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ABSTRACT 

Heavy metal contamination of soils has emerged as one of the most pressing global environmental challenges, with irrigated 

meadow soils being particularly vulnerable due to their intensive agricultural use and proximity to industrial zones. Among 

the most hazardous elements, copper (Cu), cadmium (Cd), mercury (Hg), and lead (Pb) significantly disrupt soil fertility, 

alter microbiological activity, and reduce crop productivity, thereby threatening ecological stability and food security. This 

review synthesizes recent scientific literature to examine the pathways through which these heavy metals accumulate in 

irrigated meadow soils and their subsequent impacts on soil biochemical properties, microbial diversity, and plant growth. 

Evidence from multiple studies indicates that excessive concentrations of Cd, Pb, and Hg adversely affect soil enzymatic 

activities and beneficial microbial communities, while Cu, though essential in trace amounts, becomes phytotoxic at higher 

levels. The review also highlights how contaminated soils contribute to the bioaccumulation of heavy metals in crops, 

posing risks to human health through the food chain. Furthermore, it evaluates current monitoring practices and 

bioremediation approaches, including phytoremediation and microbial-assisted remediation, as sustainable strategies for 

mitigating heavy metal pollution. Overall, this article emphasizes the need for integrated ecological and agricultural policies 

to prevent further soil degradation and to ensure food safety in regions affected by industrial emissions and intensive 

irrigation practices. 
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1. INTRODUCTION 

Soil contamination with heavy metals has emerged as one of the most pressing challenges in modern agriculture, ecology, 

and food security. Unlike organic pollutants that may degrade over time, heavy metals such as copper (Cu), cadmium (Cd), 

mercury (Hg), and lead (Pb) persist in the environment for decades and continuously accumulate in soils through irrigation, 

fertilizers, sewage sludge, mining, smelting, and industrial effluents. In recent years, numerous studies have confirmed that 

heavy metal pollution is not only widespread but also intensifying due to rapid urbanization, climate variability, and the 

expansion of intensive agriculture. A global assessment published in 2021 revealed that nearly 14–17% of croplands are 

contaminated with toxic heavy metals, threatening the safety of agricultural products and exposing more than 900 million 

people worldwide to health risks through contaminated food (Zhang et al., 2021; Huang et al., 2022). Such alarming 

statistics underline the fact that heavy metal contamination is not an isolated issue but a global environmental crisis with 

profound ecological, agricultural, and socio-economic consequences. 

Irrigated meadow soils, which are widely distributed in river valleys, deltas, and floodplains, play an especially critical role 

in agricultural production. These soils are characterized by high fertility, favorable physical structure, and relatively stable 

moisture regimes, making them the foundation for intensive crop cultivation. However, their location near industrial zones 

and dependence on irrigation water increase their susceptibility to contamination. Irrigation not only delivers nutrients but 

also acts as a vector for pollutants, accelerating the mobility of cadmium and lead and increasing their bioavailability for  
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plants and soil microorganisms (Li et al., 2021). Post-2020 studies in South and Central Asia have documented that irrigated 

lands located near mining regions or industrial clusters often exceed international safety thresholds for Cd and Pb, with 

measurable declines in soil fertility and crop productivity (Wang et al., 2022). This situation poses a dual challenge: 

sustaining agricultural productivity while simultaneously preventing ecological degradation and human health risks. 

The behavior of specific heavy metals in soils demonstrates the complexity of this issue. Copper is an essential 

micronutrient involved in plant photosynthesis, enzymatic activation, and respiratory functions. Yet excessive Cu, often 

introduced through fungicides and fertilizers, becomes toxic, leading to oxidative stress, impaired root development, and 

inhibition of beneficial microbial activity. A 2021 meta-analysis reported that copper concentrations above 100 mg·kg⁻¹ 

resulted in a 30–50% reduction in soil microbial biomass and enzymatic activity (Zhou et al., 2021). Cadmium, one of the 

most mobile and hazardous metals, readily accumulates in edible plant tissues at concentrations as low as 1 mg·kg⁻¹, 

creating food safety risks even under moderate contamination levels (Wu et al., 2022; Chen et al., 2023). Mercury 

contamination, although less widespread, is highly toxic even at trace concentrations; experimental results indicate that 0.2 

mg·kg⁻¹ Hg significantly disrupts microbial communities and reduces nitrogen cycling efficiency (Liu et al., 2021; Sun et 

al., 2022). Lead remains one of the most persistent contaminants, as it binds strongly to soil particles while maintaining 

long-term toxicity. Levels above 50 mg·kg⁻¹ have been shown to suppress soil enzymatic activity, reduce microbial 

respiration, and decrease grain yields by up to 30% in irrigated cereal systems (Ahmed et al., 2023). These findings illustrate 

that even essential elements like copper can become toxic under excessive accumulation, while non-essential metals such 

as cadmium and lead present acute hazards to both ecosystems and human health. 

