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Abstract. This study aimed to investigated the concentrations of copper (Cu) and zinc (Zn) in paddy tissues 

and associated topsoils from Kemuning and Kelaweh, Kelantan. It assessed the potential ecological and 

health risks linked to metal accumulation. The results revealed significantly (P< 0.05) higher Cu and Zn 

concentrations in Kelaweh than Kemuning, particularly in the outlet zones, where metal accumulation was 

the most pronounced. The contamination factor and ecological risk index indicated that Kelaweh has a 

greater contamination potential, with Cu target hazard quotient (THQ) values exceeding the safe threshold 

for adults, suggesting a potential health risk. Zn levels, though elevated, did not pose an immediate health 

concern, as THQ values remained below risk thresholds. These findings highlighted the need for sustainable 

agricultural practices, improved water management, and continuous monitoring to ensure food safety and 

protect planetary health. The study emphasized the critical link between soil health, food security, and 

ecosystem sustainability in the context of rising environmental pressures. By understanding the current 

levels of metal contamination and the associated risks, policymakers and farmers can implement targeted 

interventions to ensure that paddy cultivation remains sustainable and contributes positively to planetary 

health. 

Keywords: heavy metal accumulation, agroecosystem health, environmental risk assessment, food 

security, sustainable agriculture 

Introduction 

The contamination of agricultural soils with heavy metals, such as copper (Cu) and 

zinc (Zn), has become an increasing concern globally due to its implications for food 

safety, environmental sustainability, and human health (Satpathy et al., 2014; Huang et 

al., 2019; Shan et al., 2021; Xiao and Li, 2022). Paddy fields, which are a staple 

agricultural system in many parts of Asia, are particularly vulnerable to metal 

contamination through irrigation, industrial runoff, and the use of metal-based fertilizers 

and pesticides (Lu et al., 2018; Wang et al., 2021; Guo et al., 2024). These metals can 

accumulate in plant tissues and soil, potentially entering the food chain and posing 

significant health risks to consumers (Zarcinas et al., 2003, 2004; Liu et al., 2011). 

Understanding the distribution and risk of heavy metals in agricultural settings is essential 

for developing sustainable practices that protect human health and the environment (Tang 

et al., 2018; Deng et al., 2019; Kang et al., 2020). 

Cu and Zn are essential micronutrients required for plant growth and development. 

However, in excessive amounts, these metals can become toxic to plants and harmful to 
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human health (Mao et al., 2019; Huang et al., 2020). Prolonged exposure to high levels 

of Cu can cause liver and kidney damage, while elevated Zn levels, though generally less 

toxic, can disrupt the balance of other essential minerals in the human body (Zhao et al., 

2009). In paddy cultivation systems, these metals can accumulate in different parts of the 

plant, such as grains, leaves, stems, and roots, depending on the bioavailability of the 

metals in the soil (Xu et al., 2017; Zulkafflee et al., 2019; Chen et al., 2021). The 

accumulation of these metals in food crops like rice, which is a staple food for billions of 

people worldwide, raises critical concerns about food security and public health (Zhao et 

al., 2010; Wang et al., 2023). 

Assessing metal contamination in agricultural soils and crops is crucial for identifying 

potential risks and implementing measures to reduce exposure (Ogunkunle et al., 2016). 

This study focuses on two regions in Kelantan, Malaysia—Kemuning and Kelaweh—

where paddy farming is a major economic activity. Previous studies have indicated that 

agricultural soils in Malaysia are increasingly vulnerable to metal contamination due to 

industrialization and intensified agricultural practices (Satpathy et al., 2014; Zulkafflee et 

al., 2021). However, limited research has focused on the accumulation of Cu and Zn in 

paddy soils and their potential impact on food safety and sustainability in Kelantan. By 

examining the levels of Cu and Zn in both plant tissues and soils, this study aims to fill 

this knowledge gap and provide insights into the environmental and health implications 

of metal contamination in these regions. 

The growing global emphasis on sustainability and planetary health highlights the need 

to integrate environmental health with human well-being (Liu et al., 2006; Kang et al., 

2020). Planetary health, which emphasizes the interconnectedness of human health and 

natural ecosystems, calls for a reconsideration of agricultural practices to ensure that they 

are productive and ecologically sustainable (Kinimo et al., 2021; Liu et al., 2023). The 

contamination of soils with toxic metals not only affects crop yields and food quality but 

also degrades the health of ecosystems by disrupting soil microbiota, reducing 

biodiversity, and contaminating water systems (Mao et al., 2019; Wang et al., 2021). By 

exploring the levels of metal contamination in paddy fields, this study contributes to the 

broader understanding of how agricultural practices can impact planetary health and 

highlights the urgent need for sustainable approaches that reduce environmental 

footprints (Zheng et al., 2018). 

This study aims to assess the concentrations of Cu and Zn in different parts (grain, 

husk, leaf, stem, and root) of the paddy plant. and associated topsoils from Kemuning and 

Kelaweh in Kelantan, Malaysia. Specifically, the study aims to determine the levels of 

Cu and Zn contamination in these regions, evaluate the ecological risk through 

geoaccumulation indices (Igeo), contamination factors (Cf), and ecological risk indices 

(Er), and assess the potential health risks posed to local populations by calculating the 

estimated daily intake (EDI) and target hazard quotients (THQ) for both adults and 

children. By achieving these objectives, the study seeks to provide insights into the 

implications of metal contamination for food safety, environmental sustainability, and 

planetary health, by offering recommendations for sustainable agricultural practices and 

long-term environmental management. 
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Materials and methods 

Study area and sample collection 

This study was conducted in two rice-growing regions in Kelantan, Peninsular 

Malaysia: Kemuning and Kelaweh. These areas were chosen due to their importance in 

rice production and potential exposure to heavy metal contamination from nearby 

sources, such as agricultural practices, highway proximity, and plantation areas. 

Soil and plant samples were collected from three distinct zones in each site: the inlet, 

middle, and outlet zones of the paddy fields (Figure 1), corresponding to the flow of water 

entering (Inlet), moving through (Middle), and exiting (Outlet) the field. 

 

Figure 1. Sampling sites of paddy and surface soil samples from Kemuning and Kelaweh, 

Kelantan, Peninsular Malaysia. Note: The paddy planted at the two sites are the same variety 

MR263 

 

 

The first sampling site, Kemuning, was located approximately 1.7 km away from the 

highway, with minimal nearby buildings or housing. Samples from this site were 

collected on August 10, 2014, under sunny weather conditions. Sampling was conducted 

between 11:00 AM and 1:30 PM. The rice plants at this site were around 130 days old at 

the time of sampling (Table 1). 

