



Heavy metal contamination in roadside orchards: Implications and management strategies- A review
ABSTRACT
Heavy metal contamination of fruit crops especially in road side orchards is an alarming and important anxiety due to its potential health hazards for consumers. The roadside orchards face significant contamination from heavy metals like lead (Pb), cadmium (Cd), arsenic (As), mercury (Hg) and others are originating from anthropogenic activities such as vehicular emissions, industrial activities and agricultural practices like pesticide, fungicide, as well as fertilizer use release heavy metals into the soil, water and atmosphere. These persistent pollutants alter soil chemistry, reduce microbial activity, impair nutrient uptake and induce physiological stress in trees, leading to stunted growth, poor product yield and degraded fruit quality that causes health complication to the consumers. Contaminated product poses serious public health risks due to bioaccumulation, while on its ecological exploit impacts to biodiversity loss and food chain disruption. Effective mitigation strategies that include buffer zones, remediation of contaminated sites, soil amendments, phytoremediation, improving agricultural practices, canopy management and regular monitoring is widely used to ensure sustainable productivity, consumer safety and ecosystem health.
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Introduction

The term heavy metals have been diversely defined, it is a metallic element with a high atomic weight and density, which are toxic even at low concentrations and can accumulate in the plants, causing harmful effects over time (Ansari et al., 2024). According to data from the Central Pollution Control Board (CPCB) in 2011, Maharashtra  Andhra Pradesh  and Gujarat account for hazardous waste 80%, involving heavy metals, in India (Marg, 2011). Heavy metals consist of both biologically essential metals and nonessential metals. Essential elements are often required in trace amounts in the level of 10-15 ppm and are known as micronutrients (reference). Nonessential heavy metals like lead (Pb), cadmium (Cd), arsenic (As), mercury (Hg), chromium (Cr) and aluminium (Al) are not required by plants, even in trace amounts, for any of the metabolic processes (Nagajyothi et al., 2010; Ali and Khan, 2018). The most common heavy metals are lead Pb, Cd, zinc (Zn), copper (Cu), nickel (Ni), (Cr) and Hg, originate primarily from vehicular emissions, wear and tear of tires and brakes, fossil fuel combustion, industrial effluents and atmospheric deposition (Memon and Schroder, 2009; Ali and Khan, 2018). The heavy metals are non-biodegradable and persist in the environment, gradually accumulating in the soil plant system. Over time, they can reach concentrations that threaten orchard productivity, fruit quality, ecosystem health and consumer safety (Gunalan et al., 2019). 
Orchards located adjacent to national and state highways, urban roads, industrial zones are progressively covered to environmental contaminants, particularly heavy metals emitted by motor vehicles. The vehicular exhausts, as well as several industrial activities and smelting emit these heavy metals so that soils, plants and even residents along roads with heavy traffic loads are subjected to increasing levels of contamination with heavy metals. Heavy metals are ubiquitous; therefore, they tend to bioaccumulate, thus causing an increase in their concentration in a biological system (Villiers et al., 2011). Heavy metal toxicity halts the plants grow and development and also blocks the metabolic developments, causes disturbances to the plant vital activities such as respiration, photosynthesis and enzymatic activities (Aliet al., 2013; Yan et al., 2007). The metal pollution is a critical issue for human health, can lead to various health complications including neurological disorders, developmental issues, and increased cancer risk (Mellah et al., 2022).
Sources of Contamination

Anthropogenic activities such as mining activities, motor vehicular emissions sewage irrigation, atmospheric deposition, improper industrial waste disposal and the application of fertilizers as well as pesticides spread the metal concentrations in different ecosystems. (Babula and Adam, 2008). Vehicular emissions and road dust are the major sources of heavy metal contamination in roadside orchards. Pb, emitted primarily originates from brake linings, lubricants, and some industrial processes. Zn and Cd are released during tire wear and from galvanized components, while Cu comes largely from brake pad abrasion. Ni and Cr are generated through fuel combustion and the wear of metal alloys (Hakerlerler et al., 1994). 