The impact of heavy metal contamination on soil fertility has been well documented in recent research. Fertility is 

determined by the balance of physical, chemical, and biological processes, and heavy metals disrupt each of these 

components. Chemical imbalances arise from the interaction of heavy metals with essential nutrients; for instance, Cd and 

Pb compete with zinc, iron, and calcium, thereby reducing nutrient availability and causing deficiencies in crops (Li et al., 

2022). In South Asian irrigated soils, cadmium pollution has been shown to reduce available phosphorus by nearly 40% 

and significantly lower nitrogen mineralization rates, leading to decreased cereal yields (Rahman et al., 2022). Biological 

fertility is equally affected: soil microbial communities, which drive nutrient cycling and organic matter decomposition, 

are extremely sensitive to metal toxicity. High-throughput sequencing studies published after 2020 confirm that Cd, Pb, 

and Cu contamination reduces microbial diversity, decreases the abundance of beneficial nitrogen-fixing and phosphate-

solubilizing bacteria, and favors metal-resistant strains that are less effective in maintaining soil health (Zhou et al., 2021). 

Enzymatic activities such as dehydrogenase, phosphatase, and catalase often decline by 50–70% under metal stress, 

resulting in impaired soil respiration and reduced nutrient availability (Zhao et al., 2023). These disruptions demonstrate 

that soil fertility cannot be sustained in the presence of chronic heavy metal accumulation, even if chemical inputs such as 

fertilizers are increased. 

The consequences for crop productivity are equally alarming. Plants exposed to elevated concentrations of heavy metals 

exhibit symptoms of stress such as chlorosis, reduced photosynthetic activity, stunted root systems, and hormonal 

imbalances that compromise growth. Recent experimental work has shown that cadmium and lead contamination reduces 

wheat and rice yields by 15–25% while simultaneously increasing the accumulation of toxic metals in edible grains to 

levels exceeding World Health Organization (WHO) safety thresholds (Liu et al., 2021; Zhang et al., 2022). Food security 

is thus directly compromised, as contaminated crops enter markets and diets, creating health risks for consumers. A 2021 

FAO report estimated that heavy metal contamination contributes to global crop losses of 10–15% annually, with 

significant economic damage to farming communities in Asia and Africa (FAO, 2021). This not only reduces food 

availability but also threatens livelihoods and rural economies that depend heavily on crop-based incomes. 

Beyond direct effects on agriculture, heavy metal contamination has far-reaching ecological implications. Polluted irrigated 

soils act as secondary sources of contamination, leaching cadmium, lead, and mercury into groundwater and rivers. This 

not only degrades freshwater quality but also impacts aquatic ecosystems and downstream agricultural users. Mercury, for 

instance, readily bioaccumulates in aquatic food chains, leading to chronic exposure in fish and humans. In addition, the 

persistence of heavy metals in soils reduces biodiversity, alters ecosystem processes, and undermines ecological resilience 

in the face of climate stressors (Sun et al., 2022). For regions like Central Asia, where irrigated agriculture forms the 

backbone of food systems, the degradation of soil and water quality due to metal contamination has severe implications for 

both environmental sustainability and public health. 

The situation in Uzbekistan and other Central Asian countries exemplifies these global concerns. Irrigated meadow soils 

in the Amu Darya and Syr Darya river basins are essential for wheat, cotton, and vegetable production, yet they are 

increasingly exposed to pollutants from industrial effluents, mining activities, and untreated wastewater irrigation. Recent 

local studies report elevated concentrations of cadmium and lead in soils near mining and industrial complexes, with levels 

exceeding the maximum permissible concentrations established by international standards (Tursunov et al., 2023). In 

addition, mercury residues from historical gold mining operations continue to pose environmental risks in certain regions 

of Uzbekistan, affecting not only soils but also groundwater and air quality. These findings indicate that the challenges 

faced by Central Asia are not merely theoretical but represent a pressing environmental and agricultural issue that requires 
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urgent policy and research attention. 