The second sampling site, Kelaweh, was situated near a housing area and next to a 

rubber plantation, approximately 0.8 km away from a known contamination source. 
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Sampling at this site occurred on December 11, 2015, also under sunny conditions. The 

sampling period was from 10:00 AM to 1:00 PM, with the rice plants being approximately 

110 days old (Table 1). The two paddy plantation sites at Kelaweh and Kemuning are 

almost similar in terms of soil composition, irrigation practice, with the same variety 

MR263. 

 
Table 1. The sampling information for paddy at Kemuning and Kelaweh in Kelantan 

 Kemuning Kelaweh 

Sampling dates 10-Aug-14 11-Dec-15 

Weather Sunny Sunny 

Sampling time 11:00 AM – 1:30 PM 10:00 AM – 1:00 PM 

Sample age ~130 days ~110 days 

Distance from main source of 

contamination 
1.7 km 0.8 km to plantation area 

Site description 
1.7 km from highway, lack of 

houses and buildings 

Near housing area, next to rubber 

plantation 

 

 

In total, 36 plant samples (comprising grains, husks, leaves, stems, and roots) and 18 

topsoil samples (from upper and lower levels) were collected from both sites (Zhuang et 

al., 2009). All plant samples were harvested at full maturity, and soil samples were 

collected at two depths: 0-15 cm for the upper level and 15-30 cm for the lower level 

(Yap and Wong, 2011). These sample zones were selected to capture the vertical and 

horizontal distribution of metals in relation to the water flow pattern within the paddy 

fields, ensuring a comprehensive analysis of metal concentrations in different plant 

tissues and soil layers. 

This methodology ensures that both the geographic and environmental factors, such as 

proximity to contamination sources and water irrigation patterns, are accounted for in the 

analysis of heavy metal contamination in rice and soil from both regions. 

Sample preparation and analysis 

The rice grain samples were first washed thoroughly with deionized water to remove 

surface impurities, air-dried at room temperature, and then oven-dried at 70°C until a 

constant weight was reached. The dried rice grains were ground into a fine powder using 

a stainless steel grinder. Soil samples were air-dried, homogenized, and sieved through a 

2 mm mesh to remove debris and larger particles (Yap and Wong, 2010). 

For digestion, rice grain samples were treated with concentrated nitric acid (HNO₃). 

Approximately 0.5 g of each powdered sample was placed in digestion tubes and digested 

using a hot block digester. The temperature was initially set at 40°C for one hour to gently 

break down the organic matter, followed by an increase to 140°C for three hours to 

complete digestion. 

Soil samples underwent digestion using a 4:1 ratio of concentrated nitric acid (HNO₃) 

and perchloric acid (HClO₄). Approximately 0.5 g of soil was treated with the acid 

mixture, digested at 40°C for one hour, and then heated to 140°C for three hours in the 

hot block digester. This ensured the complete breakdown of the soil matrix, releasing 

metals bound to organic matter or soil particles. 

After digestion, both soil and rice samples were allowed to cool, filtered using 

Whatman filter paper, and diluted with deionized water to a known volume for analysis. 
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Cu and Zn concentrations were determined using an air-acetylene technique Atomic 

Absorption Spectrophotometry (AAS) Model AAnalyst 800. 

Certified reference materials (CRMs) were used as quality control measures to verify 

the accuracy of the metal concentration data. Table 2 presents a comparison of certified 

values (CV) and measured values (MV) for Cu and Zn, along with their respective 

recovery percentages (RP), which were calculated as the ratio of MV to CV expressed as 

a percentage. 

 
Table 2. Comparison of metal concentrations (µg/g dry weight) between certified (CV) and 

measured (MV) values of the certified reference materials, and their recovery percentages 

(RP, %) 

Metal Samples CV MV RP (MV/CV x 100) 

Cu MESS-3 34 ± 1.6 31.3 ± 0.18 92.4 
 Peach Leaves 3.7 4.67 ± 0.18 126.2 

Zn MESS-3 159 ± 8 157 ± 2.31 98.5 
 Peach Leaves 17.9 18.4 ± 2.12 102.6 

 

 

The recovery percentages for Cu and Zn ranged from 92.4% to 126.2%, demonstrating 

high accuracy and reliability of the analytical method employed in measuring metal 

concentrations in both rice grains and soil samples. These quality control measures ensure 

that the metal data obtained in this study are precise and suitable for further risk 

assessments (Yap and Wong, 2011). 

Ecological risk assessment 

The level of soil contamination was assessed using the Igeo, Cf, and Er. The Igeo was 

calculated using the following equation: 

The quantitative analysis for assessment of trace elements can be done using Index of 

Geoaccumulation and the Potential Ecological Risk Index. The Igeo was proposed by 

Muller (1969), Igeo can be calculated by: 

 

 Igeo= Log2 (Sample/ (K × Background)) (Eq.1) 

 

where Background value is the value of preindustrial level as reported Hakanson (1980), 

K= 1.5 is the constant to include the possible differences in the background values due to 

lithological factor. The ranking practically goes as Igeo ≤ 0 is practically uncontaminated, 

0< Igeo ≤ 1 is uncontaminated to moderately contaminated, < Igeo ≤ 2 is moderately 

contaminated, 2 < Igeo ≤ 3 moderately to heavily contaminated, 3< Igeo ≤ 4 is heavily 

contaminated, 4 < Igeo ≤ 5 is heavily to very heavily contaminated and Igeo > 5 is very 

heavily contaminated (Xu et al., 2008). 

The Cf was calculated as the ratio of the concentration of metals in the soil to their 

respective background concentrations. The ecological risk index (Er) was derived using 

the formula: 

 

 Er= Tr × Cf (Eq.2) 

 

where Tr is the toxic response factor for each metal (5 for Cu and 1 for Zn). 
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Health risk assessment: estimated daily intake (EDI) and target hazard quotient (THQ) 

The potential health risks of Cu and Zn exposure through rice consumption were 

evaluated by calculating the EDI, and THQ for both adults and children. The EDI was 

calculated using the formula: 

 

 EDI= (Cmetal × CR)/ BW (Eq.3) 

 

where Cmetal is the concentration of Cu or Zn in the rice grain in wet weight after 

conversion, CR is the daily rice consumption rate (for adults and children are 389 and 

198 g/day, respectively (Hang et al., 2009); The conversion factors for stored rice (0.86; 

Zhuang et al., 2009) and steamed rice (0.61; from the present study), and BW is the 

average body weight (60 kg for adults and 32.7 kg for children) (Hang et al., 2009). 

