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Introduction: When Industrial Waste Enters the Soil

Industrialization has transformed economies, created employment and supported modern agriculture and
infrastructure. However, alongside these benefits comes a less visible environmental legacy: the release
of contaminants into soil. Mining, smelting, metal processing, chemical manufacturing, petroleum
industries, textile production, battery manufacturing, tanneries, electronic-waste recycling and poorly
managed industrial waste can introduce a complex mixture of inorganic and organic contaminants into

terrestrial environments.
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Soil is often the first environmental compartment to receive and retain these contaminants. Unlike air and
surface water, contaminated soil may not immediately reveal its condition through visible changes. A soil
can appear productive while simultaneously storing potentially toxic elements or persistent chemicals.
The FAO and UNEP have identified industrial activities, mining and poorly managed wastes among
important sources of soil pollution, with consequences extending beyond soil itself to water, food,
biodiversity and human health. The real concern therefore begins when contamination is viewed not as a
problem confined to soil, but as a continuum connecting soil, plants, animals and the wider food web. A
contaminant deposited on or incorporated into soil can undergo a series of transformations and transport
processes before reaching organisms. Understanding this hidden journey is essential for protecting soil

health, agricultural productivity, livestock, wildlife and food safety.

Industrial Waste: What Can Enter the Soil?

Industrial waste is not a single type of material. Depending on the industrial process, it may contain heavy
metals and metalloids such as lead (Pb), cadmium (Cd), chromium (Cr), mercury (Hg), arsenic (As), nickel

(Ni), copper (Cu) and zinc (Zn), as well as petroleum-derived compounds, solvents, dyes, persistent organic
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pollutants and other emerging contaminants. Among these contaminants, potentially toxic elements
deserve particular attention because they cannot be destroyed by ordinary biological degradation. Their
environmental behaviour instead depends on processes such as adsorption, precipitation, dissolution,
complexation and changes in chemical speciation. Recent global assessments indicate that Pb, Cu, Zn and
Cd are among the frequently detected metals in contaminated soils, particularly around industrial, mining
and electronic-waste areas. Organic contaminants behave differently. Some may degrade relatively rapidly,
while others can persist for years because of their chemical stability and strong association with soil
organic matter. Consequently, the presence of a contaminant in soil does not automatically mean that it
will enter plants or animals. The critical question is its bioavailability-the fraction that is sufficiently mobile

and accessible for biological uptake.

Soil: The First Filter-and Sometimes the First Reservoir

Soil performs an important environmental function by acting as a filter, buffer and reactive medium. Clay
minerals, iron and manganese oxides, carbonates and soil organic matter can retain many contaminants
and reduce their immediate mobility. However, this protective capacity is not unlimited. Changes in soil
pH, redox conditions, moisture, organic matter and ionic composition can alter contaminant mobility and
bioavailability. For example, an element strongly retained by soil minerals under one set of conditions may
become more mobile when soil chemistry changes. Similarly, dissolved organic matter can influence the
movement of some metals and organic contaminants. Thus, total contaminant concentration alone cannot
fully predict ecological risk.

This distinction is particularly important in agriculture. Two soils containing similar total concentrations of
a metal may present very different risks to crops because the proportion available for plant uptake can
differ substantially. The soil therefore acts as a dynamic interface rather than a simple storage
compartment. Contaminants may remain bound to soil particles, move with soil water, enter groundwater,
become available to plants, or be transported through erosion and runoff. Once the soil's capacity to retain

contaminants is exceeded, the possibility of transfer into other environmental compartments increases.

From Soil to Plant: The First Biological Gateway

Plants occupy a critical position in the soil-plant-animal continuum because they connect the
contaminated soil environment with the biological food web. Plant roots encounter contaminants
dissolved in soil solution or associated with soil particles. Uptake depends on the contaminant's chemical
form, soil pH, organic matter, competing ions, root characteristics and plant species. Once absorbed, some

contaminants may remain predominantly in roots, whereas others can be transported through the xylem
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or phloem to shoots, leaves, fruits, seeds or storage organs. This is why contamination of soil does not
necessarily translate into identical contamination of every plant tissue. Different crops and even different
cultivars can vary considerably in their capacity to absorb and translocate contaminants. Heavy metals and
metalloids such as Cd, Pb and As have received particular attention because they can enter food crops and
create potential dietary exposure. Rice, leafy vegetables and root crops can be important pathways under
particular contamination scenarios, although the magnitude of transfer varies with soil properties, crop
species and contaminant chemistry. The plant response itself can also reveal that the contaminant is
biologically active. Excess concentrations of potentially toxic elements may interfere with nutrient uptake,
photosynthesis, enzyme activityy, membrane stability and oxidative balance. Consequently, soil

contamination can affect not only food safety but also crop growth and productivity.