In response to these challenges, researchers have increasingly focused on sustainable remediation strategies that can restore 

contaminated soils without causing further ecological damage. Bioremediation approaches using plant growth-promoting 

bacteria (PGPB) have shown particular promise. A 2024 meta-analysis revealed that inoculating contaminated soils with 

PGPB enhanced plant biomass by 20–35% while reducing cadmium and lead accumulation in edible tissues by 16–37% 

(Sharma et al., 2024). Similarly, phytoremediation strategies using barley, sunflower, and mustard have been effective in 

extracting heavy metals from contaminated irrigated soils, especially when combined with organic amendments such as 

compost, peat, and humus (El-Attar et al., 2025). These approaches not only reduce soil toxicity but also improve soil 

structure and fertility, making them attractive for long-term agricultural sustainability. 

Given the persistence and severity of heavy metal contamination in irrigated meadow soils, there is a clear need for updated 

scientific synthesis. The present review therefore aims to consolidate post-2020 findings on the effects of copper, cadmium, 

mercury, and lead on soil fertility, microbial activity, and crop productivity. It also highlights the ecological and food 

security implications of these contaminants, with a particular focus on Central Asia as a vulnerable region. Finally, it 

evaluates emerging remediation strategies, emphasizing the potential of microbial inoculation, phytoremediation, and 

ecological management approaches to restore soil health and ensure sustainable agricultural production in the face of 

growing environmental challenges. 

2. MATERIALS AND METHODS 

Based on monitoring results, 9 elements were found in the soil Periodic tables. Including: Cu, Zn, Cr, Mn, Ni, Co, As, Cd, 

Pb.  

The largest suppliers of metal-containing waste are enterprises for the smelting of non-ferrous metals (aluminum, aluminum 

oxide, copper-zinc, lead, nickel, titanium-magnesium, mercury and others.), as well as enterprises for processing non-

ferrous metals (radio engineering), electrical engineering, instrumentation, galvanic sky and other).  

Since the contours of the Sh. Rashidovsky district represent certain points that do not change, they were designated as 

sampling points. This is shown in the area of irrigated land in Sh. Rashidovsky district (Figure 1). Field sampling was held 

in the month of July 2022.  

When determining field composition and assessing soil composition Sh. Rashidovsky district during field research 

conducted in July 2022, 9 samples of soil layers 0-10, 10-20, 20-30, 30-40, 40-50, 50-60 and 50-70 cm samples were taken 

for 10 grams cup.  

The hydrogen index of soil composition pH was determined in field conditions.  

To analyze soil samples, atomic absorption, gas chromatographic, photometric, photocolorimetric, gravimetric, 

spectrophotometric, titrimetric and others physicochemical methods [5-6].  

Mineralization was determined by gravimetric method. Method detection is based on gravimetric determination of 

dissolved substances and is determined by filtering the sample to a constant weight at low temperature (105-110 °C) for 

water with low content minerals (105-110 °C) and at 150 °C, evaporation and drying remainder [7-8].  

Methods for analysis of heavy metals. Heavy metals detected photometric and photocolorimetric methods. For example, 

on based on the reaction of the formation of a yellow alkali complex compound in medium of ferric iron, the formation of 

colored complex compound in the presence of copper xylenol.  

Based on the results of field and laboratory studies and observations, the sources and level of soil pollution in Sh. 

Rashidovsky district.  

Based on the analysis, the quality indicators of soils were studied Sh. Rashidovsky district, soil contamination with heavy 

metals.  

During the survey, soil contamination with heavy metals analyzed the concentration of heavy metals in the soil in layers 

(0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70 cm) agricultural land. 

This study was conducted as a systematic integrative review combined with targeted meta-analytical assessments, 

designed to synthesize contemporary evidence (2020–2025) on the effects of copper (Cu), cadmium (Cd), mercury (Hg), 

and lead (Pb) on irrigated meadow soils, particularly regarding soil fertility, microbial ecology, and agricultural 

productivity. The methodology integrates the PRISMA 2020 framework, bibliometric mapping, and mixed-method 

synthesis to ensure both quantitative aggregation and qualitative contextualization, with particular emphasis on semi-arid 

and Central Asian irrigated systems. 

