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conventional, 15 organic). Data collection involved 
structured interviews and biological sampling (hair 
and nails). Findings revealed significant differences 
in trace element concentrations based on farming 
practices. Chromium (Cr) levels were significantly 
higher in conventional farmers, suggesting exposure 
to synthetic agrochemicals. Mercury (Hg) levels were 
also elevated, indicating cumulative pesticide and soil 
contamination exposure. Organic farmers exhibited 
slightly higher concentrations of essential elements 
such as iron and sodium, possibly due to variations 
in soil management and fertilizer use. Correlation 
analysis revealed potential synergistic and antagonis-
tic interactions among trace elements, with implica-
tions for cumulative toxicity and occupational health 
risks. Despite different agricultural approaches, both 
groups remain at risk of environmental exposure due 
to long-term pesticide application in the region. This 
study underscores the need for sustainable agricul-
tural practices to reduce trace element exposure and 
protect farmers’ health in pesticide-intensive highland 
villages.

Keywords  Environmental exposure · Agricultural 
health · Biomonitoring · Highland agriculture · Heavy 
metals

Abstract  This study investigates trace element 
exposure among conventional and organic farmers 
in Cameron Highlands, Malaysia, a region known for 
intensive pesticide use. Despite differences in agricul-
tural practices, both groups may be exposed to envi-
ronmental contaminants. Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) NexION® 350S was 
used to analyze essential elements (sodium, magne-
sium, iron, zinc) and toxic elements (chromium, mer-
cury, arsenic, cadmium, lead). A comparative cross-
sectional study was conducted among 62 farmers (47 
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Introduction

Cameron Highlands, a vital agricultural hub in 
Malaysia, is renowned for its intensive farming activi-
ties that rely heavily on synthetic agrochemicals to 
maximise crop yield (PANAP & IPEN, 2015). The 
widespread use of synthetic pesticides and chemical 
fertilisers in conventional farming has significantly 
increased agricultural productivity, but has also raised 
serious environmental and occupational health con-
cerns. Conventional farmers who frequently han-
dle these agrochemicals are at an increased risk of 
exposure to hazardous substances, including trace 
elements such as chromium (Cr), manganese (Mn), 
mercury (Hg), and lead (Pb), many of which pose 
well-documented toxicological threats (Mitra et  al., 
2022).

Conventional farming practices in this region 
often prioritise the use of synthetic agrochemicals 
to increase productivity, which has led to environ-
mental concerns and potential health risks among 
farmers who are directly exposed to these hazardous 
substances. While these practices have successfully 
enhanced agricultural output, they have also intro-
duced trace elements such as chromium (Cr), man-
ganese (Mn), mercury (Hg), and lead (Pb) into the 
environment, some of which have recognised toxico-
logical implications.

In response to growing concerns regarding the 
adverse health impacts of prolonged pesticide and 
fertiliser exposure, an increasing number of farmers 
in Cameron Highlands are transitioning to organic 
farming. Organic agricultural practices emphasise 
natural soil enrichment techniques, crop rotation, and 
biological pest control methods to minimise chemical 
inputs. However, despite these efforts to reduce syn-
thetic agrochemical exposure, organic farmers remain 
susceptible to environmental contamination from 
neighbouring conventional farms (Ramakrishnan 
et al., 2021). For instance, past studies suggested that 
pesticide drift, contaminated irrigation systems, and 
soil leaching facilitate the unintended transfer of syn-
thetic agrochemicals and trace elements, undermining 
the benefits of organic farming (Smith et  al., 2019). 
This raises questions about the actual reduction in 
exposure risks, even with organic methods.

The issue of pesticide exposure among small-
holder farmers is not unique to Malaysia but is widely 
reported across other Southeast Asian nations and 

the Global South. In Thailand, for instance, studies 
have documented elevated levels of pesticide residues 
and associated health risks among vegetable farmers 
using conventional practices (Panuwet et  al., 2012). 
Similarly, Vietnamese farmers frequently report inad-
equate protective behaviors and a high prevalence of 
acute pesticide-related symptoms (Nguyuen et  al., 
2018). In Indonesia, studies show significant envi-
ronmental contamination in rural agricultural areas, 
further complicating the exposure scenario even for 
farmers claiming to adopt safer practices (Dewi et al., 
2022). These findings underscore a shared regional 
challenge of balancing agricultural productivity with 
occupational and environmental health, thereby situ-
ating the current study within a broader context of 
systemic pesticide exposure issues in tropical, small-
scale farming environments.

Occupational exposure to trace elements in agri-
cultural settings is particularly concerning due to their 
bioaccumulative nature and potential for both acute 
and chronic health effects (Srivastav, 2020). Essential 
metals such as sodium (Na), magnesium (Mg), iron 
(Fe), zinc (Zn) are crucial for various physiological 
functions, including enzymatic reactions, cellular 
metabolism, and immune regulation, but must remain 
within optimal ranges to prevent deficiencies or toxic-
ity (Witkowska et  al., 2021). Conversely, toxic met-
als such as chromium (Cr), arsenic (As), cadmium 
(Cd), mercury (Hg), lead (Pb) pose significant health 
risks due to their ability to bioaccumulate and cause 
neurotoxicity, carcinogenicity, and metabolic distur-
bances (Mitra et  al., 2022). These elements exhibit 
distinct toxicokinetic properties; some disrupt essen-
tial biochemical pathways, while others contribute to 
cumulative toxicity with prolonged exposure (Ledoigt 
et al., 2015).

To evaluate exposure comprehensively, this study 
utilizes hair and nails as biological matrices. Unlike 
blood or urine, which reflect recent or acute expo-
sures, hair and nails provide a longer-term record of 
cumulative exposure. Hair sequesters trace elements 
over weeks, while nails, due to their slower growth 
rate, reflect exposure over several months (Chojnacka 
& Mikulewicz, 2018). This makes them suitable bio-
markers for assessing chronic environmental and 
occupational exposure in agricultural settings.

Therefore, this study aims to assess and compare 
the chronic exposure to trace elements among con-
ventional and organic farmers in pesticide-treated 
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highland villages of Cameron Highlands. Using hair 
and nail samples, it investigates differences in expo-
sure profiles and explores potential synergistic or 
antagonistic interactions between essential and toxic 
elements, contributing to a more holistic understand-
ing of occupational and environmental health risks in 
agricultural communities.

Methods

Research design

This research was quantitative research that was con-
ducted on 62 farmers who had worked for at least 
1  year, including males and females from Cameron 
Highland. The 62 farmers comprised 47 conventional 
farmers and 15 organic farmers. This study employed 
a comparative cross-sectional study design to investi-
gate various trace elements contained in nails among 
vegetable farmers from Cameron Highland.