From Plants to Animals: The Continuum Becomes a Food-Web Pathway

The journey does not necessarily stop at the plant. Herbivorous livestock and wildlife may consume
contaminated forage, crop residues, leaves, seeds or roots. Animals may also ingest contaminated soil
directly while grazing or feeding, and contaminants may enter through drinking water. Once absorbed,
contaminants can be distributed among tissues and, depending on their chemical properties, may be
retained or eliminated through urine, faces, milk, eggs or other biological pathways. This makes the soil-
plant-animal relationship particularly important in agricultural landscapes surrounding industrial areas. A
contaminated field used for fodder production, for example, may create a pathway from soil to forage and
subsequently to grazing livestock. Soil-plant—animal transfer models have therefore been developed to
assess how potentially toxic elements can move from contaminated agricultural soils into animal tissues
and animal-derived products. Research has shown that risk assessment based only on soil concentrations
may underestimate or misrepresent the actual food-chain risk unless plant uptake and animal exposure
are also considered. However, it is important to distinguish bioaccumulation from biomagnification.
Bioaccumulation refers to the net accumulation of a contaminant within an organism when uptake
exceeds elimination. Biomagnification, in contrast, refers to increasing concentrations across successive
trophic levels. Biomagnification does not occur universally for all metals or contaminants. Its occurrence
depends on contaminant chemistry, biological uptake and elimination, food-web structure and exposure
conditions. Studies of terrestrial food webs demonstrate that trophic transfer of trace metals can be highly
variable rather than following a simple upward pattern. This distinction is scientifically important:
contaminant transfer through a food web is real, but its magnitude and direction cannot be assumed

without evidence.
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Soil Pollution is also a Biological Problem

The effects of industrial contamination extend beyond chemical measurements. Soil is a living system
containing bacteria, fungi, archaea, earthworms, arthropods and many other organisms. Contaminants
can alter microbial communities, enzyme activities, decomposition processes and nutrient cycling.
Earthworms and other soil fauna may take up contaminants from soil and organic matter, creating another
route for transfer within terrestrial food webs.

This means that soil pollution can gradually disturb the biological processes that maintain soil fertility. A
contaminated soil may experience changes in microbial diversity and activity, altered organic matter
turnover and impaired nutrient cycling. Such changes can reduce the resilience of soil ecosystems even
before obvious crop damage becomes visible. Therefore, soil health should not be judged solely by
nutrient availability or crop yield. A healthy soil must also retain its capacity to support biological activity,

regulate contaminants and sustain ecosystem functions.

www.agripublication.com Volume 01|Issue 05| October, 2026 Page | 11

P CLRLCLUHUCLLLLLLLLLLLLLLLLLLLLLLLlLLLle el dddddddddddddddddddddddddddddddddddddddddddddldddeleqqeeeeye
DR L A R e S LS N S LY/



e
—e
s

¥ ¥  THE o -
w AGRI PUBLICATION ISSN (Online): 3139-612i
\ f ‘_THE FUTURE OF AGRICUI,IURE_’

-

The Hidden Connection Between Soil, Food and Animal Health

The importance of the soil-plant-animal continuum becomes especially clear when agricultural land is
located near industrial or mining activities. Imagine a simplified pathway:

Industrial activity - waste release - soil contamination - contaminant transformation/mobility -
plant uptake - contaminated forage or food - animal exposure - animal products - human exposure
At every stage, the contaminant can be transformed, retained, diluted, concentrated or removed.
Therefore, the pathway is not a simple straight line. It is a dynamic network controlled by soil chemistry,
biological processes and environmental conditions. For food-producing landscapes, this has important
implications. Contamination of soil can affect the safety and quality of crops and, where contaminated
feed or forage is consumed, potentially animal-derived products. Food-chain risk assessment therefore
requires consideration of the entire pathway rather than relying exclusively on measurements of total
contaminants in soil.