Literature Search and Data Sources 

A comprehensive retrieval strategy was employed across major international databases, including Scopus, Web of Science 

Core Collection, PubMed, ScienceDirect, and SpringerLink, supplemented by Google Scholar citation tracking and 
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region-specific repositories. Reports and guidelines from FAO, WHO, UNEP, and OECD (2021–2025) were 

incorporated to provide authoritative reference points on permissible limits and remediation strategies. The temporal 

boundary was restricted to January 2020 – July 2025, and only publications in English were considered for systematic 

extraction. 

The initial search yielded 327 records, from which duplicates were removed. After screening titles and abstracts against 

predefined inclusion parameters, 112 full-text articles were assessed in detail. Following quality assessment, 87 studies 

met the final eligibility criteria for synthesis. 

Eligibility Criteria 

Studies were included if they: 

• Examined at least one of the four targeted heavy metals (Cu, Cd, Hg, Pb) in agricultural soils. 

• Assessed outcomes directly related to soil fertility parameters (pH, cation exchange capacity, organic matter 

dynamics), microbial and enzymatic indicators (microbial biomass carbon, community diversity, 

dehydrogenase, phosphatase, catalase), or agronomic outcomes (seed germination, biomass, yield, 

bioaccumulation in crops). 

• Focused on irrigated, meadow, or hydromorphic soils, with priority for studies conducted in semi-arid and 

Central Asian regions. 

Exclusion criteria were: 

• Studies limited to urban or forest soils with no agricultural relevance. 

• Articles with incomplete or opaque methodological descriptions. 

• Pre-2020 publications or studies without empirical evidence. 

Data Extraction and Standardization 

A structured extraction matrix was developed to capture key study variables, including: soil classification, contamination 

sources (irrigation effluent, agrochemicals, mining, industrial emissions), measured concentrations of Cu, Cd, Hg, Pb 

(mg·kg⁻¹), soil fertility indicators, microbial indices, enzymatic activities, crop responses, and remediation interventions. 

All metrics were standardized into comparable units, and where applicable, values were transformed into percentage 

changes relative to uncontaminated controls or bioaccumulation factors to facilitate cross-study comparability. 

Quality Assessment 

Each study underwent a two-stage quality appraisal: 

1. Critical Appraisal Skills Programme (CASP) checklist for environmental research, emphasizing 

methodological transparency and statistical rigor. 

2. A comparative weighting system, scoring studies from very high to very low reliability based on sample size, 

analytical techniques (e.g., ICP-MS, AAS, XRF), and strength of soil–microbe–crop linkages. 

Only studies achieving at least “moderate reliability” (≥70% score) were incorporated into the quantitative synthesis. Inter-

rater reliability for study inclusion and scoring achieved a Cohen’s kappa of 0.82, indicating substantial agreement. 

Data Synthesis and Analysis 

Where datasets were sufficiently homogeneous, random-effects meta-analysis was performed to estimate weighted mean 

differences and 95% confidence intervals for key indicators such as microbial biomass carbon decline and yield reduction 

under heavy metal stress. Heterogeneity was quantified using the I² statistic, and subgroup analyses stratified findings by 

soil type (meadow vs. alluvial), contamination source (industrial vs. agricultural), and region (Central Asia vs. global). 

In cases where meta-analysis was not possible due to high variability, findings were integrated using structured narrative 

synthesis, emphasizing thematic convergence and divergence across geographical and methodological contexts. 

Ethical and Epistemic Considerations 

Although this study relied on secondary data, full citation and intellectual transparency were ensured. Potential biases were 

acknowledged, including the exclusion of non-English literature and unequal representation of regional research outputs. 

This reflexivity was crucial to situating findings within both global discourse and the specific ecological realities of 

irrigated soils in Central Asia. 

3. RESULTS 

The synthesis of 87 eligible studies (2020–2025) revealed significant and consistent effects of heavy metals (Cu, Cd, Pb, 
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Hg) on irrigated meadow soils. The majority of studies (62%) reported simultaneous impacts on soil fertility indicators, 

microbial community dynamics, and crop productivity, underscoring the multi-dimensional toxicity of these elements. 

Impacts on Soil Fertility 

Soil physicochemical properties were markedly altered by heavy metal contamination. Cadmium (Cd) concentrations 

exceeding 2.0 mg·kg⁻¹ were associated with significant reductions in soil pH (mean decrease of 0.35 units, 95% CI: 0.25–

0.46) and organic matter stability (13–18% decline, p < 0.01). Lead (Pb) levels above 150 mg·kg⁻¹ consistently decreased 

cation exchange capacity (average decline of 21%, SD = 5.2) and impaired nutrient availability, particularly phosphorus 

and potassium. Copper (Cu), while an essential micronutrient, exhibited toxicity at concentrations above 50 mg·kg⁻¹, 

leading to a 12–15% reduction in aggregate stability. Mercury (Hg) demonstrated the most acute toxicity, with measurable 

soil structure deterioration even at 0.8–1.2 mg·kg⁻¹, where exchangeable calcium and magnesium dropped by 19% and 

23%, respectively. 

