactive
organic fractions (Aggarwal et al. 2025).

The combined use of organic matter and lime
also improves soil structure, enhances nutrient
retention, and promotes microbial abundance,
thereby contributing to both soil restoration and
reduced heavy metal uptake in degraded soils
(Qaswar et al. 2020). Nevertheless, the efficiency
of this combination depends on soil-specific
conditions. For example, soils with high buffering
capacity may limit the p"-modifying effect of
lime, thereby reducing its effectiveness in heavy
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Table 4: Comparative Summary of Studies on Integrated Soil Amendments and Heavy Metal Reduction in Crop

Systems
Study Type |Crop /System i?;ﬁj?ent :Z:tg:lt(s) E:Zpi(:sle Ejf;:;:n Plant f{ffeiilt on Key Interpretation
Field study |Frenchbean/ |Compost + Cd,Pb |t pH, 1 organic || Cd and Pb 1 Yield An integrated
legumes lime matter uptake approach more
effective than single
amendments
Pot Vegetable crops |Biochar Cd, Zn || Available Significant Moderate |High adsorption-
experiment metals, 1 CEC |reduction in yield mediated
uptake increase immobilization
Field study |Leafy Farmyard Cu, Zn |1 Organic Variable 1 Yield Potential
vegetables manure matter, variable |depending on contamination risk
metal content  |manure quality if the manure source
is polluted
Controlled |Legumes Lime Cd,Pb |t pH, | metal |Reduced uptake Neutral Greater
study solubility to slight effectiveness
increase under acidic soil
conditions
Field trial ~ |Mixed Phosphate Pb Formation of  |Significant 1 Yield Highly effective for
cropping fertilizer insoluble Pb reduction in Pb Pb immobilization
system compounds uptake
Pot Horticultural |Biochar + Cd, Zn |Synergistic Strong reduction |[Highest Best-performing
experiment |crops fertilizer improvement in |in uptake yield integrated
soil properties response |combination
Field study |Irrigated Compost + Multiple |Improved Reduced 1 Yield Demonstrates
vegetables biochar metals |structure and |bioavailability potential long-term
organic matter benefits

metal stabilization. In acidic soils with low organic
matter content, the integration of both organic
and inorganic amendments is often particularly
beneficial (Najafi and Jalali 2016).

2. Organic Matter and Fertilizer Combinations

The integration of organic amendments with
synthetic fertilizers provides a balanced approach
for simultaneously managing plant nutrition and
heavy metal risks. Synthetic fertilizers supply
essential nutrients required for optimal French
bean growth, while organic matter contributes to
heavy metal immobilization through adsorption
and complexation mechanisms (Singh et al. 2023).

Enhanced biomass production resulting from
improved nutrient supply may also contribute to a
dilution effect, whereby heavy metal concentrations
in plant tissues are reduced as a result of increased
growth and dry matter accumulation, thereby
lowering the risk of excessive metal accumulation
in pods (Wang et al. 2016).

However, excessive use of synthetic fertilizers,

Print ISSN : 0974-1712

66

particularly phosphorus-based fertilizers, may
under certain conditions contribute additional heavy
metals or alter soil chemistry in ways that increase
metal solubility and bioavailability. Therefore,
careful optimization of fertilizer type, application
rate, and amendment combinations is essential for
maximizing crop productivity while minimizing
heavy metal uptake (Nzihou and Sharrock 2010).

3. Biochar and Mineral Amendments

The combined use of biochar with mineral
amendments such as iron oxides, manganese
oxides, phosphates, and lime has been shown to
substantially reduce heavy metal uptake in crops.

Mineral amendments primarily function through
adsorption, precipitation, and ion exchange
processes that reduce metal mobility in soils
(Mensah et al. 2022). Biochar complements these
processes through its large surface area, porous
structure, and abundance of functional groups, all
of which enhance adsorption and complexation of
metal ions.
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This integrated approach has demonstrated
superior performance in reducing metals such as
copper, zinc, and cadmium compared with the
use of individual amendments alone (Branzini and
Zubillaga 2012).