Atmospheric deposition is another significant source for metal contamination. Particulates from industrial zones, smelting plants and construction sites are carried by wind and settle on orchard canopies and soil. In semi-arid regions, where rainfall is limited, dry deposition dominates, causing continuous accumulation of metals like Pb, Cd, Cu and Zn on plant surfaces. Over time, this buildup can exceed safe levels for both plant health and human consumption (Anyanwu et al., 2018). Petrochemical also contribute to soil pollution through tumbles of oil, disposal of waste, gas flaring and chemical release etc (Sun et al., 2019)
Irrigation water and fertilizers also contribute to metal loading in orchard soils. In many roadside orchards, untreated wastewater or runoff from contaminated areas is used for irrigation. Wastewater contains persistent pollutants including Cd, Ni, Hg, Pb, and Cr, which accumulate in soils and are absorbed by crops. Long-term use of contaminated water leads to bioaccumulation in edible plant parts, posing risks to food safety and public health (Amerasinghe et al., 2013).  Additionally, phosphate fertilizers derived from rock phosphate contain trace amounts of cd, which accumulate in the soil with repeated use. This gradual buildup increases the risk of metal uptake by trees and transfer to edible plant parts, ultimately affecting fruit safety and quality (Hans et al., 2021).
Impact of heavy metals on orchard soil properties
Anthropogenic actions regulate heavy metal pollution in the soil surface, but geological background also has a role to play (Gao et al., 2021). Heavy metals significantly alter the physical, chemical and biological properties of orchard soils. Practically, some heavy metal ions are crucial micronutrients in a standard concentration but in higher concentrations they are highly poisonous to metabolic activities of plants (reference). Elevated concentrations can disrupt soil chemistry by reducing pH buffering capacity, increasing salinity and altering cation exchange processes, which ultimately impair soil fertility and hinder healthy plant growth (Chevallier et al., 2016). Contamination also leads to nutrient imbalances, as elements like Cd, Pb and Ni antagonize the uptake of essential nutrients such as iron (Fe), Zn, calcium (Ca) and magnesium (Mg), causing visible deficiency symptoms in orchard trees (Ning et al., 2023). 
Soil enzyme activities are complex indicators of heavy metal stress, affecting microbial metabolic limitations and nutrient cycling and its slowdowns the biological matter decomposition and nutrient uptake and limits orchard soil productivity (reference). Additionally, heavy metals are highly persistent, binding strongly to soil colloids, clay minerals, and organic matter. Their stability makes them resistant to leaching and extremely difficult to remove without targeted remediation, creating long-term contamination challenges for roadside orchards. Clay minerals such as kaolinite, montmorillonite, and bentonite exhibit strong adsorption capacity for heavy metals like Pb and Cd. (Cui et al., 2021). Their high surface area and cation exchange capacity contribute to long-term retention in soils (Wang et al., 2024). Demirhan and Pakyurek (2020) also observed that the concentrations of Ni, Cr, Pb, Cr and Cd were determined in fruits and leaves of pomegranate trees growing on rows at 0, 50 and 100 m distances to the highways than village roads. 
Impact of heavy metals on physiological stress on fruit crops
Heavy metal accumulation in soils of orchard trees shows the diverse morphological indications that weaken the overall growth and productivity. Pb and Cd inhibit cell division and elongation, leading to stunted shoots and reduced canopy spread (Goyal et al., 2020). Leaves often exhibit chlorosis, necrosis and limited expansion due to disrupted chlorophyll synthesis and impaired photosynthetic activity (reference). Root systems are also adversely affected leading to impaired water uptake and reduced nutrient transport (reference). This can result in water stress and nutrient deficiencies in fruit crops. Heavy metals disrupt photosynthesis and metabolism by damaging chloroplast structure, inhibiting photosystem II activity and interfere with chlorophyll synthesis and cause chlorosis (yellowing) by disrupting chlorophyll synthesis, accelerating its degradation. This leads to chlorosis, reduced photosynthetic efficiency and a decline in overall plant productivity (Hafeez et al., 2023). 
Heavy metals induce the ROS (Reactive Oxygen Species) generation within plant cells. Pb blocks key enzymes in the Calvin cycle, Cd triggers oxidative stress through excessive ROS production and excessive Zn, though essential in small amounts, interferes with carbohydrate metabolism and protein synthesis, collectively reducing photosynthetic efficiency and overall tree vitality (reference). Production of crop is reduced by heavy metals through induction of harmful effects to different physiological functions in plants such as photosynthesis, germination of seed, seed reserves remobilization and accumulation during germination and plant growth (Shahid et al., 2014). Generation of ROS including radicals such as hydroxyl radicals (OH•), superoxide radicals (O2 •−) and nonradicals likes singlet oxygen and hydrogen peroxide (H2O2), is one of the most rapid effects of toxic heavy metals in plants (reference). ROS may generate either indirectly, through NADPH oxidases (NOXs) or through the inhibition of enzymes via essential cations dis placement or directly, by the ROS-active metals via Haber-Weiss/Fenton reactions (Shahid et al., 2014). In plants, major sites for the production of ROS are mitochondria, chloroplasts and peroxisomes as well as in the endoplasmic reticulum, cell wall and plasma membrane (Das and Roychoudhury, 2014). A mechanistic diagram il lustrating the effects of heavy metals on plants is given in Figure1.
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Fig1.  Schematic representation of phytotoxic effects of heavy metals on plants