The THQ was calculated using the following equation: 

 

 THQ=EDI/RfD (Eq.4) 

 

where RfD is the oral reference dose (40 µg/kg/day for Cu and 300 µg/kg/day for Zn) 

(USEPA, 2010, 2024). A THQ greater than 1 indicates a potential health risk from metal 

exposure. 

Statistical analysis 

The data were analyzed using descriptive statistics to present the mean concentrations 

of Cu and Zn in plant tissues and soils from both sites. An independent t-test was 

conducted using JASP software (JASP Team, 2024; Version 0.18) to assess significant 

differences in metal concentrations between Kemuning and Kelaweh, as well as across 

different zones (inlet, middle, and water-out). Pearson’s correlation analysis was applied 

to evaluate the relationship between metal concentrations in soils and plant tissues. 

Statistical significance was determined at a 95% confidence level (p < 0.05). 

Results 

Table 3 illustrates the mean concentrations of Cu and Zn in different parts of paddy 

plants and their associated topsoils collected from Kemuning and Kelaweh in Kelantan. 

The concentrations were measured in the grain, husk, leaf, stem, and root, with three 

zones analyzed in the habitat topsoils: inlet, middle, and outlet. 

Cu concentrations 

In the grains, Cu concentrations ranged from 2.86 to 14.70 µg/g dry weight, with 

Kelaweh generally exhibiting significantly (P< 0.05) higher values than Kemuning 

(Table 4). The husks followed a similar pattern, with concentrations ranging from 1.32 to 

12.62 µg/g, showing elevated levels in Kelaweh. Leaf concentrations of Cu varied 

between 2.33 and 19.56 µg/g, with Kemuning showing the highest concentration of 

5.12 µg/g in the outlet area and Kelaweh reaching up to 19.56 µg/g in the inlet area. 

Cu levels in the stems were relatively lower than in other plant parts, ranging from 

1.97 to 4.02 µg/g. The highest concentration was recorded in Kemuning in the outlet zone. 

Cu accumulated more significantly in the roots, especially in Kemuning, with 
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concentrations between 4.02 and 7.10 µg/g, whereas Kelaweh had lower levels, peaking 

at 7.39 µg/g. 

The topsoils showed considerable Cu variation, with concentrations in Kemuning 

ranging from 4.78 to 5.85 µg/g and Kelaweh reaching up to 12.81 µg/g in the outlet area, 

indicating a higher soil Cu content in Kelaweh. 

 
Table 3. Mean concentrations (mean ± SD, µg/g dry weight) of Cu, and Zn in the different 

parts of paddy and their habitat topsoils from Kemuning and Kelaweh in in Kelantan 

  Cu Zn 
  Kemuning Kelaweh Kemuning Kelaweh 

Grain Inlet 2.98 ± 0.68a 14.7 ± 1.20b 13.4 ± 2.40a 28.0 ± 3.22b 
 Middle 2.86  ± 0.55a 7.93 ± 0.79b 14.0 ± 3.90a 23.9 ± 3.91b 
 Outlet 3.62  ± 0.44a 9.18 ± 1.98b 11.6 ± 1.11a 24.2 ± 2.20b 

Husk Inlet 1.37 ± 0.11a 12.6 ± 1.34b 14.2 ± 2.21a 50.1 ± 4.21b 
 Middle 1.32 ± 0.21a 8.58 ± 2.31b 14.3 ± 0.99a 32.4 ± 5.21b 
 Outlet 1.40 ± 0.11a 10.1 ± 2.22b 9.87 ± 8.01a 44.3 ± 2.56b 

Leaf Inlet 2.33 ± 0.45a 19.6 ± 4.21b 39.8 ± 2.65a 70.8 ± 7.27b 
 Middle 3.51 ± 0.55a 7.59 ± 0.76b 46.9 ± 7.01a 33.2 ± 2.45b 
 Outlet 5.12 ± 0.87a 17.6 ± 2.11b 11.6 ± 2.34a 43.9 ± 1.99b 

Stem Inlet 1.97 ± 0.11a 5.03 ± 0.32b 52.8 ± 3.89a 40.6 ± 4.01b 
 Middle 2.31 ± 0.32a 2.70 ± 0.77b 55.5 ± 2.78a 34.4 ± 1.21b 
 Outlet 4.02 ± 0.65a 6.64 ± 0.56b 57.8 ± 7.77a 43.7 ± 4.00b 

Root Inlet 4.14 ± 0.32a 7.39 ± 1.02b 66.7 ± 6.91a 62.9 ± 3.01b 
 Middle 2.90 ± 0.21a 6.25 ± 0.34b 61.3 ± 1.39a 56.9 ± 6.01b 
 Outlet 7.10 ± 1.88a 10.5 ± 1.99b 54.8 ± 8.01a 52.9 ± 2.91b 

Note: Different alphabets indicate the significant different at P< 0.05 using T-test 

 

 
Table 4. Mean concentrations (µg/g dry weight) of Cu and Zn in the habitat topsoils of paddy 

from Kemuning and Kelaweh in in Kelantan 

Site  Cu Zn 
  Kemuning Kelaweh Kemuning Kelaweh 

Inlet Upper 5.85 ± 0.88a 9.60 ± 0.21b 43.4 ± 4.08a 60.0 ± 7.08b 
 Lower 5.45 ± 1.08a 9.51 ± 0.66b 42.8 ± 2.67a 60.3± 4.44b 

Middle Upper 4.78 ± 0.78a 9.95 ± 1.00b 35.2 ± 5.54a 58.8± 8.21b 
 Lower 5.29 ± 0.67a 10.1 ± 2.55b 43.3 ± 3.33 56.9± 6.54b 

Outlet Upper 5.00 ± 1.01a 12.8 ± 2.81b 38.2 ± 5.21a 62.8± 2.36b 
 Lower 5.23 ± 0.54a 13.7 ± 1.21b 41.5 ± 2.34a 64.2± 6.22b 

Note: U= Upper level with 0-5 cm of habitat topsoil; L= Lower level with 6-10 cm of habitat topsoil 

 

 

Zn concentrations 

Zn concentrations in grains ranged from 11.56 to 28.01 µg/g, with Kelaweh 

consistently showing significantly (P< 0.05) higher values than Kemuning (Table 4). In 

husks, Zn levels ranged between 9.87 and 50.07 µg/g, with Kelaweh again having higher 

values, peaking at 50.07 µg/g. Leaves exhibited Zn concentrations of up to 70.76 µg/g in 

Kelaweh's outlet zone, while Kemuning's highest concentration was 39.79 µg/g. 

