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ABSTRACT
            Globally, plant life, human health, and the food supply are all gravely threatened by heavy metal contamination of agricultural soils. Crop health and yield are negatively impacted when hazardous concentrations of HM are present in agricultural soils. Due to both anthropogenic and natural causes, heavy metals can spread through the environment in innumerable ways. Mining, abandoned mining sites, fertilizer and pesticide use, and sewage irrigation are examples of human-related factors; natural causes, in general, can include any process involving wind erosion and migration, as well as the mechanical redistribution of soil debris or hydraulic migration of the soil parent rock as a result of high background values caused by winds and HM levels in agricultural soils can affect crop health and yield when they reach dangerous concentrations. They are far more harmful to both plants and people because, when mixed into the soil, they hinder plant growth, lower nutrient value, interfere with photosynthesis, and then negatively impact humankind. The physical and chemical makeup of the soil, crop type, growth conditions, elemental toxicity, development stage, and the presence and bioavailability of heavy metals in the soil solution are some of the factors that affect how harmful HM is to crops. Continuous and repeated high rates of manure application were found to significantly raise the overall concentration of  Cd, Zn, Cr, and Cu in soil , but not Pb, Ni, or As. The decomposition of organic matter, nutrient cycling, and plant growth support are all made possible by these soil microbes. However, microbial communities are seriously threatened by the growing levels of heavy metal contamination in soils, including Pb, Cd, Hg, and As. The origins of heavy metals in soil are discussed in this review, along with how they affect microbial diversity and abundance, enzyme activity, and functional activities. Further, adaptation and resistance mechanisms of microbes are reviewed. This knowledge is necessary in the assessment of environmental risks and for solving soil- related issues through sustainable management and bioremediation approaches. Methods for limiting heavy metal accumulation into crops, restoring contaminated land, and ensuring sustainable agricultural productivity are revisited in this review.

[bookmark: Keywords:-_Metals,_Metalloids,_Integrate]Keywords: Metals, Metalloids, Integrated Nutrient Management, Biochar, Soil Pollution, Toxicity mitigation







Graphical Abstract


1. Introduction
            The most basic natural resource on which humans rely is soil, an essential component of the terrestrial biosphere on Earth that allows for recycling and regeneration. Heavy metals in soil can come from a variety of sources, including weathered parent materials, mining operations, vehicle emissions, smelting operations, chemical fertiliser application, and other commercial, industrial, and agricultural operations (Jin et al., 2019). Soils are affected by heavy metals that generate several impediments to soil function, environment, agricultural production, food chains, and even human health (Adrianoet.al 2001). Heavy metal contamination, as a result of anthropogenic emissions (industrial, traffic, fossil fuel usage), agrochemicals, surface application of sludge, wastewater, etc., has been adversely affecting the increased level of heavy metals in agriculture for a long time now (Lokeshappa et al. 2014). According to Liu et al. (2018), heavy metals (HMs) such as zinc (Zn), lead (Pb), nickel (Ni), arsenic (As), mercury (Hg), copper (Cu), cadmium (Cd), and chromium (Cr) impact over 20 million hectares (ha) of land. As per the Bulletin of the National Survey of Soil Pollution, the levels of Cd, Hg, As, Cu, Pb, and Zn surpass the respective benchmarks of 7.0%, 1.6%, 2.7%, 2.1%, 1.5%, and 0.9% (Ministry of Ecology and Environment of the People's Republic of China, 2014). They degrade humans, animals, and plants to the point that they become contaminants and the biggest problem. According to Holmeset al. (2008), heavy metals in the environment create a cyclical chain of contamination that affects the industry, atmosphere, soil, water, food, and people. Over the past 50 years, more than 0.03 million tons of Cr and 0.8 million tons of Pb have entered the global environment, mostly accumulating in soil and causing serious heavy metal pollution (Yang et al., 2018). To assess the soil load caused by heavy metals, it is necessary to understand the background levels of heavy metals, their inputs into soils, their behaviour and fate in the soil environment, and their transfer into plants or groundwater (Kabata et al., 2000). Furthermore, trace elements including arsenic, lead, cadmium, and chromium in drinking water have previously caused the World Health Organisation (WHO) to express alarm about the deterioration of ecosystems in numerous nations (Angon et al., 2024). Plant growth and production require a variety of minerals, including magnesium, copper, manganese, zinc, iron, calcium, and nickel. Many plant cellular processes, including pigment production, ion homeostasis, gene regulation, respiration, enzyme activity, sugar metabolism, photosynthesis, nitrogen fixation, etc., can be improved by these minerals at relatively low concentrations (Tiwari et al., 2018; Jalal et al., 2025). One important factor influencing agricultural productivity is soil fertility. Fertility of soil can be affected by physical, chemical or biological factors ultimately having an impact on plant growth. Nutrients like nitrogen, phosphorous, sulfur as well as carbon etc. are not taken up by plants as it is but they have to be converted into their standard forms with help of microbes and nutrient cycling (Javed et al., 2022; Trigunasih et al., 2023; Pandao et al., 2024). It is controlled by the activity of soil microbes, the availability of vital nutrients, and suitable physical and chemical characteristics. However, anthropogenic activities like mining, industrial discharge, improper waste management, and excessive use of agrochemicals have caused heavy metals to accumulate in agricultural soils (Nagajyoti et al., 2010). Unlike organic contaminants, heavy metals are not biodegradable and can remain in the soil for decades, affecting its fertility and general health. Artificial or man-made sources have become the primary causes of heavy metal contamination globally due to the fast pace of industrialisation and urbanisation (Tchounwou et al., 2012). Sewage sludge and wastewater generation have increased exponentially as a result of rapid urbanisation and industrialisation. In agriculture, these by-products are frequently recycled to supply organic matter and vital nutrients. However, they might also contain heavy metals like cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), zinc (Zn), nickel (Ni), and mercury (Hg) that can be hazardous to human health and the environment when used for an extended length of time (Gupta & Sinha, 2007). Electronic waste, or "e-waste," has increased due to rapid technological development and is often handled improperly in developing nations. Solid waste, which includes leftovers from industry and municipalities, also contains significant amounts of heavy metals. Improper disposal and recycling practices release these metals into the environment, posing major risks to soil, water, crop productivity, and human health (Sepúlveda et al., 2010).
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Figure 1.  Categorization of metal contaminants found in agricultural soil