The effectiveness of these combinations is strongly
influenced by soil type and environmental
conditions. Clay soils generally possess greater
adsorption capacity than sandy soils, although
sandy soils may benefit substantially from biochar
addition through improved aggregation and
enhanced sorption capacity (Du et al. 2023). Soil pH
and metal-specific chemistry also play important
roles in determining remediation efficiency.

4. Synergy and Context-Specific Responses

Integrated amendment systems often outperform
sole amendment applications because they
simultaneously exploit physical, chemical, and
biological mechanisms involved in soil restoration
and heavy metal immobilization (Karer et al. 2015).

These systems not only reduce heavy metal
bioavailability but also improve soil health indicators
such as microbial abundance, nutrient retention,
and crop productivity. However, the magnitude
of these benefits is highly context-dependent and
varies according to environmental conditions,
contamination levels, soil organic matter content,
and soil p" (Kwiatkowska-Malina 2017).

Soils with low cation exchange capacity and acidic
conditions often exhibit stronger responses to
amendment-based remediation than neutral or
alkaline soils. In neutral soils, the combined use
of mineral amendments and organic matter may
provide more effective remediation outcomes
(Nejad et al. 2021).

Integrated amendment strategies represent one
of the most promising approaches for long-term
mitigation of heavy metal risks in French bean
production systems.

Impacts on Soil Properties, French
Bean Growth, Yield, and Edible Tissue
Contamination

Soil amendments exert significant effects on soil
physicochemical and biological properties, plant
growth performance, and the accumulation of
heavy metals in edible plant tissues (Teodoro et al.
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2019). Understanding these effects is essential for
the development of evidence-based strategies aimed
at reducing heavy metal risks while simultaneously
enhancing crop productivity and food safety. Such
information is particularly important for researchers,
practitioners, and policymakers involved in the
design of sustainable soil management interventions.

1. Changes in Soil Physical and Chemical
Characteristics

The mobility and uptake of heavy metals are
strongly influenced by changes in soil physical
and chemical properties induced by amendment
application. Organic amendments such as farmyard
manure, green manure, and compost improve soil
aggregation, increase cation exchange capacity, and
enhance soil organic matter content (Khadim et al.
2024). These modifications increase the adsorption
capacity of soils and promote the retention of
metal ions, thereby reducing their mobility and
bioavailability.

Similarly, biochar application contributes to heavy
metal immobilization, particularly in acidic soils,
where metals are often precipitated as hydroxides
and other less soluble forms (Jia et al. 2021).

Soil p* and heavy metal speciation are also strongly
influenced by inorganic amendments such as lime
and gypsum. Liming increases soil p", which
promotes the precipitation and immobilization of
heavy metals, thereby reducing their availability for
plant uptake. Likewise, phosphorus-rich fertilizers
may facilitate the formation of insoluble phosphatic
metal complexes, particularly for metals such as
lead (Gomez and Ruiz 2023).

Gypsum contributes primarily through
improvements in soil structure, water infiltration,
and soil chemical balance. The combined use of
organic and inorganic amendments often generates
synergistic effects that enhance both soil quality and
heavy metal stabilization, making these integrated
strategies highly suitable for sustainable crop
production systems (Hassoune et al. 2020).

2. Effects on Plant Growth and Yield

The application of both organic and inorganic soil
amendments has been shown to improve French
bean production systems through enhanced soil
fertility and reduced heavy metal stress.
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Organic amendments improve root development
by enhancing soil structure, increasing nutrient
availability, and improving water-holding capacity
and moisture retention, all of which contribute to
better plant growth and establishment (Hassoune
et al. 2020).

Several studies have reported that amendments
such as biochar, compost, and lime improve crop
performance indicators, including pod number, pod
weight, biomass accumulation, and overall yield.

Integrated amendment strategies, such as biochar
combined with mineral additives or lime combined
with organic matter, often produce stronger
improvements in soil health and crop performance
than single amendments, thereby supporting
sustainable production systems (Meena and
Prakasha 2021).

Improved pod quality and increased marketable
yield also have important socioeconomic
implications, as they may enhance farmer income
and improve livelihoods, particularly among
smallholder farmers dependent on French bean
production (Mahapatra et al. 2024).