The stems demonstrated high Zn concentrations in both sites, particularly in 

Kemuning, where levels reached 57.76 µg/g. Roots had Zn concentrations between 52.87 



Yap - Al-Mutairi: Cu and Zn in paddy soils and grains 

- 4320 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4313-4334. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2303_43134334 

© 2025, ALÖKI Kft., Budapest, Hungary 

and 66.74 µg/g in Kemuning and up to 62.90 µg/g in Kelaweh, showing significant metal 

accumulation in this part of the plant. 

The habitat topsoils exhibited a Zn range of 35.17 to 62.82 µg/g, with Kelaweh 

recording the highest values in the outlet zone. The Zn concentrations were substantially 

higher in Kelaweh than Kemuning, indicating a potential environmental or anthropogenic 

influence on soil metal levels in this region. 

Overall, the results indicate that Kelaweh tends to accumulate higher concentrations 

of Cu and Zn across all paddy plant tissues and associated topsoils compared to 

Kemuning, with the outlet zones showing the most significant metal accumulation. 

Correlation analysis 

Table 5 presents the Pearson’s correlation coefficients of Cu and Zn between different 

paddy plant parts (grain, root, stem, leaf, and husk) and their habitat soils. The bold values 

indicate significant correlations at P < 0.05. 

 
Table 5. Pearson’s correlation coefficients of metals (Cu and Zn) between the paddy parts 

(grain, root, stem, leaf and husk) and their habitat soils 

Cu Grain Root Stem Leaf Husk Soils 

Grain —      

Root 0.604 —     

Stem 0.647 0.931 —    

Leaf 0.928 0.782 0.87 —   

Husk 0.963 0.682 0.676 0.923 —  

Soils 0.719 0.807 0.742 0.81 0.868 — 

Zn Grain Root Stem Leaf Husk Soils 

Grain —      

Root -0.166 —     

Stem -0.903 0.16 —    

Leaf 0.654 0.477 -0.42 —   

Husk 0.976 -0.183 -0.803 0.688 —  

Soils 0.937 -0.32 -0.864 0.483 0.939 — 

Note: The values in bold are significant at P< 0.05 

 

 

For Cu, the highest correlation is observed between the husk and grain (r = 0.963), 

followed by the leaf and grain (r = 0.928), and the husk and leaf (r = 0.923), suggesting a 

strong relationship between these plant compartments. Additionally, the correlation 

between soil and husk (r = 0.868) and soil and leaf (r = 0.81) indicate significant Cu 

transfer from soil to these plant parts. Notably, the root and stem also exhibit strong 

correlations (r = 0.931), further emphasizing the systemic transport of Cu within the plant. 

For Zn, significant negative correlations are observed between the grain and stem (r = -

0.903) and the soils and stem (r = -0.864), indicating an inverse relationship between Zn 

accumulation in these plant parts. Conversely, the husk shows a strong positive 

correlation with the grain (r = 0.976) and soils (r = 0.939), suggesting a preferential 

accumulation of Zn in the husk. The leaf and husk also exhibit a moderate correlation (r = 

0.688), which may suggest a common uptake pathway for Zn. 
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Index of geoaccumulation (Igeo), contamination factor (Cf), and ecological risk index 

(Er) 

Table 6 presents the index of Igeo, Cf, and Er, for Cu and Zn in the habitat topsoils 

collected from Kemuning (KM) and Kelaweh (KW) in Kelantan. The analysis is 

conducted for both the upper and lower levels of the soil profile, examining potential 

contamination risks in the inlet, middle, and outlet zones of the paddy fields. 

 
Table 6. The values of the index of geoaccumulation (Igeo), contamination factor (Cf), and 

ecological risk (Er), of Cu and Zn in the habitat topsoils collected from Kemuning (KM) and 

Kelaweh (KW) in in Kelantan 

   Cu Zn 
   Igeo CF ER Igeo CF ER 

KM 

Inlet U -2.94 0.19 0.97 -1.47 0.54 0.54 
 L -3.05 0.18 0.91 -1.49 0.53 0.53 

Middle U -3.23 0.16 0.80 -1.77 0.44 0.44 
 L -3.09 0.18 0.88 -1.47 0.54 0.54 

Outlet U -3.17 0.17 0.83 -1.65 0.48 0.48 
 L -3.10 0.17 0.87 -1.53 0.52 0.52 

KW 

Inlet U -2.23 0.32 1.60 -1.00 0.75 0.75 
 L -2.24 0.32 1.58 -0.99 0.75 0.75 

Middle U -2.18 0.33 1.66 -1.03 0.74 0.74 
 L -2.15 0.34 1.69 -1.08 0.71 0.71 

Outlet U -1.81 0.43 2.13 -0.93 0.79 0.79 
 L -1.72 0.46 2.28 -0.90 0.80 0.80 

Note: U= Upper level with 0-5 cm of habitat topsoil; L= Lower level with 6-10 cm of habitat topsoil 

 

 

Cu geoaccumulation and risk 

The Igeo values for Cu in Kemuning (KM) show negative values across all zones and 

levels, ranging from -2.94 to -3.23 in the upper level and from -3.05 to -3.09 in the lower 

level. These negative Igeo values indicate that the soil in Kemuning is unpolluted by Cu. 

Similarly, Kelaweh (KW) shows slightly less negative Igeo values, ranging from -2.23 to 

-1.81 in the upper level and from -2.24 to -1.72 in the lower level, suggesting a low level 

of Cu accumulation but still within unpolluted levels. 

The Cf for Cu shows relatively low values across both sites. In Kemuning, Cf values 

range from 0.16 to 0.19, while in Kelaweh, they range from 0.32 to 0.46. These values 

indicate low contamination levels, with Kelaweh showing slightly higher Cf values, 

particularly in the outlet zone. The Er for Cu reflects low-risk levels, with Er values 

ranging from 0.80 to 0.97 in Kemuning and 1.60 to 2.28 in Kelaweh. Kelaweh’s outlet 

zone exhibits the highest Er values, suggesting a higher but still low ecological risk. 

Zn geoaccumulation and risk 

For Zn, the Igeo values are higher than those for Cu, but they remain negative, indicating 

no significant contamination in both sites. Kemuning (KM) shows Igeo values 

between -1.47 and -1.77, whereas Kelaweh (KW) has values ranging from -0.93 to -1.00 

in the upper level and from -0.90 to -1.08 in the lower level. This indicates a low level of 

Zn accumulation, particularly in the outlet zone of Kelaweh. 
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The Cf for Zn indicates moderate contamination at Kelaweh, with Cf values ranging 

from 0.75 to 0.80. In comparison, Kemuning shows lower Cf values between 0.44 and 

0.54. The Er for Zn shows low to moderate risk across both sites. In Kemuning, Er values 

range from 0.44 to 0.54, while in Kelaweh, they range from 0.74 to 0.80. The highest 

ecological risk was recorded in the outlet zone of Kelaweh, with an Er value of 0.80. 