(Rashid et.al 2023)
37

Bibliometric analysis

600
500
400
300
200
100
0
Series1


Figure 2: Distribution of research publications in various scientific disciplines.
		
            Environmental Science leads with the most publications, followed by Agricultural and Biological Sciences and Medicine; other disciplines like Biochemistry, Genetics, and Molecular Biology also contribute significantly; the remaining disciplines, such as Engineering, Chemistry, Earth and Planetary Sciences, and Pharmacology, contribute moderately; and the fields with the fewest publications are Energy and Chemical Engineering. This bar graph shows how the Environmental and Biological Sciences dominate research output, indicating a strong focus on issues related to the environment, agriculture, and health in scientific studies.
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Figure 3: Distribution of various publications associated with biochar-related
studies.

            The number of publications by publishing type is shown in the bar graph. The majority are articles, with reviews, book chapters, and conference papers coming in second and third, respectively, suggesting that they are the most prevalent types of academic production. Conference reviews and books also make a small contribution. Errata, editorials, data papers, and retracted publications are among the other publication kinds with far lower counts. There is little representation in categories such as brief questionnaires, notes, and letters. As a reflection of their significance in sharing scientific knowledge and advancing the academic community, this distribution emphasises the dominance of original research publications and reviews in scholarly communication.
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Figure 4: The frequency of keywords associated with biochar-related studies.

            The frequency of important phrases used in research publications pertaining to agricultural and environmental studies is displayed in a bar graph. The terms "Heavy Metal" and "Heavy Metals" are the most commonly used, suggesting that heavy metal contamination is the main concern. Other often used terms are "Soil Pollution,""Agriculture,""Article," and special metals like "Cadmium,""Lead," and "Zinc." Additionally, words like "Environmental Monitoring,""Nonhuman," and "Soil" are frequently used. This implies that a sizable portion of the study focuses on how heavy metals affect soil, agriculture, and environmental health, highlighting the growing worries about pollution and its effects on the environment and biology.









700
600
500
400
300
200
100
0

Figure 5: Participation in biochar research by different nation.

            The number of research articles contributed by various nations is displayed in the bar graph. Strong research activity is evident in these countries, as China leads with the most papers, followed by India and the US. Italy and Pakistan also make modest amounts. Comparatively speaking, other nations with fewer publications include the UK, Egypt, Spain, Saudi Arabia, Brazil, Germany, and Iran. This data shows how research efforts are distributed around the world, especially in areas that are probably related to agricultural or environmental studies, where Asian nations are clearly making a substantial contribution.

Review of literature

          Sources of Agriculture-Related Heavy Metal Pollution

           Agricultural soil is one important non-renewable natural resource. Hazardous heavy metals (HM), including Cd, Pb, Cr, As, Hg, Cu, Ni, Zn, Al, and several other elements, can contaminate it due to both natural and man-made sources (Rashid et al., 2023). These heavy metals have been present in the crust naturally since the beginning of the Earth. The startling increase in the use of heavy metals will soon lead to an increase in metallic materials in both terrestrial and aquatic environments (Gautam et al., 2016). The accumulation of heavy metals (HMs) in soil can have negative health effects on humans and animals in addition to decreasing soil fertility and agricultural productivity. A variety of heavy metals (HMs) in contaminated soil are a threat to the environment and the general public, especially considering how swiftly the economy and culture are evolving (Min et al., 2018). Distinguishing between anthropogenic and natural (geogenic) metal concentrations in soil is crucial. A baseline for evaluating pollution is provided by geochemical background data. Because of mineral-rich parent materials, natural metal concentrations in soils may surpass regulatory thresholds in some areas, which could result in a misclassification as contaminated (Reimann & Garrett, 2005).
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Fig 6: Various sources of metal pollution (Khan et al. 2022).
Natural Sources
      These are geogenic and usually ambient background sources of heavy metals.