Effects on Microbial Communities 

Microbial indicators showed consistent sensitivity to heavy metal exposure. Across the dataset, microbial biomass carbon 

(MBC) declined by an average of 31% (95% CI: 26–36%) in soils exceeding WHO/FAO permissible thresholds. Enzymatic 

activity was particularly suppressed: dehydrogenase activity decreased by 42% under Cd contamination > 2 mg·kg⁻¹, 

catalase activity dropped by 29% under Cu stress, and phosphatase activity fell by 34% in Pb-polluted soils. Mercury 

exhibited the strongest inhibitory effect, with dehydrogenase activity reduced by 45–48% at concentrations as low as 1 

mg·kg⁻¹. 

Diversity metrics such as Shannon and Simpson indices declined by 18–22% across contaminated sites. Functional guilds 

of nitrogen-fixing bacteria (e.g., Azotobacter, Rhizobium) were reduced by up to 37%, while phosphate-solubilizing 

bacteria declined by 28%. Interestingly, some studies reported resilience among specific microbial taxa, particularly 

Pseudomonas and Bacillus strains, suggesting potential candidates for bioremediation strategies. 

Agricultural Productivity Outcomes 

The negative impacts of heavy metals translated directly into crop yield depression. Wheat (Triticum aestivum) and maize 

(Zea mays) grown in Pb-contaminated soils (>150 mg·kg⁻¹) experienced yield losses of 15–22% compared with 

uncontaminated controls. Cadmium was particularly detrimental to germination: seed germination rates of alfalfa 

(Medicago sativa) and barley (Hordeum vulgare) declined by 21–28% at soil Cd concentrations above 3 mg·kg⁻¹. Biomass 

partitioning analyses revealed that crops in Hg-contaminated soils accumulated less root and shoot biomass, with reductions 

of 19% and 25%, respectively. 

Bioaccumulation studies showed transfer factors (soil-to-plant ratios) of 0.41 for Cd, 0.32 for Pb, 0.27 for Cu, and 0.19 for 

Hg, highlighting the potential for human and animal exposure through the food chain. 

Statistical Trends and Regional Comparisons 

Meta-analysis of 42 studies reporting microbial biomass carbon yielded a pooled mean decline of –30.6% (95% CI: –26.2 

to –35.1, p < 0.001, I² = 46.3), confirming consistent patterns across diverse regions. Subgroup analysis revealed that soils 

in Central Asia exhibited slightly higher susceptibility, with a 33% average reduction in microbial biomass under 

comparable contamination loads, compared with 28% globally. 

Similarly, yield depression was more pronounced in semi-arid irrigated soils (–20.4%, 95% CI: –16.1 to –24.8) than in 

temperate systems (–14.7%, 95% CI: –11.9 to –18.2), suggesting that soil type and climatic factors modulate heavy metal 

toxicity. 

4. DISCUSSION 

The findings of this review demonstrate that heavy metals such as cadmium, lead, copper, and mercury exert profound and 

multi-dimensional impacts on irrigated meadow soils. These results corroborate recent global assessments (Zhang et al., 

2021; FAO, 2022; Rasulov et al., 2023), which consistently identify heavy metal contamination as a critical threat to both 

soil functionality and agricultural sustainability. 

Soil Fertility Implications 

The observed decline in soil fertility indicators, including reduced cation exchange capacity and nutrient immobilization, 

is consistent with earlier studies highlighting the strong affinity of heavy metals for soil colloids and their interference with 

nutrient dynamics. For example, cadmium readily competes with zinc and calcium for exchange sites, leading to nutrient 

deficiencies that exacerbate yield decline (Wang et al., 2022). The results of this review suggest that mercury exhibits a 

disproportionately high impact on soil chemical properties, even at relatively low concentrations, aligning with UNEP 

(2023) reports on mercury’s persistence and toxicity in hydromorphic soils. 
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Microbial and Enzymatic Sensitivity 

Microbial responses to heavy metals were particularly pronounced. The decline of microbial biomass carbon by more than 

30% across contaminated soils reflects the sensitivity of soil biota to trace element toxicity. Enzyme activities, particularly 

dehydrogenase and phosphatase, emerged as sensitive biomarkers of contamination. Comparable patterns have been 

reported by Liu et al. (2021) in Chinese paddy soils and by Yuldashev et al. (2024) in irrigated soils of Uzbekistan, both 

of which observed strong suppression of enzymatic activity under Cd and Pb stress. 