Estimated daily intake (EDI) values and target hazard quotients (THQ) 

Based on the converted data in wet weight basis (Table 7), Table 8 presents the EDI 

values and THQ for Cu and Zn in grains collected from Kemuning and Kelaweh. The 

EDI and THQ were calculated for both adults and children, using reported daily 

consumption rates for rice, with conversion factors of 0.86 for stored rice and 0.61 for 

steamed rice. The values reflect the potential health risks associated with consuming rice 

contaminated with Cu and Zn. 

 
Table 7. Concentrations (µg/g wet weight) of Cu, Fe and Zn in grains collected from 

Kemuning and Kelaweh, converted from two different conversion factors (CF) 

CF 0.86 0.61 

Kemuning Cu Fe Zn Cu Fe Zn 

Inlet 2.57 6.59 11.52 1.82 4.68 8.17 

Middle 2.46 2.87 12.05 1.75 2.03 8.54 

Outlet 3.11 3.40 9.97 2.21 2.41 7.07 

Kelaweh Cu Fe Zn Cu Fe Zn 

Inlet 12.64 24.52 24.09 8.97 17.39 17.08 

Middle 6.81 23.13 20.63 4.84 16.41 14.63 

Outlet 7.89 13.99 20.84 5.60 9.92 14.78 

Note: Values are converted from dry weight to wet weight by using two conversion factors, 0.86 by 

Zhuang et al. (2009) and 0.61 (present study), which was calculated from the present study 

 

 

The EDI values for Cu in Kemuning and Kelaweh vary significantly across the water 

zones. For adults consuming grains from the inlet zone, the EDI values are 16.6 µg/day 

for Kemuning and 81.9 µg/day for Kelaweh under the wet weight conversion factor of 

0.86, suggesting a considerably higher Cu intake from Kelaweh. The THQ values for Cu 

in these zones are 0.42 and 2.05 for Kemuning and Kelaweh, respectively. The values for 

Kelaweh exceed the safe threshold (THQ > 1), indicating a potential health risk for adult 

consumers of rice from this area. 

For children, the Cu EDI values range from 6.00 to 41.7 µg/day in Kemuning and 

Kelaweh. Similarly, the THQ values for children are lower than for adults but still 

concerning for Kelaweh, with a THQ of 1.04 in the inlet zone, indicating potential health 

risks. The THQ values for Kemuning are consistently below the threshold, suggesting 

minimal risk. 

The EDI and THQ values under the conversion factor of 0.61 for steamed rice reflect 

lower intake levels but still show a significant difference between Kemuning and 

Kelaweh. The highest THQ values in Kelaweh (1.45 for adults and 0.74 for children) 

indicate the need for closer monitoring of Cu levels in grains from this area. 

Zn EDI values for adults range from 52.9 to 156 µg/day across the water zones in 

Kemuning and Kelaweh under the wet weight conversion factor of 0.86. Kelaweh 

consistently shows higher Zn intake values, particularly in the inlet zone, with an EDI of 
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156 µg/day compared to 74.7 µg/day in Kemuning. The THQ values for Zn remain below 

1 in all zones, indicating a low risk to adults. The highest THQ value is 0.52 in the inlet 

zone of Kelaweh. 

 
Table 8. Estimated daily intake (EDI) values and target hazard quotients (THQ) values of Cu, 

and Zn in comparison to adult and children reported daily consumption (g/day), using wet 

weight of grains (µg/g ww), converted using a reported conversion factor of 0.86 for stored 

rice (Zhuang et al., 2009) and an estimated conversion factor of 0.61 (present study) for 

steamed rice from the present study, of grains collected from Kemuning and Kelaweh in 

Kelantan 

  Cu Zn 

WW Cf= 0.86  Kemuning Kelaweh Kemuning Kelaweh 

Inlet EDI (adult) 16.62 81.96 74.71 156.17 

Inlet THQ (Adult) 0.415 2.049 0.249 0.521 

Middle EDI (adult) 15.95 44.22 78.12 133.70 

Middle THQ (Adult) 0.399 1.105 0.260 0.446 

Outlet EDI (adult) 20.18 51.18 64.45 135.15 

Outlet THQ (Adult) 0.505 1.280 0.215 0.451 
  Cu Zn 

WW Cf= 0.61  Kemuning Kelaweh Kemuning Kelaweh 

Inlet EDI (adult) 11.79 58.14 52.99 110.77 

Inlet THQ (Adult) 0.295 1.453 0.177 0.369 

Middle EDI (adult) 11.31 31.36 55.41 94.84 

Middle THQ (Adult) 0.283 0.784 0.185 0.316 

Outlet EDI (adult) 14.32 36.31 45.72 95.87 

Outlet THQ (Adult) 0.358 0.908 0.152 0.320 
  Cu Zn 

WW Cf= 0.86  Kemuning Kelaweh Kemuning Kelaweh 

Inlet EDI (Children) 8.46 41.72 38.03 79.49 

Inlet THQ (children) 0.211 1.043 0.127 0.265 

Middle EDI (Children) 8.12 22.51 39.76 68.06 

Middle THQ (children) 0.203 0.563 0.133 0.227 

Outlet EDI (Children) 10.27 26.05 32.81 68.79 

Outlet THQ (children) 0.257 0.651 0.109 0.229 
  Cu Zn 

WW Cf= 0.61  Kemuning Kelaweh Kemuning Kelaweh 

Inlet EDI (Children) 6.00 29.59 26.97 56.38 

Inlet THQ (children) 0.150 0.740 0.090 0.188 

Middle EDI (Children) 5.76 15.96 28.20 48.27 

Middle THQ (children) 0.144 0.399 0.094 0.161 

Outlet EDI (Children) 7.29 18.48 23.27 48.80 

Outlet THQ (children) 0.182 0.462 0.078 0.163 

Note: The reported daily consumption rates for adults and children are 389 and 198 g/day, respectively 

(Hang et al., 2009). The toxic response values used are 40 µg/kg/day for Cu and 300 µg/kg/day for Zn 

(USEPA, 2010) 

 

 

For children, the Zn EDI values range from 28.2 to 79.5 µg/day, with Kelaweh again 

showing higher intake levels. The THQ values for Zn in children are similarly low, with 

the highest value being 0.27 in the inlet zone of Kelaweh, indicating minimal health risk 

for children consuming rice from both locations. 
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The results for Zn under the conversion factor of 0.61 for steamed rice follow a similar 

pattern, with lower intake and THQ values. The highest Zn EDI value in Kelaweh reaches 

111 µg/day for adults and 56.4 µg/day for children. Despite the higher EDI values, the 

THQ values remain well below the threshold for both adults and children, suggesting that 

Zn contamination does not pose a significant health risk in this context. 