Parent Material and Weathering of Rocks: Because rocks and minerals weather over time, soils naturally contain trace levels of heavy metals. Ultra mafic rocks naturally contain elements including Cr, Ni, and Zn, which geological processes can release into the soil (Kabata-Pendias, 2011). Which metals are released depends on the mineralogical makeup of the rocks. For example, black shales may have higher amounts of As, Mo, and U, whereas ultramafic rocks are rich in Ni, Cr, and Co (De Vries et al., 2013).

    Types of Weathering and Their Role in Metal Release
Physical Weathering
Physical weathering, also referred to as mechanical weathering, is the breakdown of rocks into smaller particles without changing their chemical composition; it is facilitated by biological activity (e.g., root growth), salt crystallisation, freeze-thaw cycles, and thermal expansion. Physical weathering does not directly release metals, but it increases surface area, which facilitates chemical weathering (Drever, 1994).

Chemical Weathering
The process by which mineral structures are changed by reactions with water, oxygen, acids, and other substances is known as chemical weathering. This procedure, which is essential for metal release, consists of:
Hydrolysis: The process by which silicate minerals are broken down into metal ions and clays.
Oxidation-Reduction: Metals are greatly released via redox reactions, particularly those involving minerals that contain iron, manganese, and sulfur (e.g., Fe²⁺ oxidizing to Fe³⁺).
Dissolution: As soluble minerals, such as gypsum and calcite, dissolve, related metals are released.
Acid weathering: Both man-made and natural acids, such as humic and carbonic, increase the solubility of metals (White & Blum, 1995).

Biological Weathering

By generating organic acid and chelating agents that improve mineral dissolution and metal mobilisation, living things like lichens, bacteria, fungi, and plant roots aid in weathering (Uroz et al., 2009).

Volcanic Eruptions:- It is a natural geological occurrence in which a volcano releases gases, ash, magma (molten rock), and other components. When Earth's internal gases exert enough pressure to push magma to the surface, this process takes place.

Mechanisms of Heavy Metal Release during Volcanic Eruption

Volcanic Gases and Aerosols
Gases like SO₂, HCl, HF, and CO₂, which are released by volcanoes, can contain volatile heavy metals like selenium and mercury. These metals have the ability to combine with aerosols and travel throughout the world (Pyle & Mather, 2003).
Volcanic Ash and Particulate Matter
Many metals are transported via ash particles. Metals like Pb, Cd, Cr, and Ni can either be present as minerals inclusions or adsorb onto the surfaces of ash. The local chemistry is changed when these particles eventually settle on the surfaces of land or water (Witham et al., 2005).
Lava and Pyroclastic Deposits
Additionally, pyroclastic debris and molten rock, which may be abundant in trace metals, are released during eruptions. Metals seep into soils and water bodies as a result of these deposits degrading over time (Anthony et al., 2007).

         Types of Heavy Metals Associated with Volcanic Activity
         The following heavy metals are frequently linked to volcanic eruptions:
	Mercury (Hg): Extremely poisonous and bioaccumulative; released as a gaseous element.
Lead (Pb), cadmium (Cd), chromium (Cr), and nickel (Ni) are found in volcanic ash and lava and are persistent in soils, according to Aiuppa et al. (2003).



              C. Forest Fires

            In light of land-use pressures and climate change, forest fires represent a significant ecological disturbance. In addition to the obvious damage they inflict on vegetation and infrastructure, wildfires also have a significant effect on biogeochemical cycles by volatilizing, altering, and dispersing heavy metals such as lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), and others.
            These metals can be found naturally in forest soils and vegetation, or they can be brought in by industrial pollution, mining fallout, or atmospheric deposition. Acute and long-term environmental and public health hazards may arise from their mobilisation during and after fires (Smith et al., 2011; Odigie & Flegal, 2014).

        Mechanisms of Heavy Metal Mobilisation

Combustion and Volatilisation

Volatile metals, including mercury, arsenic, and selenium, can be released into the atmosphere when biomass and soil organic matter are burned at high temperatures. Prior to deposition, these metals may travel great distances (Xing et al., 2020).
Ash Deposition
Ash and char, which are fire leftovers, frequently contain metals with lesser volatility, like Pb, Cr, and Cu. Through leaching or erosion, these materials can eventually find their way into soil and water systems after building up on the forest floor (Santín et al., 2015).
Post-Fire Erosion and Leaching
Runoff and erosion are more likely to occur in burned areas. Ash and topsoil contain heavy metals that can contaminate surface and groundwater by travelling to adjacent bodies of water (Neary et al., 2005).