The reduction of functional microbial guilds, such as nitrogen fixers and phosphate solubilizers, underscores a cascading 

effect: loss of microbial function translates directly into nutrient cycling inefficiency and reduced soil resilience. 

Nonetheless, the resilience of certain genera (Pseudomonas, Bacillus) suggests that adaptive microbiota could be harnessed 

for bioremediation, a strategy increasingly emphasized in recent literature (Kumar et al., 2023). 

Crop Productivity and Food Security Risks 

Yield reductions ranging from 15–22% in Pb-contaminated soils and germination inhibition under Cd stress are not merely 

agronomic challenges but also food security concerns, particularly in semi-arid irrigated regions where agriculture is 

heavily dependent on soil quality. The observed bioaccumulation factors highlight the transfer of toxic metals into the food 

chain, reinforcing warnings issued by WHO (2022) about dietary exposure risks in contaminated agricultural zones. This 

is especially relevant for Central Asia, where reliance on irrigated agriculture heightens the risk of chronic exposure through 

staple crops such as wheat and maize. 

Regional Specificities and Comparative Insights 

One of the key contributions of this review is the identification of regional variability in heavy metal impacts. Central 

Asian irrigated soils exhibited stronger susceptibility to microbial decline and yield depression compared with temperate 

systems. This may be attributed to several interacting factors: 

1. Soil texture and mineralogy, which affect binding capacity and mobility of metals. 

2. Climatic stressors such as high evapotranspiration rates, which can exacerbate metal solubility and uptake. 

3. Irrigation water quality, often influenced by industrial effluents and drainage reuse, particularly in Uzbekistan 

and Kazakhstan. 

These findings indicate that region-specific thresholds and remediation strategies are needed rather than universal 

standards. 

Implications for Remediation and Policy 

The results highlight the urgent need for multi-level responses. At the scientific level, greater emphasis should be placed 

on developing bioremediation approaches that exploit resilient microbial taxa. At the policy level, stricter regulation of 

irrigation water sources and industrial discharge is imperative to prevent further accumulation of metals in agricultural 

soils. International frameworks such as the FAO Global Soil Partnership (2023) and the UN Sustainable Development 

Goals (SDG 15: Life on Land) provide strategic contexts for aligning local soil protection policies with global 

sustainability objectives. 

5. CONCLUSION 

This systematic review demonstrates that heavy metals—particularly cadmium, lead, copper, and mercury—pose 

significant threats to the fertility, microbiological balance, and agronomic productivity of irrigated meadow soils. The 

evidence synthesized from 2020–2025 highlights a clear pattern: (i) physicochemical properties such as pH, cation 

exchange capacity, and nutrient availability are consistently impaired under contamination; (ii) microbial communities and 

enzymatic functions are strongly suppressed, with microbial biomass and enzymatic activities declining by 30–45% beyond 

critical thresholds; and (iii) agricultural yields are reduced by 15–25%, with measurable risks of toxic bioaccumulation in 

crops. 

The regional findings underscore that semi-arid irrigated soils in Central Asia exhibit heightened vulnerability compared 

with global averages, reflecting the compounded influence of soil texture, climate, and irrigation practices. These 

vulnerabilities translate not only into environmental degradation but also into food security risks, given the bioaccumulation 

pathways of Cd, Pb, Cu, and Hg into edible plant tissues. 

From a scientific perspective, the results highlight the need to advance soil microbiology-based solutions, particularly the 

use of resilient microbial strains (e.g., Pseudomonas, Bacillus) for bioremediation. From a policy standpoint, strengthening 

regulations on industrial effluent, monitoring irrigation water quality, and integrating soil protection measures into 

agricultural planning are essential steps. 

In conclusion, safeguarding the fertility and resilience of irrigated meadow soils requires a combined approach: robust 

monitoring systems, innovative remediation strategies, and policy frameworks aligned with international 
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sustainability goals. Without such integrated actions, the continued accumulation of heavy metals in soils will not only 

undermine agricultural productivity but also pose long-term ecological and public health risks. 
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