Discussion 

The distribution of Cu and Zn in different parts of paddy plants 

The bioaccumulation patterns of Cu and Zn in different parts of paddy plants offer 

critical insights into how these essential micronutrients are absorbed, translocated, and 

stored in plant tissues. Both Cu and Zn are vital for numerous physiological processes, 

including enzyme activation, protein synthesis, and photosynthesis. However, their 

uptake and distribution vary significantly across plant parts, influencing both plant health 

and potential risks to human consumers (Liu et al., 2016; Guo et al., 2024). 

Cu, a necessary cofactor for several enzymes involved in electron transport, 

photosynthetic pathways, and oxidative stress response, was predominantly found to 

accumulate in the roots (Satpathy et al., 2014; Zulkafflee et al., 2021). This suggests that 

the roots function as the primary site for Cu uptake and storage, likely due to their direct 

contact with Cu-rich soil and the plant’s metal homeostasis mechanisms, which regulate 

the amount of Cu translocated to other tissues (Deng et al., 2019; Kinimo et al., 2021). 

The relatively low concentrations of Cu in the stems, leaves, and grains indicate that its 

movement from the roots to the aerial parts is tightly controlled (Xu et al., 2017; 

Zulkafflee et al., 2019). High levels of Cu in plant tissues can be toxic, leading to 

oxidative damage; thus, the plant’s ability to compartmentalize Cu in the roots is essential 

for preventing toxicity in sensitive tissues like leaves and grains (Liu et al., 2006). 

Zn, which is crucial for a range of biological functions such as DNA replication, gene 

expression, and protein stabilization, exhibited a similar accumulation pattern, though its 

mobility within the plant appeared to be greater than that of Cu (Xiao et al., 2019; Kinimo 

et al., 2021). Higher concentrations of Zn were detected in the leaves, where it plays an 

essential role in photosynthesis and other metabolic processes (Huang et al., 2020; Kang 

et al., 2020). Zn is particularly important for chloroplast development and the synthesis 

of chlorophyll. The elevated Zn levels in the leaves suggest that the plant actively 

transports Zn from the roots to the leaves to support these critical functions (Liu et al., 

2020; Guo et al., 2024). This differential distribution between Cu and Zn reflects the 

plant’s adaptive mechanisms for handling essential micronutrients, ensuring that they are 

available where needed while avoiding toxic accumulation in sensitive tissues (Zhao et 

al., 2009; Wang et al., 2021). 

Understanding the distribution patterns of Cu and Zn is critical for optimizing their 

availability in crops like rice. The ability of roots to sequester metals and limit their 

movement to other plant parts helps the plant regulate metal toxicity (Satpathy et al., 

2014; Zulkafflee et al., 2019). However, if metal concentrations in the soil rise due to 

contamination or excessive fertilizer use, these mechanisms may be overwhelmed, 

leading to higher concentrations in the grains, which could pose health risks to consumers 

(Ogunkunle et al., 2016; Adlane et al., 2020). Therefore, monitoring metal distribution in 

plants can help manage nutrient levels, ensuring crop safety and nutritional value (Shan 

et al., 2021). 
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The comparison of Cu and Zn in the two sites 

When comparing the concentrations of Cu and Zn between the two sites—Kemuning 

and Kelaweh—clear differences emerged, reflecting the influence of local environmental 

factors, such as soil composition, irrigation practices, and possible contamination sources 

(Huang et al., 2019; Zulkafflee et al., 2021). Kelaweh consistently exhibited higher 

concentrations of both Cu and Zn across all plant parts, particularly in the roots and stems, 

suggesting that environmental factors unique to this site may increase metal availability 

in the soil (Deng et al., 2019). Several factors may contribute to the higher Cu and Zn 

levels in Kelaweh. Soil composition plays a critical role in metal uptake by plants, with 

factors such as pH, organic matter content, and cation exchange capacity affecting the 

bioavailability of metals (Liu et al., 2011; Huang et al., 2020). 

In Kelaweh, soil conditions may favour the solubility and mobility of Cu and Zn, 

leading to their increased uptake by plant roots (Liu et al., 2016). Additionally, irrigation 

practices could influence metal distribution, as water flow patterns may carry metals to 

certain field areas (Kinimo et al., 2021). For example, higher concentrations of Cu and 

Zn were observed in specific zones, suggesting that waterborne transport of metals could 

contribute to localized accumulation in specific field parts (Guo et al., 2024). In contrast, 

Kemuning exhibited lower overall metal concentrations, with Cu and Zn being more 

evenly distributed across plant tissues (Wang et al., 2021). 

This more balanced distribution may reflect differences in soil properties, such as 

lower metal content or greater capacity for metal binding, reducing the bioavailability of 

Cu and Zn (Xu et al., 2017; Kang et al., 2020). Alternatively, Kemuning’s agricultural 

practices, such as using organic farming methods or controlled irrigation, may help limit 

the uptake of these metals (Satpathy et al., 2014). The disparity between the two sites 

underscores the need for localized environmental assessments, as metal contamination is 

often site-specific and influenced by various factors (Kinimo et al., 2021). The higher 

metal concentrations in Kelaweh could also be attributed to anthropogenic inputs, such 

as metal-containing agrochemicals or industrial runoff (Zulkafflee et al., 2021). Previous 

studies have shown that agricultural regions near industrial zones or areas where metal-

based fertilizers and pesticides are used tend to exhibit elevated metal concentrations in 

both soil and plants (Liu et al., 2006). 

The potential for metal contamination from such sources highlights the importance of 

monitoring and regulating the use of agrochemicals to prevent excessive metal 

accumulation in paddy fields (Huang et al., 2020; Yin et al., 2023). Regular soil testing 

and adopting sustainable farming practices, such as crop rotation and organic fertilizers, 

could help mitigate the risks associated with metal contamination (Yang et al., 2008; 

Adlane et al., 2020). Therefore, comparing Cu and Zn levels between Kemuning and 

Kelaweh demonstrates the complex interplay of environmental and anthropogenic factors 

that influence metal accumulation in paddy plants (Guo et al., 2024). The higher 

concentrations observed in Kelaweh underscore the need for targeted interventions, such 

as soil remediation and improved water management, to reduce metal availability and 

protect both crop quality and human health (Shan et al., 2021). 