CASE STUDY
[bookmark: _Eyjafjallajökull,_Iceland][bookmark: _Mount_Nyiragongo,_Democratic_Republic_][bookmark: _Canadian_Boreal_Forest_Fires]High concentrations of Ni and Cr in soils formed from serpentine bedrock of California, USA, restrict vegetation and have an impact on native biodiversity (Proctor & Woodell, 1975). Regardless of fertiliser application, naturally high Cd levels in phosphate-rich parent material lead to higher Cd in soils and crops (Roberts, 2014). Similar to the Himalayan Foothills, arsenic-rich alluvial soils produced by geothermal and geological processes contribute to As contamination in paddy fields and groundwater (Smedley & Kinniburgh, 2002). Zn and Pb in Weathered Shales: Sulfide- rich shales in central Europe weather, adding metals to agricultural soils and affecting food safety (Salminen et al., 2005). Similar to the Bengal Delta, arsenic leaks into groundwater used for drinking and irrigation when As-rich pyrite in alluvial sediments weathers under reducing conditions (Mukherjee et al., 2006). Significant amounts of mercury, arsenic, and lead are released from Mt. Etna, and research indicates that the elevated levels of these metals in nearby soils and flora are caused by decades of volcanic emissions (Pasta et al., 2001). Ash plumes with elevated levels of heavy metals were released as a result of the Soufrière Hills eruption, which started in 1995. According to Witham et al. (2005), the ash leachates contained high levels of Pb, Cu, and Zn. Nearby soils and water sources have accumulated these metals. The 2010 Eyjafjallajökull eruption had an impact on the ecosystem in addition to disrupting air travel, which garnered international attention. The ash contained trace amounts of harmful metals, such as As and Pb, which were carried throughout Northern Europe and impacted the air and soil quality in nations far from the eruption, according to research (Balić-Žunić et al., 2016). Nyiragongo is known for its rapid lava flows, but its gaseous emissions have received less attention than those of other volcanoes. High concentrations of metals like Co, Cr, and Ni have been discovered in its lava and related ash, which can be dangerous for drinking water supplies and agriculture (Verolino et al., 2022). According to studies, post-fire ash and air samples from the 2017–2018 California wildfires include high amounts of Pb and Cd, particularly in locations where urban fire spread has occurred (Odigie & Flegal, 2014). Significant mercury emissions from extensive fires in Canada were documented by Friedli et al. (2003), adding to mercury burdens in the Arctic and around the world. It has been demonstrated that post-fire runoff increases metal concentrations in rivers, posing issues for the environment and drinking water (Tuhý et al., 2021).


Anthropogenic sources
            The term "anthropogenic sources" describes heavy metal pollution that results from human activity. These sources are to blame for the environmental concentrations of heavy metals rising sharply, frequently to hazardous levels.
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Fig 7:- Anthropogenic sources of heavy metal pollution (Angonet.al 2024)

Chemical Fertilisers and Pesticides
            In agricultural soils, chemical fertilisers—especially those based on phosphate—are a significant source of arsenic, lead, and cadmium. The raw materials used to make fertiliser frequently contain these heavy metals as contaminants. When they are applied consistently over time, they build up in the soil and become bioavailable to plants (Nicholsonet al., 2003). Likewise, trace levels of heavy metals are present in certain herbicides as contaminants or active components.
Phosphate fertilisers are the primary source of Cd and U contamination in agricultural soils, claim Loganathan et al. (2008).
Historically, orchards were contaminated with arsenical insecticides like lead arsenate, which have left lingering effects (Peryea, 1998).



B. Sewage Sludge and Waste Water Irrigation
            To improve soil fertility, sewage sludge and treated or untreated wastewater are frequently used on agricultural fields. However, these materials often contain high levels of heavy metals such as nickel, chromium, and mercury. These chemicals contribute to soil contamination and enter the food chain through plant uptake if they are not properly handled (Singh & Agrawal, 2008). Heavy metal mixtures are frequently found in municipal and industrial effluent. Long-term contamination may result from the use of untreated or insufficiently treated sewage sludge in agriculture (Jin et al., 2015).

 C. Industrial Emissions and Atmospheric Deposition
            
Large volumes of heavy metals are discharged into the atmosphere. by mining, smelting, and manufacturing, and these emissions land on soil surfaces through dust, rain, or atmospheric deposition, progressively raising the heavy metal load in agricultural soils (Wuana & Okieimen, 2011). Farmlands close to industrial zones are especially vulnerable.

D. Urbanisation and Traffic Emissions

  Heavy metals like Pb, Zn, and Cu that are deposited from vehicle exhaust, brake linings, tyres, and construction materials are carried by urban runoff from roads and construction sites (Hwang et al., 2016). 

Example: Leaded gasoline was a major source of lead in the atmosphere before it was phased out. Remainders can still be found in urban soils (Filippellie et al., 2005).