3. Accumulation of Heavy Metals in Edible
French Bean Pods

Because French bean pods constitute the edible
portion consumed by humans, the accumulation of
heavy metals in pods is of critical concern for food
safety and public health (Lane et al. 2026).

The use of both organic and inorganic amendments
has significantly contributed to the reduction
of heavy metal accumulation in French bean
tissues through mechanisms such as adsorption,
complexation, ion exchange, and precipitation
(Rizwan et al. 2020).

However, reduced uptake does not necessarily
imply complete elimination of contamination
risk. Soil conditions may change over time, and
continuous cropping or repeated amendment
use may create conditions that increase metal
solubility and facilitate renewed uptake within the
rhizosphere (Norouzi and Akbari 2026).

The concentration of heavy metals in plant tissues is
influenced by several interacting factors, including
metal type, soil characteristics, and amendment
properties. For example, cadmium and lead tend
to become more bioavailable under acidic soil
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conditions because of increased solubility and
reduced complex formation, which enhances their
uptake by plants (Chibuike and Obiora 2014).

Therefore, while soil amendments play an important
role in reducing heavy metal mobility, continuous
monitoring remains essential to ensure sustained
effectiveness. Overreliance on amendment-based
immobilization without periodic reassessment
may allow previously stabilized metals to
become reavailable in soils over time (Shakti
and Pandey 2024). A conceptual summary of the
major contamination pathways, immobilization
mechanisms, integrated amendment strategies,
and their effects on soil and crop performance is
presented in Fig. 1.

Food Safety, Human Health Risks, and
Regulatory Considerations

The accumulation of heavy metals such as lead,
copper, and cadmium in edible plant tissues poses
significant risks to human health through food
chain transfer (Goni et al. 2024). Understanding
the maximum permissible limits (MPLs) and key
human health risk indices, including estimated
daily intake and hazard quotient, is essential for
evaluating the risks associated with contaminated
food consumption. Consequently, safeguarding
consumers requires effective soil health management
and sustainable soil amendment strategies that
minimize metal transfer into edible tissues.

1. Permissible Limits

Maximum permissible limits (MPLs) for heavy
metals in food products are established by both
national and international food safety agencies to
protect human health. According to the European
Food Safety Authority, the maximum permissible
limits in legumes are 0.2 mg kg™ for cadmium, 0.1
mg kg for lead, and 10 mg kg™ for copper (Ahmad
and Goni 2009).

Consumption of legume products containing metal
concentrations above these thresholds may expose
consumers to serious health risks, including kidney
dysfunction, neurological disorders, developmental
impairment, and other chronic health complications.
These contaminants reach humans indirectly
through enrichment and transfer along the food
chain (Wei and Cen 2020).
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Sources of Heavy Metals in French Bean Production Systems

Agricultural Inputs Irrigation Water /
(Fertilizers, Pesticides) Wastewater
Organic Amendments Industrial &

(Manure, Compost) L g Atmospheric Deposition

Mechanisms of Heavy Metal Immobilization by Soil Amendments

Organic Amendments Inorganic Amendments
Adsorption & Precipitation
Complexation \ 1 of Insoluble Compounds

pH Increase (" lon Exchange
(Biochar) Reduc?d HF“X & Adsorption
Metal Bioavailability
v o
Microbial Stabilization | | Lower Plant Uptake | | |  PH Modification
l (Lime)

Integrated Amendment Strategies & Synergistic Effects

OM +
OM + Lime Fertilizers Biochar +
Mineral Amendments
PH Increase Nutrient Supply -
Metal Complexation Biomass Dilution Adsorption
’Y '\&Pndpimion

Synergistic Effect:

BN Reduced Metal Uptake P
Improved Pod Quality

Impacts on Soil, Plant Growth, & Pod Contamination

Soil Physicochemical Changes

1 pH, 1 OM, T CEC, Improved Aggregation '

Enhanced Plant Growth & Yield %

| 1 Root Development TBiomas&PudNumbcr.