Study location and population

This study was conducted in Cameron Highlands, 
Pahang, Malaysia, an intensive agricultural zone 
known for vegetable and flower farming. Sampling 
was performed in four key farming locations: Brin-
chang, Tanah Rata, Bertam Valley, and Tringkap. 
These areas host both conventional and organic 
farming activities. The map in Fig.  1 illustrates the 
geographical distribution of these study sites and 
provides spatial context for understanding potential 
exposure pathways. There is no known industrial or 
mining activity was identified within the immediate 
vicinity of these sampling areas. Thus, the likelihood 
of non-agricultural toxic metals sources influencing 
the results is minimal. Nonetheless, the map helps 
visualize environmental settings and supports the 
interpretation of trace element distributions.

The study’s inclusive criteria consisted of vegeta-
ble farmers living and working in the study area for 
at least 12 months, aged between 18 and 60 years old, 
and residing in Cameron Highland for a minimum of 

Fig. 1   Map of Cameron Highlands showing the four selected 
study locations (Bertam Valley, Tanah Rata, Brinchang, and 
Tringkap), where both conventional and organic farmers were 

recruited. This satellite image reflects the intensive agricultural 
use of land across the highlands, and supports spatial analysis 
of potential trace element exposure
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12 months in a farming occupation. Organic farmers 
needed to have experience in organic farming without 
using synthetic agrochemicals for the past year, while 
conventional farmers engaged in routine farming with 
synthetic pesticides and fertilizers. On the other hand, 
the exclusive criteria excluded farmers with chronic 
liver and kidney diseases under medication or post-
operation from the study.

Data collection

	I)	 Face-to-face interview.
		    A validated questionnaire adapted from Tsa-

gué Manfo et  al., (2020) was used to gather 
demographic and occupational information from 
the study participants. A face-to-face interview 
was conducted to ensure data collection and 
clarification of responses, providing a com-
prehensive understanding of each participant’s 
exposure to potential environmental contami-
nants.

	II)	 Hair Sampling and Storage.
		    The hair sample collection protocol is based 

on the standard protocol recommended by 
Elekdag-Turk et  al. (2019). Participants were 
instructed to allow their hair to grow for four 
weeks before the collection date. Each respond-
ent was provided with a new set of stainless-
steel scissors for hygiene purposes on the hair 
collection day. Approximately 20–30 strands of 
hairs were collected from the occipital region, 
2  mm from the scalp and trimmed to a length 
of about 3 cm. The required hair sample weight 
was 0.01 – 0.05 g. The hair samples were placed 
in sterile, zip-locked plastic bags and stored at 
room temperature until shipment to the labora-
tory for subsequent trace element analysis.

	III)	 Nail Sampling and Storage.
		    The nail sample collection protocol is based 

on the standard protocol recommended by 
Elekdag-Turk et  al. (2019). Participants were 
instructed to grow both their fingernails and 
toenails for a period of four to six weeks before 
sample collection to ensure sufficient sample 
material. On the day of collection, each partici-
pant was provided with a new set of sterile stain-
less steel nail clippers to minimize contamina-
tion. Participants trimmed the free edge of their 

fingernails and toenails, with approximately 5 g 
of nail clippings collected per individual. The 
samples were then placed in sterile, labeled, zip-
locked plastic bags. Nail samples were stored at 
room temperature until they were transported to 
the laboratory for trace element analysis.

	IV)	 Laboratory Analysis.
		    The Analytical Methodology to Evaluate 

Trace Elements in Hair and Nail was based on 
a Paper by Przybylowicz et  al., (2012) which 
examined the distribution of trace elements in 
alternative biological matrices. The trace ele-
ment analysis from the hair and nail sample 
was carried out using a NexION 350S Induc-
tively Coupled Plasma Mass Spectrometer 
(ICP-MS; Perkin-Elmer, USA) in the Environ-
mental Health Laboratory, Institute of Medical 
Research (IMR), Malaysia.

To minimize external contamination and ensure 
that the detected trace elements reflect internal accu-
mulation, all hair and nail samples underwent a stand-
ardized washing procedure prior to digestion and 
analysis. Samples were first rinsed with ultrapure 
deionized water to remove dust and debris, followed 
by a gentle wash with acetone to eliminate surface 
oils and potential pesticide residues. This process 
was repeated once and followed by another rinse with 
deionized water. The cleaned samples were then dried 
in a laminar flow cabinet and stored in clean contain-
ers until digestion and analysis.

Quality assurance

Validation procedures were conducted to ensure that 
the test batches met the specified internal quality con-
trols. Each analysis included a blank, internal stand-
ard as well as quality control to remove the batch-spe-
cific error. The calibration curves established for trace 
elements (Na, Mg, NH3, Cr, Mn, Fe, Ni, CO, Cu, As, 
Cd, Hg and Pb) determination exhibited high linear-
ity (r2 > 0.999). The quantitative measurements were 
based on external calibration standards, which were 
prepared from a 10 μg/mL Multi-Element Standard 3 
in 1% (v/v) HNO3 acid with concentrations in 1.25, 
2.5, 5.0, and 20.0 μg/L for all trace elements. Matrix 
spiking was conducted to assess the method’s preci-
sion. Additionally, certified reference material (CRM) 
human hair and nail (European Reference Materials 
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ERM-DB001) was used to ensure the quality of anal-
yses. The recovery values for these elements were 
within the acceptable range of 85% to 115%.

Ethical considerations

Before commencing data collection, ethical approval 
clearance was diligently secured from the Eth-
ics Committee at the University Putra Malaysia 
(Approval Code: JKEUPM-2023-187). Respondents’ 
identities were treated with the utmost confidenti-
ality, and all collected data remained strictly con-
fidential, and not disclosed to any external parties. 
Furthermore, each respondent willingly and voluntar-
ily participated in the study, with informed consent 
being an essential prerequisite. A consent form was 
provided, and respondents were required to sign it, 
demonstrating their full understanding and voluntary 

participation in the research, ensuring full compliance 
with ethical guidelines and standards.