E. Mining Activities

  Mining activities expose heavy metal-rich rocks to weathering and leaching; the use of heavy metals in ore processing and the discharge of tailings cause widespread contamination of surrounding land and water bodies, and runoff from tailings, mine drainage, and windborne particles contaminate nearby agricultural land, affecting soil quality and crop productivity (Sarma et al., 2005). The issue is exacerbated in regions where mining regulations are not adequately enforced. Toxic concentrations of Cu, Fe, Mn, and As are frequently found in acid mine drainage from coal and metal mines (Akcil & Koldas, 2006).


F. Animal Manure and Organic Amendments
Heavy metals from tainted feed, additives, or veterinary medications may be present in animal excrement, particularly from livestock raised intensively. Depending on their source materials, organic amendments such as compost and biosolids may also include heavy metals (Zhang et al., 2016).
[bookmark: United_States:_Poultry_Litter_Use_in_Ark]
[bookmark: G.__Electronic_and_Solid_Waste]G. Electronic and Solid Waste

[bookmark: Heavy_metals_including_mercury,_lead,_an]   Heavy metals, including mercury, lead, and cadmium, are released when electronic garbage, or "e-waste," is improperly disposed of. Open burning and acid leaching are common informal recycling practices in underdeveloped nations, which exacerbate pollution (Robinson, 2009).

H. Contaminated Irrigation Water
Heavy metals can enter agricultural systems directly through irrigation water that comes from contaminated lakes, rivers, or groundwater. The problem is particularly noticeable in urban and peri-urban agriculture, where discharges of household and industrial trash frequently affect water sources (Muchuweti et al., 2006).


[bookmark: _United_States:_East_Chicago,_Indiana][bookmark: _GoBack][bookmark: _Delhi,_India_–_Urban_Solid_Waste_and_I][bookmark: _Zimbabwe:_Urban_Wastewater_in_Harare]            As has accumulated widely in Bangladeshi agricultural soils as a result of arsenic-based insecticides and tainted irrigation water. Meharg and Rahman (2003) discovered that rice and soil had arsenic concentrations above allowable limits. Pesticides and water contaminated with As are the main causes of soil contamination. More than 30 million individuals suffer from chronic arsenic poisoning. Agricultural areas are treated with sewage sludge to increase fertility. However, repeated sludge treatment resulted in higher concentrations of Ni, Cr, and Zn in soil and wheat crops, according to Jamali et al. (2018). Soil Cr levels were three to four times higher than background levels. Contamination – related crop export restrictions and possible phy toxicity. One of the biggest producers of heavy metals in Europe is the Rönnskär smelter. According to research by Bergbäcket al. (2001), nearby soils had higher Pb, Cd, and As deposition. More than 15 kilometres from the source, the soil was contaminated. Wild berries and locally consumed crops run the risk of absorbing metals. United States: The East Chicago, Indiana region has long been contaminated by emissions from lead smelters and steel mills. Soil and dust samples collected from residential areas had extremely high levels of lead (Laidlaw et al., 2012). In more than 60% of samples, Pb levels were higher than the USEPA threshold (400 mg/kg). Listed as a Super fund cleanup site, elevated blood lead levels in youngsters. The Copper Belt region of Zambia has a long history of copper and cobalt mining. Studies carried out in locations such as Kitwe and Mufulira revealed elevated levels of Cu, Pb, and Zn in soils and water bodies (Tembo et al., 2006). High metal concentrations in nearby crops; soil Cu concentrations >5000 mg/kg. Health hazards and decreased agricultural productivity as a result of tainted drinking water. Metal buildup in vegetables like lettuce and amaranth decreases soil fertility, and poses potential dietary hazards. Solid garbage dumping and informale in Delhi – waste dismantling are common in places like Seelampur and Mandoli. Hazardous levels of lead and mercury in soils that seep into nearby waterways (Leung et al., 2008). Soil microbial biomass decreased as a result of toxicity in contaminated crops that were irrigated with neighbouring wastewater. In Faisalabad, Mahmood and Malik (2014) evaluated the effects of irrigation using textile and dyeing effluents. Vegetables and soils had noticeably higher levels of Cr and Ni. Decreased plant growth and chlorophyll concentration; possible carcinogenic risk associated with vegetable eating. Mapanda etal. (2005) investigated areas in Hararethat had been watered with municipal effluent for more than ten years. The soils had significantly higher levels of Cd, Pb, and Zn than rainfed controls. Long-term use raised questions about food safety and gradually reduced soil yield.

           Mechanisms of  Metal  Uptake and Accumulation in Plants

            Heavy metals such as chromium (Cr), lead (Pb), arsenic (As), mercury (Hg), and cadmium (Cd) are toxic to plants and unnecessary, even in trace amounts. However, trace amounts of vital metals like copper (Cu), manganese (Mn), iron (Fe), and zinc (Zn) are required and are absorbed through rigorously regulated processes. Developing phyto remediation techniques and improving crop resilience to metal stress requires an understanding of the absorption and accumulation mechanisms (Clemens, 2006). Transport proteins and ion channels allow plants to absorb heavy metals through their roots. Through the xylem, metals can go to aerial areas and impact physiological processes (Benavides et al., 2005).