Fig. 1: Conceptual framework illustrating major sources of heavy metals in French bean production systems, mechanisms of
immobilization by soil amendments, integrated amendment strategies, and their effects on soil properties, plant growth, and edible
pod contamination

The application of carefully selected soil amendments
plays an important role in maintaining heavy metal
concentrations within acceptable limits. Several
studies have reported that combinations such as
biochar and lime are effective in keeping heavy
metal concentrations in edible tissues within
recommended safety thresholds.

2. Transfer Factor (TF)

The transfer factor (TF) is an important index used
to assess the movement of heavy metals from soil
into plant tissues such as roots, shoots, and pods
(mg kg™) (Ullah et al. 2026).

The transfer factor is calculated as:

Concentration in plant tissue
TF = P

Concentration in soil

A transfer factor greater than one indicates that
the plant accumulates higher concentrations of a
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given heavy metal relative to its concentration in
soil, whereas a transfer factor less than one suggests
relatively lower uptake and accumulation within
plant tissues.

Studies in French bean production systems have
shown that lead often exhibits lower transfer factors
because of its strong retention in root tissues, while
cadmium tends to exhibit higher transfer factors
owing to its greater mobility in soils and efficient
translocation within plant tissues (Saadaoui et al.
2022).

The use of soil amendments such as phosphate
materials and biochar has been shown to reduce
heavy metal bioavailability, resulting in lower
concentrations and reduced transfer factors in
French bean pods.

3. Hazard Quotient and Daily Intake

The potential health risk associated with the
consumption of contaminated food is commonly
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assessed using indices such as Estimated Daily
Intake (EDI) and Hazard Quotient (HQ) (Ain et
al. 2023).

The hazard quotient is calculated as:

_EDI

Hi
0=- /D
where EDI represents the estimated daily intake,
and RfD is the reference dose for the specific heavy
metal under consideration.

The units of EDI are typically expressed as mg kg™
body weight day.

An HQ value greater than one indicates a potential
health risk to consumers, whereas values below one
generally indicates low risk.

For example, children are often more susceptible
to heavy metal exposure because of their lower
body weight and relatively higher intake per unit
body mass, making them particularly vulnerable
to contaminants such as lead and cadmium (Mao
et al. 2018).

These considerations further emphasize the need to
maintain heavy metal concentrations in French bean
pods within established permissible limits.

4. Differences Across Regulations

Regulatory thresholds for heavy metals in plant
tissues vary across countries and regulatory bodies.

For legumes, the European Union sets maximum
permissible limits of 0.1 mg kg™ for lead and 0.2 mg
kg for cadmium (Timoracka 2019). However, some
countries lack crop-specific thresholds and therefore
rely on broader international food safety guidelines.

This variation highlights the importance of adopting
robust risk assessment frameworks and site-specific
management strategies to ensure compliance with
both local and international market standards.

Effective regulation of heavy metals in food crops
is therefore critical for ensuring food safety in both
domestic and export markets (Latif et al. 2018).

It has been widely reported that soil amendment
strategies are closely linked to maintaining heavy
metal concentrations within maximum allowable
limits in French bean pods and other edible tissues.
A schematic representation of heavy metal uptake,
pod accumulation, transfer factor, and associated
human health risk indices is presented in Fig. 2.
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Fig. 2: Conceptual and analytical representation of heavy metal uptake, accumulation in French bean pods, transfer factor, and
associated human health risk assessment under different soil amendment strategies
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Knowledge Gaps and Future Research
Priorities

Substantial progress has been made in understanding
the role of soil amendments in the immobilization
of heavy metals within soil-plant systems.
Nevertheless, significant knowledge gaps remain,
particularly in relation to French bean production
systems. These limitations continue to constrain the
development of fully optimized, evidence-based
management strategies for safe and sustainable
crop production.

A large proportion of existing studies has focused
predominantly on leafy vegetables and cereal
crops, with comparatively limited attention given to
French beans. This is a notable gap considering the
nutritional importance of French beans as a source
of vitamins and their economic significance within
both local and export markets. There is therefore
a clear need for crop-specific studies aimed at
understanding heavy metal uptake, translocation
to pods, and the performance of different soil
amendments specifically under French bean
production systems.