Flower initiation and fruit set can decline due to altered hormonal balance, pollen sterility, and ovule abortion (reference). In mango, for instance, excessive Cd may delay panicle emergence and reduce fruiting efficiency (reference).              
Impact of heavy metals on fruit Quality and Safety Concerns 
Heavy metals can enter fruit either through root uptake followed by translocation to aerial parts or by direct deposition on the fruit surface from polluted air and dust (Einolghozati et al., 2023). While surface deposition on fruit skins may sometimes be removed by washing, systemic accumulation within the pulp or seeds is irreversible and poses a significant health risk. Pb and Cd are of particular concern due to their high toxicity, persistence in the environment, and long biological half-life in humans. Continuous exposure through contaminated fruit can lead to chronic health issues, making heavy metal contamination a major food safety concern in roadside orchards (Rusin et al., 2021).

Beyond safety risks, heavy metal toxicity negatively impacts the biochemical composition of fruits. A stress-induced alteration in plant metabolism often leads to reduced sugar accumulation, as pathways responsible for sucrose and glucose synthesis are inhibited (reference). This not only lowers the sweetness of the fruit but also affects energy storage within the tissues, impacting ripening processes. Additionally, metal stress can disrupt organic acid metabolism, resulting in higher acidity levels and imbalanced acid sugar ratios, which reduce flavour quality and consumer acceptability (reference). Organic acids play key roles in stress tolerance. Under heavy   metal stress, their biosynthesis and exudation are altered, impacting fruit acidity and taste Panchal et al. (2021).   
Textural and postharvest qualities are also compromised. Heavy metals interfere with enzymes involved in cell wall metabolism, such as pectin methyl esterase and cellulase, leading to weakened structural integrity of fruit tissues (Le Gall et al., 2015). As a result, fruits may exhibit poor firmness, increased susceptibility to mechanical damage and reduced shelf life. This decline in texture and storability not only affects market value but also limits the potential for long-distance transport and storage, further reducing the profitability of orchard produces in contaminated areas.

Impact of heavy metals exposed orchards on human health
Consumption of fruits from heavy metal exposed orchards posture high risks to human health due to the bioaccumulation and perseverance of these lethal elements in body tissues. Heavy metals such as Pb, Cd, Hg and As are poorly excreted and tend to accumulate in bones, liver, kidneys and other organs over time (Singh et al., 2010). Pb exposure is particularly harmful to the nervous system, impairing cognitive development in children and causing memory loss, hypertension and kidney damage in adult (reference). Hg exposure can damage the central nervous system (CNS) and cause tremors, vision problems, and developmental delays in children, while Ar is recognized as a potent carcinogen linked to skin, lung and bladder cancers (reference). Cd, on the other hand, primarily targets the kidneys, leading to reduced renal function, while also contributing to bone demineralization and a higher risk of fractures (Orisakwe et al., 2012). 
Durust et al. (2004) stated that Cd concentration lower than 150 mg kg-1 does not pose any danger on human and plant health, however; Pb concentration above 300 mg kg-1 is hazardous for human health. Heavy metals often compete with or replace vital micronutrients like Zn, Fe and Ca in enzymatic systems, impairing immunity, slowing wound healing and causing general weakness. The oxidative stress generated by metals such as Cd and Pb promotes cellular damage, increases inflammation and accelerates aging processes (Kumar et al., 2019). Pregnant women are especially vulnerable, as heavy metals can cross the placental barrier, potentially leading to developmental defects, low birth weight or stillbirth (reference).