Statistical analysis

All statistical analyses were conducted using IBM 
SPSS Statistics Version 26. Categorical variables 
in Table  1 (socio-demographic characteristics) and 
Table 2 (occupational background) were analyzed using 
the Chi-square test or Fisher’s Exact Test, depending 
on the expected cell counts. For continuous or ordi-
nal data such as the duration of farming (Table 2), the 
Mann–Whitney U test was applied due to non-normal 
distribution and unequal group sizes. For the compari-
son of trace element concentrations in hair (Table  3) 
and nail (Table  4) samples between conventional and 
organic farmers, the Mann–Whitney U test was used, 
as the data were not normally distributed. To examine 
relationships between trace elements in hair and nail 

Table 1   Socio-
demographic distribution 
among Farmers (N = 62), 
Cameron Highland

a Fisher’s Exact Test;bChi-
square test

Sociodemographic Characteristics Frequency (n) Percent-
age (%)

p-value

aGender Male 49 79 1.000
Female 13 21

bAge 20–30 6 9.7 0.996
31–40 17 27.4
41–50 22 35.5
51–60 17 27.4

bBMI Underweight 3 4.8 0.694
Normal 31 50
Overweight 24 38.7
Obese 4 6.5

aEducation Level Primary 7 11.3 0.933
Secondary 33 53.2
Tertiary 22 35.5

aType of Farm Conventional 47 75.8 1.000
Organic 15 24.2

aSmoking Habit Yes 12 19.4 1.000
No 50 80.6

bAlcohol Consumption No alcohol 24 38.7 0.999
Once a week 5 8.12
3 to 4 times a week 2 3.2
3 times a month 30 48.4
1 to 2 times a year 1 1.6

bDuration of year working in the farmland 1 to 5 years 12 19.4
6 to 10 years 14 22.6 0.973
More than 10 years 36 58.1
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samples (Tables 5 and 6), Spearman’s rank correlation 
was performed, given the non-parametric nature of the 
data. All tests were two-tailed, and a p-value of less 
than 0.05 was considered statistically significant.

Results

Socio‑demographic characteristics of farmers in 
Cameron highland

Table 2   Occupational background among farmers at Cameron Highland (N = 62)

a Mann-Whitney U-test Test; bChi-square test; cFisher’s Exact Test

Conventional (n = 47) Organic (n = 15) p-value

Median (IQR) n (%) Median (IQR) n (%)

aDuration of Year Working in The Farmland 17 (11–23) 14 (12—16) 0.0335*
bType of PPE
Disposable Face mask 4 (8.5) - 0.1510
Half face mask 1 (2.1) -
No PPE 35 (74.5) 9 (60.0)
Raincoat - 1 (6.7)
High-cut safety shoes 6 (12.8) 5 (33.3)
Short-cut safety shoes 1 (2.1) -
cSymptoms During Handling Pesticide
No symptoms 47 (100.0) 15(100.0) 1.000
Have symptoms - –
cSymptoms After Handling Pesticide
No symptoms 35 (74.5) 14 (93.3) 0.1587
Have symptoms 12 (25.5) 1 (6.7)
bPesticide Purchase
Not Using – 15 (100.0) 0.0032*
Physical Store 47 (10.0) –
Online – –
bWash Pesticide Container
No washing is practised 34 (72.3) – 0.0040*
Rinse with water on the farm 12 (25.5) –
Not Using 1 (2.1) 15 (100.0)
cPesticide Storage
Not Using – 15 (100.0) 0.0013*
In the farm 15 (31.9) –
bPesticide Container Disposal
No disposal is practised – 15 (100.0)  < 0.001**
Throw as general waste 29 (61.7) –
Gather to recycle centre 18 (38.3) –
Burn – –
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Table  1 outlines the socio-demographic character-
istics and health risk factors of farmers in Cameron 
Highlands, Pahang. The sample was predominantly 
male (79%), with most participants aged 41–50 
(35.5%), followed by those in the 31–40 and 51–60 
age groups (27.4% each). Half of the farmers had a 
normal BMI, while 38.7% were overweight. Edu-
cationally, 53.2% completed secondary school, and 
80.6% did not smoke. The majority were low alcohol 
consumers, with 48.4% drinking monthly and 38.7% 
abstaining. Most farmers (75.8%) worked on con-
ventional farms, with over half (58.1%) having more 
than 10 years of agricultural experience. No statisti-
cally significant differences were observed between 
conventional and organic farmers across all socio-
demographic characteristics, indicating comparable 
backgrounds between the two groups.

Occupational characteristics of farmers in Cameron 
highland

Table  2 compares the occupational background 
between conventional and organic farmers in 

Cameron Highlands. The median duration of farming 
was significantly longer among conventional farmers 
(17 [11–23] years) than organic farmers (14 [12–16] 
years) (p = 0.0335, Mann–Whitney U test). No sig-
nificant differences were observed in PPE usage or 
symptoms after pesticide handling.

In contrast, pesticide-related practices showed 
clear and significant differences. All organic farmers 
reported no involvement in pesticide purchase, wash-
ing, storage, or disposal, while conventional farmers 
commonly engaged in these activities. These differ-
ences were statistically significant (p < 0.05), indi-
cating substantially higher potential for occupational 
pesticide exposure among conventional farmers.

Comparison of trace elements in hair sample of 
farmers in Cameron highland

Table  3 presents the comparison of trace element 
concentrations in hair samples between conven-
tional and organic farmers using the Mann–Whit-
ney U test. Overall, conventional farmers exhibited 
higher median concentrations of most toxic elements 

Table 3   Comparison of the Level of Trace Elements in Hair Sample among Farmers (N = 62), Cameron Highland

a  Mann Whitney U-test
# MDL (Method Detection Limit) = the lowest concentration of a substance that can be reliably detected by analytical method
# MQL (Method Quantification Limit) = the lowest concentration of a substance that can be reliably quantified using analytical 
method
* p-value is significant at 0.05 level;
** p-value is significant at 0.001 level

Trace elements (mg/kg) Median (IQR) #MDL ##MQL a p-value

Conventional Farmer (n = 48) Organic Farmer (n = 14)

Sodium (Na) 11.97 (3.14–27.08) 17.44 (3.39–31.49) 0.8217 2.6168 0.422
Magnesium (Mg) 33.18 (5.71–37.05) 19.18 (2.41–17.55) 0.5613 1.7875 0.188
Ammonia (NH3) 0.03 (0.01–0.04) 0.03 (0.01–0.03) 0.0114 0.0363 0.099
Chromium (Cr) 0.71 (0.21–0.57) 0.17 (0.054–0.198) 0.0159 0.0506 0.008*
Manganese (Mn) 0.33 (0.09–0.39) 0.24 (0.0013–0.236) 0.0098 0.0313 0.784
Iron (Fe) 6.41 (1.68 –7.55) 13.28 (2.16–11.82) 1.2656 4.0305 0.325
Nickel (Ni) 0.52 (0.00–0.52) 0.08 (0.04–0.38) 0.0268 0.0852 0.698
Cobalt (Co) 0.008 (0.004–0.009) 0.0071 (0.00–0.068) 0.0055 0.0176 0.257
Copper (Cu) 6.33 (3.99 –9.02) 5.80 (3.74–8.31) 0.0138 0.0438 0.585
Zinc (Zn) 119.39 (102.47–188.56) 132.83 (114.32–209.99) 0.2775 0.8838 0.146
Arsenic (As) 0.04 (0.03–0.05) 0.03 (0.01–0.04) 0.0187 0.0597 0.314
Cadmium (Cd) 0.02 (0.02–0.06) 0.01 (0.02–0.09) 0.0070 0.0222 0.399
Mercury (Hg) 0.66 (0.29–0.86) 0.39 (0.12–0.47) 0.0027 0.0087 0.054
Lead (Pb) 0.42 (0.02–0.44) 0.30 (0.07–0.25) 0.0040 0.0129 0.513
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compared to organic farmers. Notably, the concen-
tration of chromium (Cr) was significantly elevated 
in the conventional group (0.11 [0.71–0.57] mg/kg) 
compared to the organic group (0.07 [0.054–0.198] 
mg/kg, p = 0.008), suggesting greater exposure likely 
linked to the use of synthetic pesticides and fertiliz-
ers. Mercury (Hg) levels were also higher in con-
ventional farmers (0.66 [0.29–0.86] mg/kg) than in 
organic farmers (0.39 [0.12–0.47] mg/kg), with a 
p-value of 0.054, approaching statistical significance.