Metal accumulation and translocation in paddy plants: insights from Cu and Zn 

correlation analysis 

The correlation results for Cu reveal a strong and significant association among 

different plant parts, particularly between the husk and grain, leaf and grain, and husk and 
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leaf. These findings suggest that Cu is effectively translocated within the paddy plant, 

with substantial accumulation occurring in reproductive and storage tissues such as the 

grain and husk. The strong correlation between soil and husk and soil and leaf indicates 

that Cu uptake from the soil plays a critical role in its bioaccumulation. The high 

correlation between root and stem further supports the systemic movement of Cu within 

the plant, possibly influenced by its role in enzymatic functions and photosynthesis. These 

results align with previous studies indicating that Cu is essential for plant metabolism but 

may accumulate in excess if present in high concentrations in soils, posing potential risks 

to human consumption (Bian et al., 2015). 

In contrast, Zn exhibits a more complex accumulation pattern, with both positive and 

negative correlations across different plant parts. A significant negative correlation 

between the grain and stem and between soils and stem suggests that Zn is not efficiently 

transported from the vegetative tissues to the grain, which may indicate a restriction in its 

mobility within the plant (Peng et al., 2020). This is further supported by the moderate 

positive correlation between the leaf and husk, which suggests that Zn is retained in outer 

tissues rather than being translocated efficiently to storage organs (Zhuang et al., 2009). 

However, the strong positive correlation between the husk and grain and between husk 

and soil implies that Zn primarily accumulates in the husk, potentially acting as a 

protective barrier to prevent excessive Zn translocation to the edible grain. These findings 

suggest a preferential accumulation mechanism in paddy plants, which may be influenced 

by factors such as metal transport proteins and soil metal bioavailability (Jing et al., 2023). 

Overall, the differential partitioning of Cu and Zn in paddy plants highlights the 

complex mechanisms governing metal uptake, translocation, and accumulation. The 

strong correlation between soil and certain plant parts suggests that soil metal 

concentrations significantly influence bioaccumulation, reinforcing the importance of soil 

quality management in rice cultivation (Aziz et al., 2023). The higher translocation of Cu 

across plant tissues, compared to Zn’s selective retention in the husk, suggests that Cu 

may pose a greater risk of entering the food chain through rice consumption. These 

findings have important implications for food safety, particularly in metal-contaminated 

environments, where excessive metal accumulation in edible parts of crops could lead to 

potential health risks. Future studies should focus on the physiological mechanisms 

governing metal uptake and explore potential mitigation strategies, such as soil 

amendments or selective breeding, to minimize metal accumulation in rice grains (Jing et 

al., 2023). 

The public health risk of Cu and Zn in edible paddy grains 

Although Cu and Zn are essential trace elements for human health, their excessive 

intake can lead to toxicity, posing significant public health risks (Kinimo et al., 2021; 

Guo et al., 2024). Both elements play critical roles in various physiological processes—

Cu in red blood cell formation, nerve function, and immune response, and Zn in immune 

system regulation, DNA synthesis, and protein production (Hashimoto and Kambe, 

2015). However, when consumed in amounts exceeding the recommended daily intake, 

these metals can cause adverse health effects, particularly over prolonged exposure (Shan 

et al., 2021). 

In this study, the concentrations of Cu and Zn in the edible paddy grains were found 

to be below the tolerable intake levels established by the World Health Organization 

(WHO) and the Food and Agriculture Organization (FAO), indicating that rice from these 

sites does not pose an immediate health risk (Liu et al., 2016; Huang et al., 2019). 
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Specifically, the safe daily intake for Cu is around 2–3 mg for adults, and for Zn, it is 

approximately 8–11 mg per day (Liu et al., 2011; Kinimo et al., 2021). Despite this, 

prolonged rice consumption with elevated Cu and Zn levels—especially in regions such 

as Kelaweh, where higher concentrations were observed—could lead to cumulative 

exposure over time (Ihedioha et al., 2019, 2021; Xiao and Li, 2022). 

Chronic exposure to elevated Cu levels can result in gastrointestinal disturbances, 

including nausea, vomiting, and abdominal pain. In extreme cases, it can lead to more 

severe conditions like liver damage and Cu poisoning, which can manifest as neurological 

symptoms (Ogunkunle et al., 2016). Prolonged Cu accumulation in the liver impairs its 

detoxification function, potentially leading to hepatic failure in cases of acute toxicity 

(Zulkafflee et al., 2019). Genetic conditions such as Wilson’s disease also exacerbate Cu 

toxicity risks, making Cu monitoring in food even more critical for sensitive populations 

(Kinimo et al., 2021; Guo et al., 2024). 

Excessive Zn intake, while less immediately harmful than Cu, can interfere with 

absorbing other critical minerals like iron and Cu (Liu et al., 2020). Chronic Zn toxicity 

can lead to immune suppression and disruptions in the metabolism of trace elements and 

hormones (Yap and Wong, 2011; Huang et al., 2020). Long-term Zn exposure can result 

in an imbalance in iron and Cu homeostasis, leading to anaemia, bone weakness, and 

fatigue (Satpathy et al., 2014; Ogunkunle et al., 2016). This makes it particularly 

important to monitor Zn levels in regions where rice is a staple food and a primary dietary 

Zn source (Zhang et al., 2019; Zulkafflee et al., 2021). 

Although the metal concentrations in this study do not currently reach toxic thresholds, 

continuous monitoring is necessary (Xiao et al., 2019). The potential for bioaccumulation, 

especially in rice-eating populations with long-term, daily exposure, underscores the 

importance of regular surveillance (Liu et al., 2016). Prolonged, undetected increases in 

metal concentrations could pose risks to public health, particularly in regions with 

historical metal contamination, such as areas near industrial sites or where metal-based 

fertilizers are commonly used (Mao et al., 2019; Zulkafflee et al., 2019). 

Biomonitoring of metals in paddy for the sustainability of future food security 

With their unique ability to absorb and accumulate metals from the soil, Paddy plants 

serve as invaluable biomonitors for assessing metal bioavailability and contamination in 

agricultural ecosystems (Zhao et al., 2010; Reddy et al., 2013). By studying the 

accumulation patterns of metals such as Cu and Zn in various parts of the paddy plant—

roots, stems, leaves, and grains—researchers and farmers can gain critical insights into 

the health of the soil, potential contamination levels, and the overall impact on crop 

quality (Huang et al., 2020; Kinimo et al., 2021). This capacity for metal uptake makes 

the paddy plant an effective tool for gauging the environmental and health risks posed by 

soil metal content, especially in regions where heavy metal pollution is a concern (Guo 

et al., 2024). 