The issue is particularly important for contaminants such as Cd, Pb, As and Hg, which can pose serious
toxicological concerns when exposure is sufficiently high or prolonged. Recent research continues to
emphasize the importance of understanding soil-to-crop-to-consumer pathways for assessing risks

associated with potentially toxic metals.

Can Contaminated Soils Be Managed?

Contamination does not always mean that agricultural land must immediately be abandoned. The
appropriate response depends on the contaminant, its concentration, bioavailability, land use, exposure
pathway and regulatory standards. The first and most effective strategy is source control. Preventing
further release from industries, improving waste treatment and ensuring safe disposal are more
sustainable than attempting to remediate contamination after it has become widespread.

Where contamination has already occurred, several management approaches may be considered:

e Immobilization: amendments such as biochar, certain minerals, phosphates or organic materials can

reduce the bioavailability or mobility of selected contaminants.

e Phytoremediation: selected plants can be used to extract, stabilize or contain contaminants,

depending on the contaminant and site conditions.

e Bioremediation: microorganisms may transform or immobilize certain contaminants, particularly

some organic pollutants.

e Soil replacement or excavation: suitable for highly contaminated, localized sites but often expensive

and disruptive.
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Agronomic management: selecting appropriate crops, managing soil pH and organic matter, and

preventing contaminated biomass from entering the food chain can reduce exposure.

Monitoring: repeated assessment of soil, water, crops, forage and, where appropriate, animal

products are essential for long-term risk management.
Importantly, an amendment that reduces the total concentration of a contaminant is not necessarily
required for risk reduction. In many cases, the more meaningful objective is to reduce its bioavailability,
mobility and transfer to organisms. Research on soil amendments, for example, has demonstrated that
immobilization can reduce Cd phytoavailability and consequently its potential movement into the food

chain.

A Soil-Health Approach to Industrial Contamination

The future of contaminated-soil management should move beyond asking a single question. How much
contaminant is present? Where did the contaminant originate? How does it behave in the soil? How
bioavailable is it? Can plants absorb it? Can animals be exposed through feed or soil ingestion? What
happens to the contaminant within the food web? And which intervention can effectively interrupt the
pathway?

This integrated perspective connects source, soil, plant, animal and food safety. The concept is
particularly relevant to sustainable agriculture because productive land cannot be considered truly healthy
if it produces food while simultaneously transferring contaminants into the food chain. Soil health
therefore includes not only fertility and biological activity but also the capacity of soil to regulate

potentially harmful substances and protect ecosystem functions.

Looking Beyond the Soil

Industrial contamination is often described as a soil problem, but its consequences can extend much
further. The soil is the starting point of many terrestrial food webs and an important interface between
the geosphere and living organisms. A contaminant released from an industrial activity may remain
immobilised in soil, migrate into water, be taken up by a crop, enter livestock through contaminated feed,
or move through wildlife food webs. The pathway is not inevitable, nor is the degree of transfer the same
for every contaminant. Yet the possibility of movement across environmental compartments makes early
detection and prevention essential.

When industrial contaminants enter agricultural landscapes, the consequences can potentially extend

from soil health to plant health, animal exposure, food safety and ecosystem integrity. Understanding
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this interconnected continuum allows soil scientists, agronomists, environmental managers and industries

to move from reactive pollution control towards preventive and sustainable management.

Conclusion

The hidden journey of industrial contaminants reminds us that soil is not an isolated compartment. It is a
living interface through which chemicals interact with minerals, organic matter, microorganisms, plants
and animals. Industrial waste deposited today can influence ecological and agricultural processes long
after the original source has disappeared. A scientifically sound response therefore requires an integrated
soil-plant-animal perspective. Contamination must be traced from its source, through its behaviour and
bioavailability in soil, to its uptake by plants and potential transfer to animals and the wider food web.
Such an approach can support better remediation decisions, safer agricultural production and long-term

protection of soil health.
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