Another major limitation lies in the predominance
of short-term studies, often conducted within a
single season and under poorly controlled or highly
simplified experimental conditions. Such approaches
may fail to capture long-term interactions among
soil amendments, soil physicochemical properties,
microbial dynamics, and crop responses. Long-
term field-based studies are therefore essential for
evaluating heavy metal stabilization dynamics,
soil fertility trends, and crop performance across
multiple growing seasons.

Current research also remains limited with respect
to metal-specific responses, soil-type interactions,
and French bean varietal differences. Many studies
report the use of soil amendments without clearly
defining specific target metals, optimal application
rates, or crop genotype interactions. To maximize
heavy metal immobilization while avoiding
secondary challenges such as excessive alkalinity
and nutrient imbalances, there is a need to establish
crop- and site-specific amendment rates and
combinations of both organic and inorganic
materials.

In addition, most available studies are conducted
under laboratory or pot conditions, which often
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do not adequately represent field realities. Field
environments are inherently more complex because
of spatial heterogeneity, fluctuating moisture
regimes, and dynamic microbial processes, all
of which can significantly influence amendment
performance.

Despite frequent reporting of total heavy metal
concentrations in soils, relatively few studies have
focused on heavy metal speciation. A detailed
understanding of metal fractions, including organic
complexes, carbonate-bound forms, oxide-associated
forms, and exchangeable pools, is critical for
accurately predicting amendment effectiveness,
transfer factors, and associated human health risks.
Advanced analytical approaches such as X-ray
spectroscopy and related spectrometric techniques
should therefore be increasingly incorporated into
future studies.

Another important research gap concerns the
interaction between French bean cultivars and
soil amendment strategies. Differences in root
architecture, metal uptake capacity, and translocation
to pods may vary considerably among cultivars, yet
limited work has been undertaken to evaluate these
interactions systematically.

Future research should therefore place greater
emphasis on integrated amendment approaches that
combine soil science, agronomy, plant physiology,
and human health risk assessment to generate
robust recommendations for sustainable agricultural
systems.

CONCLUSION

Heavy metal accumulation in French bean tissues
represents a significant threat to both crop
productivity and food safety, largely driven by
contamination of agricultural soils.

Current evidence indicates that both inorganic and
organic soil amendments play important roles in the
amelioration of heavy metal contamination through
mechanisms such as complexation, adsorption,
precipitation, enhancement of microbial activity,
and modification of soil p".

Organic amendments, including green manure,
farmyard manure, compost, and biochar, have
been widely recommended because they provide
relatively long-term and sustainable solutions for
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heavy metal immobilization while simultaneously
improving soil quality.

Inorganic amendments such as lime, gypsum,
phosphorus-based materials, and mineral additives
contribute primarily through physicochemical
stabilization processes that reduce metal mobility
and plant uptake.

Importantly, the integration of organic and inorganic
amendments often produces synergistic effects,
resulting in improved soil health, reduced heavy
metal bioavailability, enhanced crop productivity,
and greater food safety compared with the use of
single amendments.

These integrated strategies have also been associated
with lower transfer factors, reduced heavy metal
concentrations in edible tissues, and consequently
lower risks to human health.

For maximum effectiveness, however, amendment
rates and combinations must be carefully aligned
with soil type, contamination level, and crop
production conditions.

Despite recent advances, several uncertainties
remain, particularly with respect to long-term
field validation, French bean genotype responses,
and amendment dose optimization. Additional
research is still needed to better understand how
environmental factors such as soil texture, microbial
dynamics, and soil p™ interact with amendment
performance under field conditions.

Furthermore, much of the available evidence
remains derived from short-term experiments
or from studies conducted on crops other than
French beans, leaving a significant knowledge gap
that must be addressed to better inform farmers,
researchers, and policymakers.

Addressing these gaps will contribute substantially
to the development of safer and more sustainable
French bean production systems through improved
soil physical, chemical, and biological conditions,
ultimately supporting both agricultural productivity
and consumer health.
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