Rhizospheric Processes

            Microbial activity, organic matter, redox potential, and pH all affect the amount of metals in the soil. By chelating metals and increasing their bioavailability, plant exudates (such as organic acids and phytosiderophores) can alter the rhizosphere (Marschner, 2012).

[bookmark: _Transporters_Involved_in_Uptake]Transporters Involved in Uptake
             Metal uptake across root plasma membranes is mediated by particular transporters:

ZIP (ZRT/IRT-like Protein) family: In charge of absorbing zinc and iron (Guerinot, 2000).
NRAMP (Natural Resistance-Associated Macrophage Protein): engaged in the uptake of  Mn, Fe, and Cd (Cailliatte et al., 2010).
P-type ATPases: participate in the transfer of Cu and Zn (Axelsen & Palmgren, 2001).
[bookmark: _Metal_Translocation_and_Accumulation]Metal Translocation and Accumulation

[bookmark: _Xylem_and_Phloem_Transport]Xylem and Phloem Transport
            Metals are transported through the xylem to aerial parts after being chelated with organic acids (citrate, malate) or amino acids (histidine, nicotianamine) once they are inside root cells. A variety of transporters, including those belonging to the YSL (Yellow Stripe- Like) and HMA (Heavy Metal ATPase) families, facilitate long-distance transport (Krämer et al., 2007).

Sequestration in Vacuoles
To prevent metal toxicity, plants use tonoplast-localised transporters like CAX (Cation/H+ exchangers) and ABC (ATP-binding cassette) to compartmentalise excess metals into vacuoles (Martinoia et al., 2012).

           Heavy Metals' Effect on the Physical Properties of Soil

            Heavy metals (HMs), such as mercury, cadmium, chromium, nickel, lead, and arsenic, are characterized by their high density and comparatively large atomic weight (Ismanto et al., 2023). Because heavy metals alter the soil's porosity and structure, there is less water infiltration and aeration. By altering the way the soil aggregates and possibly raising bulk density, contamination decreases the soil's suitability for root penetration (Khanet al., 2010). Both plant growth and soil microbial activity are hampered by these alterations.
[bookmark: _Soil_Structure_and_Texture]Soil Structure and Texture
            Heavy metals can change the compaction and aggregation of soil. Chronic pollution impairs root penetration and water retention by decreasing aggregate stability (Wang et al., 2020). Lead (Pb), for example, is known to interfere with the cohesiveness of soil particles, increasing soil erosion and runoff.
[bookmark: _Soil_pH_and_Cation_Exchange_Capacity_(]Soil pH and Cation Exchange Capacity (CEC)
            Soil acidification is sometimes caused by heavy metal contamination, particularly in regions that are susceptible to acid rain or industrial pollutants. The toxicity of heavy metals is increased by an acidic pH, which also increases their mobility and bioavailability (Yoon et al, 2006). By displacing necessary cations like Ca2+, Mg2+, and K+ from soil colloids, metals like Cd and Zn can simultaneously lower CEC (McLaughlin et al., 2000).


[bookmark: 2.4_Impact_of_Heavy_Metals_on_Soil_Micro]           Heavy Metals' Effect on Soil Microbial Communities

            The breakdown of organic matter, the formation of soil structure, and the biogeochemical cycle all depend on soil microorganisms, which include bacteria, fungi, archaea, protozoa, and viruses (Torsvik and Øvreås 2002). Overall, soil fertility, nutrient availability, and plant health are all directly impacted by their activities. However, the makeup and function of these microbial communities can be changed by human activity and environmental changes (Fierer & Jackson, 2006).
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Fig 8:- Effects of heavy metal pollution on soil microorganisms (Angon et.al2024)

Microbial Biomass and Diversity
            Heavy metals negatively affect the abundance, variety, and enzymatic activity of soil microorganisms. By interfering with protein synthesis and enzyme function, even low doses can prevent the growth of microorganisms (Giller et al., 2009). The efficiency of organic matter decomposition and nutrient cycling may be lowered by this disturbance.
Bacteria: According to Chodak et al. (2013), heavy metals inhibit bacterial growth and change the composition of bacterial communities to favour species that are resistant to them.
Fungus: Under heavy metal stress, fungi exhibit decreased diversity and altered metabolism, despite being more resistant than bacteria (Chander & Brookes, 1991).