Other toxic elements such as arsenic (As), cad-
mium (Cd), and lead (Pb) did not differ significantly 
between the two groups, although median levels were 
slightly higher among conventional farmers. For 
essential elements, the patterns were more varied. 
Magnesium (Mg) and copper (Cu) showed higher 
concentrations among conventional farmers, while 
iron (Fe) and sodium (Na) levels were higher in 
organic farmers, though none reached statistical sig-
nificance. Zinc (Zn) also appeared slightly elevated in 
organic farmers, whereas ammonia (NH₃), often asso-
ciated with organic fertilizer use, was modestly higher 
in the organic group (p = 0.099).

These findings highlight a distinct difference in 
chromium exposure between farming practices, rein-
forcing the role of agrochemical use in trace element 
accumulation. However, for most other elements, 
both groups showed overlapping exposure profiles, 
potentially due to shared environmental background 
contamination in this pesticide-intensive highland 
region.

Comparison of trace elements in nail sample of 
farmers in Cameron highland

Table  4 compares the concentrations of trace ele-
ments in nail samples between conventional and 
organic farmers using the Mann–Whitney U test. 
Among essential elements, zinc (Zn) levels were 
found to be significantly higher in conventional farm-
ers (121.74 [96.72–173.84] mg/kg) compared to 
organic farmers (81.10 [73.22–90.99] mg/kg), with a 
p-value of < 0.001. This finding suggests a potential 
link between conventional farming practices and zinc 
exposure, possibly due to the use of zinc-enriched fer-
tilizers or agrochemicals.

Table 4   Comparison of the Level of Trace Elements in Nail Sample among Farmers (N = 62), Cameron Highland

a  Mann Whitney U-test
# MDL (Method Detection Limit) = the lowest concentration of a substance that can be reliably detected by analytical method
# MQL (Method Quantification Limit) = the lowest concentration of a substance that can be reliably quantified using analytical 
method
* p-value is significant at 0.05 level;
** p-value is significant at 0.001 level

Trace elements (mg/kg) Mean (SD) #MDL ##MQL a p-value

Conventional Farmer (n = 48) Organic Farmer (n = 14)

Sodium (Na) 107.1 (38.11–132.82) 87.38 (44.67–117.53) 0.8217 2.6168 0.498
Magnesium (Mg) 85.78 (53.81–122.09) 90.33 (73.02–139.62) 0.5613 1.7875 0.732
Ammonia (NH3) 0.06 (0.01–0.06) 0.04 (0.02–0.06) 0.0114 0.0363 0.479
Chromium (Cr) 0.865 (0.33–0.65) 0.70 (0.05–0.67) 0.0159 0.0506 0.737
Manganese (Mn) 2.45 (0.19–2.58) 1.56 (0.13–0.73) 0.0098 0.0313 0.353
Iron (Fe) 96.86 (10.31–103.82) 146.88 (35.54–133.89) 1.2656 4.0305 0.335
Nickel (Ni) 2.00 (0.33–1.77) 2.21 (0.03–2.23) 0.0268 0.0852 0.836
Cobalt (Co) 0.06 (0.03–0.04) 0.03 (0.01–0.02) 0.0055 0.0176 0.250
Copper (Cu) 4.57 (3.16–6.69) 4.21 (3.59–6.63) 0.0138 0.0438 0.536
Zinc (Zn) 121.74 (76.29–173.24) 81.10 (72.96–130.36) 0.2775 0.8838  < 0.001**
Arsenic (As) 0.10 (0.04–0.12) 0.09 (0.07–0.14) 0.0187 0.0597 0.728
Cadmium (Cd) 0.02 (0.00–0.01) 0.002 (0.00–0.001) 0.0070 0.0222 0.396
Mercury (Hg) 0.37 (0.18–0.49) 0.29 (0.13–0.38) 0.0027 0.0087 0.336
Lead (Pb) 1.02 (0.04–1.05) 0.64 (0.42–0.92) 0.0040 0.0129 0.337
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Other essential elements, including sodium (Na), 
magnesium (Mg), and iron (Fe), showed modest dif-
ferences between the groups. Sodium and magnesium 
levels were slightly higher among organic farmers, 
whereas iron concentrations were greater in organic 
farmers, though none of these differences were statis-
tically significant. Copper (Cu) and cobalt (Co) also 
demonstrated minor variations between groups, but 
without significance.

For toxic elements, conventional farmers generally 
exhibited higher median concentrations of chromium 
(Cr), manganese (Mn), lead (Pb), and mercury (Hg) 
compared to organic farmers. However, these differ-
ences were not statistically significant. Nickel (Ni), 
on the other hand, showed a slightly higher median 
level in organic farmers, although this difference was 
also non-significant. The levels of arsenic (As) and 
cadmium (Cd) were low in both groups and did not 
show meaningful variation.

Overall, the key finding in nail samples was the 
significantly elevated zinc concentration in conven-
tional farmers. Other trace elements showed similar 
exposure profiles between the two groups, indicat-
ing a potentially shared environmental source or 
background exposure across the highland farming 
communities.

The association of trace elements in hair sample of 
farmers in Cameron highland

Table  5 presents the associations between trace ele-
ments in the hair samples of farmers, revealing pat-
terns that may reflect co-exposure or shared pathways 
of accumulation. Ammonia (NH₃) was positively cor-
related with sodium (Na) and negatively correlated 
with magnesium (Mg), suggesting possible relation-
ships in their uptake or metabolic regulation. Sodium 
also showed a significant positive correlation with 
mercury (Hg), while magnesium was positively cor-
related with cobalt (Co) and zinc (Zn), and negatively 
with arsenic (As). These correlations indicate poten-
tial interactions among elements, but the underlying 
causes remain unclear and could stem from a com-
bination of environmental, dietary, or occupational 
sources.