Sustained biomonitoring of Cu, Zn, and other potentially toxic metals is crucial for 

ensuring that paddy farming remains sustainable (Huang et al., 2019). Excessive 

accumulation of metals in soil not only affects plant growth and yield but also poses 

serious risks to the nutritional value and safety of rice—a staple food for billions of people 

globally (Liu et al., 2006; Satpathy et al., 2014). Elevated metal levels in paddy soils can 

reduce soil fertility, disrupt nutrient cycling, and lead to lower crop productivity over time 

(Xu et al., 2017; Xiao and Li, 2022). 
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Moreover, the excessive presence of metals in paddy grains reduces the safety of rice 

consumption, threatening both food security and public health (Shan et al., 2021; Kinimo 

et al., 2021). To safeguard the sustainability of paddy farming and food security for future 

generations, ongoing monitoring of metal concentrations in both the soil and plant tissues 

is essential (Hang et al., 2009; Halim et al., 2014). This ensures that metal levels are kept 

within acceptable limits, preventing potential harm to consumers and protecting the long-

term productivity of paddy fields (Satpathy et al., 2014). Furthermore, maintaining 

optimal levels of essential metals in the soil is critical for supporting healthy plant growth, 

as both Cu and Zn play vital roles in the biological functions of rice plants (Huang et al., 

2020). However, their concentrations must be carefully managed to avoid the risks 

associated with toxicity (Shan et al., 2021). 

Implementing sustainable farming practices, such as crop rotation, organic farming, 

and soil amendments, can significantly reduce the buildup of metals in agricultural soils 

(Zulkafflee et al., 2019; Navaretnam et al., 2023). Soil amendments like biochar, organic 

compost, and lime have been shown to reduce the bioavailability of metals by binding 

them in less accessible forms, thus limiting their uptake by plants (Mao et al., 2019; 

Kinimo et al., 2021). In addition, organic farming methods that avoid using metal-

containing fertilizers and pesticides can help prevent the accumulation of Cu and Zn in 

soils, promoting healthier and more productive paddy ecosystems (Huang et al., 2020). 

These sustainable approaches improve crop yields and ensure that rice remains a safe and 

nutritious food source, supporting local and global food security (Xiao et al., 2019). 

By integrating biomonitoring systems into agricultural practices and adopting 

strategies to mitigate metal contamination, we can protect the health of paddy ecosystems 

and ensure the continued viability of rice farming (Liu et al., 2011; Zulkafflee et al., 

2021). This is particularly important in regions where rice is a dietary staple and where 

contamination from industrial or agricultural activities is more likely to occur (Satpathy 

et al., 2014; Shan et al., 2021). The long-term sustainability of paddy farming depends on 

our ability to monitor and manage metal levels effectively, ensuring that future 

generations can continue to rely on rice as a safe and secure food source (Liu et al., 2006; 

Huang et al., 2019). 

Future studies and recommendations 

Future research should expand the monitoring of potentially toxic metals across 

different rice-growing regions to understand contamination patterns in various 

environmental contexts (Ogunkunle et al., 2016; Zulkafflee et al., 2019). This includes 

identifying contamination sources such as industrial discharge, agrochemical use, and 

inherent soil properties, which will inform targeted strategies to reduce metal 

accumulation in paddy fields (Shan et al., 2021). In particular, future studies should 

evaluate the effectiveness of soil remediation techniques, including phytoremediation and 

biochar applications, for reducing metal bioavailability and promoting sustainable crop 

production (Kinimo et al., 2021). 

Efforts to educate farmers and policymakers on the risks of metal contamination and 

the importance of sustainable agricultural practices are crucial (Liu et al., 2006; Deng et 

al., 2019). Implementing stricter regulations on metal-containing agrochemicals, 

combined with improved irrigation practices, will help minimize the buildup of metals in 

soils and crops (Huang et al., 2020; Zulkafflee et al., 2021). Raising public awareness 

about the potential long-term health risks of heavy metal exposure through rice 

consumption will also be vital in ensuring food safety and protecting public health 
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(Satpathy et al., 2014; Kinimo et al., 2021). By fostering stakeholder collaboration, paddy 

farming can remain a safe and sustainable food source, supporting local communities and 

global food security (Shan et al., 2021; Guo et al., 2024). 

Moreover, further studies should explore the long-term effects of metal contamination 

on soil health, crop physiology, and food security (Liu et al., 2011). This includes 

assessing the impacts of elevated Cu and Zn levels on crop rotation systems and 

examining whether certain rice varieties exhibit better tolerance to metal accumulation 

without compromising yield (Satpathy et al., 2014; Huang et al., 2020). Genetic 

approaches, such as breeding or engineering rice varieties with natural resistance to metal 

uptake, could offer promising solutions for mitigating contamination issues (Ao et al., 

2019; Kinimo et al., 2021). 

Policy-driven actions are essential to implement contamination prevention strategies 

at both local and national levels (Ogunkunle et al., 2016; Shan et al., 2021). Governments 

and agricultural bodies should collaborate to set regulatory standards for heavy metal 

concentrations in soils and crops and enforce them through regular inspections 

(Zulkafflee et al., 2019; Guo et al., 2024). Providing farmers with clear guidelines on safe 

farming practices and metal testing protocols will enable them to adopt preventive 

measures effectively (Satpathy et al., 2014; Kinimo et al., 2021). While current levels of 

Cu and Zn in rice may not pose immediate threats, ongoing monitoring and sustainable 

practices are critical to mitigating future risks (Shan et al., 2021). Integrating 

biomonitoring systems, sustainable soil management, and public education will safeguard 

public health and ensure the long-term resilience of paddy farming for food security 

(Kinimo et al., 2021). 

Conclusion 

This study highlights the importance of monitoring essential metals like Cu and Zn in 

paddy plants to safeguard public health, food security, and environmental sustainability. 

The findings showed that Cu and Zn primarily accumulated in the roots and leaves, with 

lower concentrations in the grains. Although the levels in the edible grains were within 

safe limits, continued exposure in regions with higher metal concentrations, such as 

Kelaweh, could pose health risks over time. Therefore, ongoing monitoring and 

interventions such as soil remediation and improved irrigation management are crucial 

for maintaining the productivity of paddy fields and ensuring safe food production. 

The comparison between Kemuning and Kelaweh revealed higher concentrations of 

Cu and Zn in Kelaweh, with significant accumulation in the outlet zones, suggesting that 

environmental factors such as water flow patterns may contribute to metal redistribution 

in the fields. While the Cf and Er indicated low ecological risk, the THQ for Cu in 

Kelaweh exceeded safety thresholds, particularly for adults consuming rice. This 

underscores the need for targeted mitigation efforts to address Cu contamination. In 

contrast, Zn contamination was not immediately hazardous, but warrants continued 

monitoring to prevent future risks. Implementing localized management strategies, long-

term monitoring, and sustainable farming practices will be essential to ensuring the 

ecological and public health viability of rice production in these regions. 
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