From a public health perspective, the risks extend beyond direct consumption of contaminated fruits. Processed products such as juices, jams, or dried fruits made from heavy metal exposed orchards retain the contaminants, creating a prolonged exposure pathway. Additionally, heavy metals can enter the food chain indirectly through livestock that graze in contaminated orchards, further increasing human exposure risk. The cumulative nature of heavy metal toxicity means that even low-level but continuous intake from roadside orchard produce can result in chronic health disorders over years, underscoring the urgent need for monitoring, regulation and remediation of such contaminated agricultural zones. The urban consumers are at greater risk of purchasing fresh fruits with high levels of heavy metals beyond the legally permissible limits (how much??) as defined by the Indian Prevention of Food Adulteration Act, 1954 (Mahdavian and  Somashekar, 2008).
Siric et al. (2022) concluded that the two mango (M. indica) varieties (Dasheri and Langra) collected from selected locations in the Saharanpur district, Uttar Pradesh, India, had considerable levels (how much??) of the selected heavy metals (Cd, Cr, Pb, and As) due to certain anthropogenic activities near the urban settlements, which ultimately pollute the orchard soils. They also noticed that child group showed high-risk index values compared to the adult group in that area. 

Impact of heavy metals on ecological Inferences
The bioavailability of trace metals is crucial in assessing their ecological impact. Bioavailability refers to the extent to which trace metals can be absorbed by living organisms, influencing their toxicity and potential for bioaccumulation in food webs (Guney, 2023). Heavy metal contamination in orchards affects the entire ecosystem, including understorey vegetation, pollinators, birds and soil organisms. Understorey vegetation shows reduced biomass and altered species composition (Dong et al., 2021). Contaminated plants accumulate metals that can pass through the food chain, leading to bioaccumulation and biomagnification in insects, birds, and small mammals. Pollinators such as bees suffer impaired foraging and reproductions, reducing fruit set and yield, while changes in plant and insect communities disrupt trophic balance, lower biodiversity and weaken the orchard’s ecological resilience over time. This can be well presented by diagram. Please do the same.
Mitigation and management strategies

Remediation of heavy metal toxicity in soils, water and ecosystem is crucial to protecting both human health and ecosystems. Several management practices are being executed to decrease the toxicity of metal by decreasing the amount of the metal accessible to the plants. Proper site selection and the creation of buffer zones are among the most effective preventive strategies for reducing heavy metal exposure in orchards (Dong et al., 2021). Establishing orchards at least 50–100 meters away from busy roads helps minimize direct deposition from vehicular emissions. Additionally, planting vegetative buffer strips such as tall hedges, bamboo or dense shrubs can act as physical barriers, trapping airborne particulates before they reach orchard canopies. 
Soil amendments play a vital role in mitigating contamination. The addition of lime, organic matter such as compost, farmyard manure or biochar can immobilize metals by binding them through complexation and adsorption, reducing their bioavailability. Applying lime helps raise soil pH, thereby lowering metal solubility and uptake by plants ((Guo et al., 2006; Tamma et al., 2025). Phytoremediation involves using living green plants to absorb contaminants, clean them and reduce or eliminate their risk. In interspaces, phytoremediation crops like sunflower, mustard and vetiver grass can be cultivated to extract and remove excess metals from the soil over time (reference). Plants absorb and release contaminants, mainly organic compounds, through photo-volatilization, uptake and transpiration (Rahim et al., 2013).
Canopy management and washing practices help reduce surface contamination on leaves and fruits. Periodic washing with clean water can remove dust-bound metals (Zheng et al., 2022), while anti-dust sprays such as kaolin clay create a protective film that limits particulate adhesion. Similarly, careful water and fertilizer management is critical using clean irrigation sources and certified fertilizers with low heavy metal content prevents the introduction of new contaminants.

Microbial leaching can be used for industrial raw material supply and has potential applications in repairing mining sites, treating mineral industrial waste, detoxifying sewage sludge and remediating soils and sediments contaminated with heavy metals (Bosecker, 2001). Regular monitoring and regulatory compliance ensure long-term safety. Periodic testing of soil, leaf tissue, and fruit for heavy metal levels allows early detection of contamination trends. Adhering to permissible limit standards (how much), such as those set by the WHO/FAO ( Codex, guarantees that produce meets food safety requirements, protecting both market access and consumer health.
Conclusion

Heavy metal accumulation on roadside orchards is causing multifaceted problems such as soil degradation, stress in trees, reduced fruit quality and significantly threatens human health. In order to prevent the negative consequences of heavy metal accumulation on fruits, special care should be taken to establish the new gardens within one to two km away from the roadside. Sustainable orchard management under such conditions requires a combination of preventive measures, regular monitoring and adoption of soil and canopy management practices that minimize heavy metal uptake and accumulation. 
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