Cobalt was also positively associated with man-
ganese (Mn), iron (Fe), and nickel (Ni), while 
iron showed a strong correlation with manga-
nese and cobalt. These patterns may reflect similar 

geochemical behavior or concurrent environmental 
exposure. Toxic elements such as cadmium (Cd) were 
positively correlated with arsenic, manganese, and 
mercury, suggesting the possibility of multi-element 
exposure. Lead (Pb) exhibited positive associations 
with manganese and nickel. While these correlations 
may be suggestive of shared exposure pathways, the 
specific sources—whether agricultural, environmen-
tal, or otherwise—were not directly assessed in this 
study and should be interpreted with caution. The 
significant associations between these elements, how-
ever, underscore the complex interactions and expo-
sure scenarios faced by farmers in pesticide-treated 
highlands, with implications for occupational health 
and safety.

The association of trace elements in nail sample of 
farmers in Cameron highland

Table  6 presents the associations between trace ele-
ments in nail samples among farmers, highlighting 
potential interactions and exposure patterns. Magne-
sium (Mg) shows significant associations with several 
trace elements, including ammonia (NH3), manganese 
(Mn), cobalt (Co), and cadmium (Cd), indicating a 
possible shared exposure source or co-exposure path-
ways, possibly linked to agricultural practices or envi-
ronmental factors. Chromium (Cr) displays a strong 
association with iron (Fe) and manganese (Mn), sug-
gesting that exposure to chromium might be linked to 
increased levels of these elements in the body. Nickel 
(Ni) is strongly correlated with Cr, Fe, and cobalt, 
indicating that nickel exposure could occur alongside 
exposure to other trace elements, likely from occupa-
tional sources.

Toxic elements such as arsenic (As) demonstrate 
significant positive correlations with Cr, Mn, cop-
per (Cu), and zinc (Zn), suggesting possible co-con-
tamination or shared environmental sources. Cad-
mium (Cd) correlates positively with Mg, NH3, and 
Mn, indicating a potential combined exposure risk 
from both essential and toxic elements. Overall, the 
table reveals a complex interplay between trace ele-
ments, with certain elements like Mg and Cr serving 
as central components in multiple associations. These 
findings point to potential sources of co-exposure 
and emphasize the need to understand how different 
agricultural practices and environmental factors may 
influence trace element levels in farmers.
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Discussion

The shared environmental background in Cameron 
Highland, characterised by the long-standing use of 
pesticides and fertilizers, plays a critical role in trace 
element exposure. Despite having different farming 
methods, agrochemicals’ historical and ongoing use 
has contaminated soils and caused environmental 
interactions that have an impact on both conventional 
and organic farmers. The potential cross-contamina-
tion raises concerns about the exposure risk for all 
farmers in the region and emphasizes the need for 
improved safety measures, environmental monitoring, 
and sustainable farming practices.

Comparison of trace elements in hair sample of 
farmers in Cameron highland

Essential/beneficial trace elements and occupational 
exposure

Farming practices and environmental factors can have 
an impact on essential elements like sodium (Na), 
magnesium (Mg), iron (Fe), copper (Cu), and zinc 
(Zn), which are crucial for biological functions. Mag-
nesium (Mg) levels are higher among conventional 
farmers than organic farmers, suggesting a possible 
association with using magnesium-enriched fertilisers 
commonly found in conventional agriculture (Beeby 
et  al., 2020). However, this difference is not statisti-
cally significant, implying that while farming prac-
tices may play a role, the environmental background 
of pesticide-treated soils could contribute to Mg lev-
els across both farmer groups.

Zinc (Zn), another essential trace element, is 
slightly higher in organic farmers than in conven-
tional farmers, although this difference is not statis-
tically significant. The elevated Zn in organic farm-
ers could be attributed to the uptake from natural soil 
sources or organic soil amendments (Reeve et  al., 
2016). Additionally, compost and animal manure play 
a significant role as organic sources of zinc. As these 
organic matters decompose, they not only improve 
soil structure and fertility but also enhance zinc avail-
ability to plants. The nutrient-release process from 
compost and manure is gradual, providing a sus-
tained source of zinc that aligns well with the nutrient 
uptake needs of crops (Gordillo et al., 2016).

Iron (Fe), necessary for enzymatic functions and 
oxygen transport (Vigani & Murgia, 2018), shows a 
higher mean concentration in organic farmers than in 
conventional farmers. This trend, although not statis-
tically significant, could be influenced by differences 
in soil health and nutrient uptake in organic farming, 
which relies on natural fertilizers that might contain 
bioavailable iron (Reeve et  al., 2016). Another sig-
nificant source of iron in organic farming is the use of 
organic matter, including compost, green manure, and 
animal manure (Birkhofer et al., 2016). These organic 
materials, when added to the soil, undergo decompo-
sition and mineralization processes that release iron 
in a bioavailable form. Compost and manure not only 
improve the soil’s iron content but also enhance the 
soil’s cation exchange capacity and microbial activity, 
thereby improving the uptake of iron and other micro-
nutrients by plants (Aditi et al., 2019).

Toxic elements and occupational exposure

Toxic elements including chromium (Cr), mercury 
(Hg), arsenic (As), cadmium (Cd), and lead (Pb) were 
also examined, given their potential health risks and 
presence in agricultural settings. A significant dif-
ference in chromium (Cr) levels is observed between 
conventional and organic farmers. Chromium expo-
sure is likely linked to conventional pesticide use, as 
Cr compounds are common contaminants in synthetic 
agrochemicals (Liu et al., 2017). Some phosphate fer-
tilizers, particularly those derived from mineral rock 
phosphates, can contain trace amounts of chromium 
as an impurity (Ding et al., 2014). When these ferti-
lizers are applied to agricultural soils over time, they 
can lead to an accumulation of chromium, particu-
larly in areas with intensive fertilizer use. In addition 
to fertilizers, industrial farming systems often use 
pesticides and herbicides that may contain trace met-
als, including chromium, as part of their formulation 
(Nguyen et al., 2017). These agrochemicals, although 
not specifically designed to supply chromium, can 
contribute to its presence in soils. The repeated appli-
cation of these chemicals can influence soil chro-
mium concentrations, and depending on the form 
(trivalent chromium [Cr(III)] or hexavalent chromium 
[Cr(VI)]), this can have varying implications for soil 
health and potential plant uptake (Liu et al., 2022).