            In soils contaminated with zinc and cadmium, Kandeler et al. (1996) found a notable decrease in microbial biomass and activity.
Enzyme Activities
[bookmark: By_attaching_themselves_to_enzyme_active]            By attaching themselves to enzyme active sites or changing the structure of proteins, heavy metals obstruct enzymatic processes.
[bookmark: _Inhibition_of_soil_enzymes:_Contaminat]Inhibition of soil enzymes: Contaminated soils frequently exhibit decreased phosphatase, urease, and dehydrogenase activities (Dick, 1997).
[bookmark: _Disruption_of_the_nutrient_cycle:_Due_]Disruption of the nutrient cycle: Due to their extreme sensitivity to heavy metals, nitrogen-fixing and nitrifying bacteria have poor nitrogen transformation (Mertens et al., 2009). These disturbances have the potential to damage oil structure, limit organic matter breakdown, and decrease plant nutrition availability.
[bookmark: _Nitrogen_Fixation_and_Decomposition]Nitrogen Fixation and Decomposition
According to García-Gil et al. (2003), metal toxicity hinders biological nitrogen fixation by lowering the population of nitrogen-fixing bacteria such as Rhizobium and Azotobacter. Additionally, metal toxicity slows down organic matter decomposition, which results in the buildup of residues that haven't broken down and decreased soil fertility.
[bookmark: _Ecosystem_Disruption]Ecosystem Disruption 
Microbial populations, aquatic ecosystems, and plant photosynthesis are all impacted by volcanic emissions. Forests can be defoliated by SO₂ and ash, while aquatic life is harmed by acidified waterways. Ash and fluoride contamination from Iceland's Eyjafjallajökull eruption caused a brief pasture die-off (Arnalds, 2013).

[bookmark: 2.5_Impact_of_Heavy_Metals_on_on_Soil_Fe]Impact of Heavy Metals on Soil Fertility
[bookmark: _Soil_Contamination]Soil Contamination
[bookmark: _Influence_on_Nutrient_Cycling]Higher levels of heavy metals in the soil can be caused by ash deposition and reduced plant absorption following a fire. This affects soil microbial populations and nutrient cycling (Certini, 2005).
Influence on Nutrient Cycling
Heavy metal toxicity dramatically reduces vital biogeochemical cycles including phosphorus solubilization and nitrogen fixation. According to Chibuike and Obiora (2014), Pb and Cd, for example, negatively impact nitrogen-fixing bacteria such as Rhizobium spp. and Azotobacter spp., causing nitrogen deficit in plants.
Soil Organic Matter (SOM)
The microbial breakdown of organic matter is slowed down by heavy metal contamination, which alters the content of SOM and how it interacts with metal ions. SOM has two functions: it can bind metals and lessen their toxicity, but it can also increase metal mobility when it degrades due to pollution (Violante et al., 2010).
Long-Term Ecological Impacts
Soil microbial populations undergo long-term alterations as a result of persistent heavy metal exposure. Reduced microbial diversity and function over time may lead to:
Decreases in crop yield and plant health
Poor soil aeration and structure
The buildup of undecomposed organic materials.
             Bioremediation techniques, such as the application of metal-accumulating plants (phytoremediation) and metal-resistant microbial inoculants (bioaugmentation), are necessary for the rehabilitation of such soils (Ali et al., 2013).
[bookmark: _Microbial_Adaptation_and_Resistance_Me]Microbial Adaptation and Resistance Mechanisms
There are various ways that microbes can be come resistant to heavy metals:
Efflux pumps: According to Nies (2003), transport proteins eliminate hazardous metals from cells.
Sequestration: Metals can be rendered immobile by the production of metallothioneins and biosorption by extracellular polymers or cell walls (Gadd, 2010).
Enzymatic transformation: Metals are changed into less hazardous forms by oxidation and reduction processes.
According to Viti and Giovannetti (2003), these modifications may decrease microbial metabolic efficiency while simultaneously enabling microbial survival in polluted environments.
            Soil bacteria have extraordinary resilience in the face of these consequences. Depending on how severe the stressor is and how long it lasts, many communities can eventually recover from disturbances. Even in the event of the loss of certain taxa, ecosystem functioning can continue due to functional redundancy within microbial communities (Allison & Martiny, 2008).
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Fig 9:- Heavy metals' harmful effects on the environment (Vasilachi et al., 2023).

Heavy Metals' Effect on Crop Yield and Growth
[bookmark: _Effects_on_Morphological_and_Physiolog]Effects on Morphological and Physiological Attributes
Heavy metals have detrimental effects on plant morphology, including stunted growth, reduced leaf area, and root damage. By reducing chlorophyll content and suppressing photosystem II activity, they physiologically obstruct photosynthesis (Foy et al., 1978). Mercury and chromium damage root membranes, which interfere with the uptake of water and nutrients.
[bookmark: _Food_Safety_and_Human_Health_Concerns]Issues with Human Health and Food Safety
[bookmark: _Water_Quality_Degradation]Consumer health is seriously threatened by metal buildup in edible parts of crops cultivated on contaminated soils. Cancer, kidney damage, and neurological issues can result from prolonged dietary exposure to heavy metals (Järup, 2003). This emphasises how important it is to keep an eye on the metal concentrations in food items and agricultural soils.
Water Quality Degradation
 Metal runoff from fires affects aquatic life and bioaccumulates in food chains, contributing to dangerous levels in streams. Studies in the US and Australia have discovered elevated Pb, Zn, and Cu levels in water after large wildfires (Thomas et al., 2023).
Mitigation Strategies