Mercury (Hg) levels are higher in conventional 
farmers compared to organic farmers, approaching 
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statistical significance. Given that mercury is not 
typically used in modern pesticides but can be a 
contaminant, the elevated Hg in conventional farm-
ers suggests potential occupational exposure through 
pesticide handling or soil contamination from legacy 
pesticide use in the Cameron Highlands. Historically, 
organomercury compounds were commonly used as 
seed treatments and fungicides; although their use has 
significantly decreased or been banned in many coun-
tries (Kroeksakul et  al., 2023), some older agricul-
tural practices or residual contamination in soils may 
still contribute mercury to agricultural fields. Addi-
tionally, certain formulations of current pesticides 
may still carry trace amounts of mercury as contami-
nants, which can accumulate in soils over time (Rice 
et al., 2014).

When considering that both organic and conven-
tional farms are located in a pesticide-treated region, 
the possibility of finding no significant differences 
in the levels of toxic elements such as arsenic (As), 
cadmium (Cd), and lead (Pb) in hair samples of farm-
ers from both groups becomes more plausible. The 
shared environmental setting likely plays a dominant 
role in exposure to these toxic elements, regardless 
of the farming practices employed. One of the pri-
mary reasons for similar levels of toxic elements in 
both groups is the contamination of farmland soil. 
Since both organic and conventional farms are situ-
ated in an area historically or currently treated with 
pesticides, the soil may contain residual concentra-
tions of As, Cd, and Pb (Wahyuningsih et al., 2023). 
Many pesticides, particularly older formulations, 
have been known to contain heavy metals as active 
ingredients or impurities (Widowati et al., 2020). As 
these toxicants do not degrade easily and can remain 
in the environment for long periods, both organic and 
conventional farmers may experience similar lev-
els of exposure due to the shared contaminated land 
(Defarge et al., 2017).

Atmospheric dispersion of toxic elements also 
contributes to uniform exposure across both organic 
and conventional farmers. Pesticides and other agri-
cultural chemicals, when sprayed, can become air-
borne and travel beyond their initial point of applica-
tion (Damalas & Koutroubas, 2016). This airborne 
contamination can settle on both organic and conven-
tional farms, resulting in similar levels of toxic ele-
ments in the environment surrounding all farmers. 
Hence, regardless of individual farm practices, both 

groups of farmers might inhale contaminated air or 
encounter dust particles containing As, Cd, and Pb, 
leading to comparable exposure levels. Water sources 
used for irrigation or direct consumption can be 
another equalizing factor (Sharma et al., 2016). If the 
water used on both organic and conventional farms 
is contaminated with toxic elements due to pesticide 
runoff, industrial pollution, or naturally occurring 
heavy metals, this water can serve as a vector for As, 
Cd, and Pb exposure. Since both groups of farmers 
utilize the same regional water sources for agricul-
tural or personal use, the levels of these toxicants 
in their hair samples could be similar, reflecting the 
shared exposure to water.

Furthermore, the use of soil amendments like 
compost, manure, or lime in organic farming does 
not necessarily eliminate exposure to toxic elements 
(Zhang et al., 2018). If these amendments are derived 
from local sources, they might also be contaminated 
due to the overarching presence of pesticide resi-
dues in the region. Hence, while organic farms typi-
cally avoid synthetic inputs, the use of contaminated 
organic amendments can result in similar levels of 
soil and plant contamination as in conventional farm-
ing, contributing to similar exposure risks for both 
farmer groups. On another note, since hair is a cumu-
lative biomarker for exposure to toxic elements from 
all sources, the similarities in environmental contami-
nation and exposure pathways in a pesticide-treated 
region can mask any potential differences that may 
arise from farming practices alone (Lehmann et  al., 
2017). The common environmental background expo-
sure to As, Cd, and Pb across both organic and con-
ventional farms would result in similar bioaccumula-
tion of these toxicants in the hair of farmers.

Comparison of trace elements in nail sample of 
farmers in Cameron highland

Essential/beneficial trace elements and occupational 
exposure

The analysis of essential trace elements, including 
sodium (Na), magnesium (Mg), and zinc (Zn), high-
lights the potential influences of farming practices on 
exposure levels. Although the levels of Na and Mg 
are slightly higher in organic farmers compared to 
conventional farmers, these differences are not statis-
tically significant. This suggests that, despite varying 
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farming practices, shared environmental factors such 
as soil content and water sources might contribute 
to similar levels of these elements in both farmer 
groups.

Zinc (Zn) is the only essential element show-
ing a statistically significant difference, with levels 
being markedly higher in conventional farmers com-
pared to organic farmers. The differences in zinc lev-
els between hair and nail samples of organic versus 
conventional farmers might reflect the variability 
in exposure routes, nutritional status, and the bio-
logical mechanisms of zinc incorporation into these 
tissues (Sheoran et  al., 2018). Hair is a protein-rich 
tissue that incorporates minerals from both external 
exposure (such as dust and soil particles) and internal 
metabolism (Yang et  al., 2014). In organic farmers, 
close physical contact with soil and plant materials, 
which may be enriched with bioavailable zinc due to 
organic farming practices, could lead to higher depo-
sition of zinc in the hair. Furthermore, the nutritional 
status of organic farmers may play a role; if their diet 
is more plant-based and rich in whole grains, nuts, 
and legumes—which are high in zinc—this dietary 
intake could further contribute to elevated zinc levels 
in hair (Johansson et al., 2014).

Conversely, higher zinc levels in the nails of con-
ventional or industrial farmers may be linked to dif-
ferent exposure mechanisms. Unlike hair, which can 
be more readily influenced by short-term environ-
mental exposure, nails grow more slowly and reflect 
longer-term internal zinc levels (Parizanganeh et al., 
2014). In conventional farming, the use of synthetic 
fertilizers, which can contain zinc as a nutrient or 
contaminant, may contribute to the farmers’ zinc 
exposure over time. Additionally, some conventional 
pesticides and herbicides include zinc compounds as 
part of their formulation, leading to increased occu-
pational exposure for these farmers (Schweizer et al., 
2018). The pathway of zinc incorporation into nails 
is influenced more by systemic metabolism than by 
external contamination, and since nails grow at a 
slower rate than hair, they provide a more stable indi-
cator of long-term zinc status (Parizanganeh et  al., 
2014). For conventional farmers, continuous exposure 
to zinc through fertilizers, pesticides, and soil contact 
over time may lead to its accumulation in the body, 
which is reflected in higher zinc concentrations in 
nail samples. The zinc in these inputs may be more 
bioavailable or present in a form that is more readily 

absorbed into the body and subsequently incorporated 
into the nail matrix.

Besides, the occupational environment between 
organic and conventional farmers differs in terms of 
exposure duration and the type of agricultural inputs 
used. Organic farmers may experience episodic and 
direct contact with soil and organic amendments 
that increase zinc in their hair. In contrast, conven-
tional farmers often use more mechanized practices 
and may have prolonged exposure to zinc-containing 
agrochemicals, leading to systemic accumulation of 
zinc that becomes more evident in the nail.