[bookmark: 2.7.1_Soil-Based_Remediation_Techniques]Soil-Based Remediation Techniques

[bookmark: _Soil_Amendments]Soil Amendments

Soil amendments are substances that are added to soils to immobilize and reduce the bioavailability of heavy metals.
 Lime (CaCO3): 
              Raises the pH of soil and decreases the solubility of metals such as Cd and Pb.
               Phosphate fertilizers:
              Create insoluble lead phosphate  minerals, which immobilize lead (Ma et al., 1995).
 Heavy metals can be adsorbed by zeolites and clay minerals due to their high cation-exchange capacity.
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Fig 10:- Biochar's contribution to enhancing soil health (Agegnehu et al., 2017)

Biochar Application
Because it has been shown to significantly reduce crop uptake of Cd, Pb, and Zn while simultaneously enhancing soil structure, pH, and nutrient retention, the use of biochar—a carbon-rich byproduct of pyrolysing biomass—as a soil amendment has attracted interest (Beesley et al., 2011).
[bookmark: _Organic_Manures_and_Compost]Organic Manures and Compost
Compost and farmyard manure are examples of organic materials that may complex with heavy metals, reducing their mobility and bioavailability (Kwiatkowska-Malina et al., 2018). They also promote the development of microorganisms, which may aid in detoxification.
Biological Remediation Strategies
[bookmark: _Phytoremediation_:_Using_plants_to_eli]Phyto remediation: Using plants to eliminate, stabilise, or detoxify heavy metals from contaminated soils is known as phyto remediation.
Phyto extraction: Thlaspi caerulescens and Brassica juncea are examples of hyperaccumulator plants that absorb metals.
Phyto stabilisation: lowering leaching by immobilising metals in the root zone 
                (Aliet al., 2013).
Use of Beneficial Microorganisms
Soil microorganisms that considerably lessen heavy metal stress include mycorrhizal fungi and plant growth-promoting rhizobacteria (PGPR). They improve nutrient uptake and release enzymes or chelators that immobilise metals (Khan et al., 2009). For instance, by sequestering in fungal tissues, arbuscular mycorrhizal fungi (AMF) lower the buildup of Cd and Pb in plants.
Crop Selection and Rotation
Heavy metal intake into the food chain can be reduced by cultivating crop varieties that exclude or accumulate metals at low levels.
For instance, some rice varieties have lower grain accumulations of Cd and As (Uraguchi & Fujiwara et al. 2012). Metal buildup in edible portions can be decreased by rotating crops with non-food or bioenergy crops.
Controlled Fertiliser Use
[bookmark: _Controlled_Fertilizer_Use]Phosphate fertilisers that include Cd should not be used excessively. It is advised to implement integrated nutrition management (INM), which combines biological, organic, and chemical sources (Rattan et al., 2005)
[bookmark: 3._Physical_and_Chemical_Engineering_App]Physical and Chemical Engineering Approaches
[bookmark: _Immobilization_Agents]Immobilization Agents
Metals can be stabilized and plant uptake decreased by applying materials such as bioavailable silica, bentonite, or iron oxide (Park et al., 2011).
[bookmark: _Chelation_by_Phytochelatins_and_Metall]Chelation by Phytochelatins and Metallothioneins
Plants and some fungi are the main sources of PCs. When PCs are exposed to harmful metals such as Cd and Hg, they quickly build PC-metal complexes, which are then trapped in vacuoles (Cobbett et.al2002).
Anti oxidative Defense Mechanisms
Exposure to heavy metals generates reactive oxygen species (ROS), and plants combat oxidative stress by triggering antioxidant enzymes like superoxide dismutase, catalase, and peroxidases (Sharma & Dietz, 2009)
Conclusion
Heavy metal pollution in agriculture comes from a variety of sources, but anthropogenic inputs are the primary offenders. These metals are particularly dangerous due to their persistence and non-degradability. Limiting heavy metal contamination and protecting human health requires effective regulation, consistent soil monitoring, and the adoption of sustainable agriculture methods. Plants have complex chemical and physiological mechanisms for absorbing and storing heavy metals. Clarifying these processes presents encouraging opportunities for environmental remediation and sustainable agriculture. For the best metal management, future studies should concentrate on gene editing, transporter regulation, and microbiome interaction. Through their reduction of biodiversity, inhibition of enzyme activity, and impairment of vital soil activities, heavy metals have harmful impacts on soil microbial populations. Even while some microorganisms become resistant, there are substantial functional and ecological losses. To restore microbiological health and guarantee ongoing agricultural productivity, polluted soils must be continuously monitored and remedied. Heavy metal pollution is a persistent environmental and health concern that is increasingly associated with forest fires. Developing successful mitigation methods requires an understanding of the metal mobilisation routes, from combustion to deposition. Interdisciplinary techniques combining ecology, toxicology, and land management are essential for lowering the dangers presented by heavy metals in forest ecosystems when fire frequency and intensity increase due to climate change.
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