Toxic elements and occupational exposure

Conventional farmers generally show higher levels of 
these elements, which is consistent with their use of 
synthetic pesticides and fertilizers known to contain 
or be contaminated with toxic trace metals. However, 
none of these differences reach statistical significance, 
suggesting that the environmental context, including 
residual contamination from historically treated pes-
ticide soils, contributes similarly to exposure across 
both farming practices.

Chromium (Cr) and manganese (Mn) are often 
present as byproducts or contaminants in agrochemi-
cals, such as fertilizers, pesticides, and soil amend-
ments. Conventional farmers typically use synthetic 
inputs more frequently than organic farmers, which 
could account for the slightly elevated levels observed 
in their samples. However, organic farming is not 
completely free from exposure to these elements 
since natural or organic inputs can also contain trace 
amounts of Cr and Mn (Gong et  al., 2019). Addi-
tionally, soil amendments like compost and manure, 
which are frequently used in organic farming, may 
still introduce these trace metals, especially if they 
are sourced from contaminated materials (Khan et al., 
2017). Therefore, the difference in exposure between 
the two groups may not be large enough to reach sta-
tistical significance.

As for arsenic (As), cadmium (Cd), mercury (Hg), 
and lead (Pb), our finding reinforces the notion that 
both groups are exposed to these toxic metals through 
shared environmental sources, such as contaminated 
soils, water, or historical use of pesticides contain-
ing these metals. Although conventional farming 
practices might contribute additional inputs of these 
elements, the fact that no significant difference is 
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found suggests that the baseline contamination is 
sufficiently high in the agricultural environment to 
affect both organic and conventional farmers similarly 
(Smith et al., 2019). This shared environmental expo-
sure can mask the potential impact of farming prac-
tices, leading to similar levels of these toxic elements 
in both groups.

The finding that mercury (Hg) levels are higher 
in the hair and nails of conventional farmers com-
pared to organic farmers can be attributed to differ-
ences in exposure sources and farming practices. Soil 
contamination plays a significant role in mercury 
exposure, and this is often more pronounced in con-
ventional farming systems. The repeated use of fer-
tilizers and pesticides in conventional farming can 
lead to increased soil contamination with mercury 
over time (Rice et  al., 2014). As a result, conven-
tional farmers working in contaminated soils may be 
exposed to mercury through direct contact with soil, 
inhalation of mercury-laden dust, or through the food 
chain if crops grown on these soils accumulate mer-
cury (Zakir et  al., 2011). Since both hair and nails 
are biological tissues that incorporate mercury from 
both external environmental exposure and internal 
body burden, the increased soil contamination in con-
ventional farming can contribute to the higher levels 
found in these samples.

Besides, the difference in mercury levels between 
hair and nail samples in conventional farmers com-
pared to organic farmers may reflect the bioaccumu-
lation and exposure routes. Hair is a strong indicator 
of recent and chronic mercury exposure, reflecting 
both external contamination and internal metabolism 
of mercury (Skröder et al., 2017). Since conventional 
farmers are more likely to use chemical inputs or be 
in environments with higher mercury contamination, 
the elevated mercury levels in hair samples are con-
sistent with greater recent exposure to mercury.

Nails, on the other hand, grow more slowly than 
hair and are indicators of longer-term and cumulative 
exposure (Hopps, 1977). Since mercury binds to ker-
atin proteins (Zhang, 2011), which are found in both 
hair and nails, the consistent exposure of conventional 
farmers to mercury over time is more likely to result 
in detectable differences in nail mercury levels. The 
higher concentrations in both hair and nails suggest 
that conventional farmers are subject to continuous 
or repeated exposure to mercury, which is consist-
ent with their farming practices. Conversely, organic 

farmers are less likely to encounter high levels of 
mercury due to restricted use of synthetic chemi-
cals, potentially lower environmental contamination, 
and more conservative farming practices that reduce 
direct contact with mercury sources.

The Association of trace elements in hair sample of 
farmers in Cameron highland

Co‑occurrence and shared sources of exposure

The positive correlations between ammonia (NH3), 
sodium (Na), and magnesium (Mg) in hair samples 
imply a shared source of exposure, likely related to 
agricultural inputs. Ammonia is often present in fer-
tilizers, and its association with Na and Mg could 
indicate that these elements co-occur in fertilizers 
or soil amendments applied in the farming environ-
ment (Bansal, 2023). For instance, ammonium-based 
fertilizers often contain sodium as a secondary com-
ponent or contaminant, while magnesium may be 
added to correct soil deficiencies or improve plant 
health (Şenbayram et  al., 2015). On the other hand, 
the significant positive correlation between iron (Fe) 
and manganese (Mn) in the hair samples suggests 
concurrent exposure, possibly due to their combined 
presence in common agricultural inputs. Iron and 
manganese are frequently found together in both soil 
enhancers and pesticides (Munir et  al., 2021). For 
example, micronutrient fertilizers often contain Fe 
and Mn as essential elements to promote plant growth 
and correct deficiencies. Additionally, both elements 
may exist as contaminants or additives in some agri-
cultural chemicals (He et  al., 2005). As such, their 
association with hair samples supports the idea that 
farmers are exposed to these elements simultane-
ously, potentially through direct contact with treated 
soils, the application of micronutrient fertilizers, or 
the inhalation of dust that contains these trace metals.

Cobalt (Co) shows significant correlations with 
several elements, including magnesium (Mg), man-
ganese (Mn), iron (Fe), and nickel (Ni). This pattern 
suggests a possible shared exposure pathway or co-
contamination within the agricultural environment. 
Cobalt naturally occurs in mineral-rich soils and can 
be introduced into the farming environment through 
certain fertilizers, particularly those that include 
micronutrient mixtures or are sourced from mineral 
deposits (Stubblefield et  al., 2020). Additionally, 
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cobalt may be present in some pesticides or fungi-
cides as a trace contaminant. The fact that cobalt is 
associated with multiple elements indicates that farm-
ers may be exposed to these elements simultaneously, 
either through direct contact with cobalt-containing 
products or through environmental pathways such as 
contaminated dust, water, or crops (Tóth et al., 2009).

Potential antagonistic and synergistic interactions

The correlations identified between trace elements in 
hair samples point to potential antagonistic and syn-
ergistic interactions that could significantly influence 
the bioavailability, absorption, and toxicity of these 
elements. Understanding these interactions is essen-
tial in evaluating the cumulative exposure risk among 
farmers, as the combined presence of elements can 
alter their biological impact.

Synergy between elements occurs when the com-
bined exposure to multiple elements enhances their 
absorption, bioavailability, or toxicity, often resulting 
in more severe health effects than exposure to indi-
vidual elements alone. For instance, the observed 
positive correlations of mercury (Hg) with sodium 
(Na), ammonia (NH3), and cadmium (Cd) suggest a 
synergistic interaction. When mercury co-occurs with 
these elements, their interaction could increase the 
absorption of mercury or exacerbate its toxic effects 
(Machado & Dinis‐Oliveira, 2023). For instance, 
sodium may enhance the solubility and mobility of 
mercury within the body, facilitating its transport 
to different organs and tissues (Bridges & Zalups, 
2017). Similarly, ammonia, commonly found in ferti-
lizers, can alter pH levels or cellular transport mecha-
nisms, potentially increasing mercury’s uptake or tox-
icity (Edwards et al., 2024).

The positive association between mercury and 
cadmium is particularly concerning because both 
are highly toxic heavy metals that can cause neuro-
toxic, renal, and cardiovascular damage. A synergistic 
effect between these two elements could elevate the 
health risks to farmers, as co-exposure may amplify 
the adverse effects on the nervous system, kidneys, 
and other organs. This combined toxicity could occur 
through mechanisms like increased oxidative stress, 
inflammation, or competition for binding to detoxify-
ing proteins and enzymes.

On the other hand, magnesium (Mg) shows nega-
tive correlations with ammonia (NH3), arsenic (As), 

and mercury (Hg), suggesting potential antagonistic 
interactions. Antagonism between elements occurs 
when one element reduces the absorption, bioavail-
ability, or toxicity of another, potentially offering a 
protective effect. Our findings suggested that mag-
nesium could play a protective role by mitigating the 
toxicity or absorption of harmful elements like arsenic 
and mercury. For example, magnesium is known to 
compete with certain toxic metals for binding sites or 
transport pathways within the body, effectively reduc-
ing their uptake into cells and tissues (Witkowska 
et al., 2021). This mechanism may involve the block-
ing of specific ion channels or transport proteins that 
facilitate the entry of toxic elements. Magnesium’s 
antagonistic relationship with arsenic and mercury 
could reduce the bioavailability of these toxicants, 
thereby lowering their potential for causing harm 
(Alengebawy et  al., 2021). Since both arsenic and 
mercury are known to induce oxidative stress, disrupt 
cellular metabolism, and damage DNA, the presence 
of magnesium may help protect against these toxic 
effects by lowering the accumulation of these ele-
ments in key organs (Balali-Mood et al., 2021). This 
antagonism could be particularly relevant for farmers 
who may have access to magnesium through their diet 
or soil exposure, potentially providing a natural buffer 
against arsenic and mercury toxicity.

The association of trace elements in nail sample of 
farmers in Cameron highland

Co‑occurrence and shared sources of exposure

The positive associations between elements in nail 
samples such as manganese (Mn), magnesium 
(Mg), ammonia (NH3), and chromium (Cr) sug-
gest that these elements may co-occur due to shared 
sources, pathways, and activities in agricultural set-
tings. Given that fertilizers, pesticides, and other soil 
amendments are routinely used across different types 
of farming, these inputs are likely to contain mixtures 
of trace elements. For instance, fertilizers derived 
from mineral deposits can contain Mn, Mg, and Cr as 
naturally occurring components, while pesticides may 
contain these elements as either active ingredients 
or contaminants. Additionally, ammonia-based fer-
tilizers are commonly used in both conventional and 
organic agriculture, contributing not only nitrogen to 
the soil but also potentially altering the bioavailability 
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and mobility of other elements, such as Mn and Cr 
(Barłóg et  al., 2022). The correlations among these 
elements, therefore, likely arise from farmers’ direct 
contact with treated soils, agrochemical applications, 
and exposure to dust and residues that carry these 
elements.

The strong positive correlation between iron (Fe) 
and chromium (Cr) in the nail samples indicates a 
potential shared source or exposure pathway. Both 
Fe and Cr are common in soils and may be enriched 
through the use of soil amendments, such as lime, 
compost, or mineral-based fertilizers (Palansoor-
iya et  al., 2019). Iron, an essential nutrient for plant 
growth, is a frequent component of soil fertilizers, 
while chromium may be present as a contaminant 
or a secondary component in certain agrochemicals. 
The co-occurrence of these elements in nails suggests 
that their exposure is related to farming activities 
that involve contact with the soil or the use of prod-
ucts that contain these metals. Additionally, nails are 
indicators of longer-term exposure, reflecting cumu-
lative absorption of trace elements through prolonged 
occupational activities. Hence, the Fe–Cr correlation 
points to persistent exposure from shared environ-
mental sources, particularly in soils and agrochemical 
applications.

The significant correlations of nickel (Ni) with 
both chromium (Cr) and iron (Fe) further support 
the idea of shared sources of exposure in the farm-
ing environment. Nickel is often found in association 
with Fe and Cr in mineral deposits, fertilizers, and 
pesticides, making their co-presence in the agricul-
tural setting plausible. The simultaneous exposure to 
Ni, Cr, and Fe can occur through multiple pathways, 
such as handling of agrochemicals, inhalation of dust 
particles, and contact with contaminated soils. The 
presence of these elements together in nail samples 
highlights that the farming practices and environ-
mental conditions in Cameron Highlands contribute 
to occupational exposure to multiple trace elements. 
Nickel’s role as a contaminant in fertilizers or as a 
minor component in soil amendments used for crop 
cultivation may further enhance its correlation with 
iron and chromium, reflecting a complex interplay 
of co-contaminants within the farming environment 
(Alengebawy et al., 2021).

The widespread use of synthetic pesticides and fer-
tilizers in agricultural activities is a plausible expla-
nation for the observed correlations between these 

trace elements. Modern agrochemicals often contain 
multiple trace elements, either as active components 
to enhance efficacy or as impurities from the manu-
facturing process. The long-term application of these 
agrochemicals in farming can result in the accumu-
lation of trace elements in soils, which then become 
sources of exposure to farmers. Such shared exposure 
pathways are likely responsible for the co-occurrence 
of elements like Mn, Mg, NH3, Cr, Fe, and Ni in 
farmers’ nail samples. Additionally, the mixing of 
organic and conventional farming practices in pesti-
cide-treated regions like Cameron Highlands means 
that both groups of farmers are exposed to similar 
environmental contaminants, contributing to the cor-
relations observed in the nail samples.

Potential antagonistic and synergistic interactions

The findings reveal the potential for both synergistic 
and antagonistic interactions among trace elements in 
the nail samples of farmers, highlighting how these 
relationships could influence bioavailability, absorp-
tion, and toxicity. These interactions are particularly 
relevant in an agricultural context where farmers are 
exposed to a mixture of elements through occupa-
tional activities, fertilizers, pesticides, and environ-
mental contaminants.

The positive correlation between ammonia (NH3) 
and magnesium (Mg) suggests a potential synergistic 
relationship. Ammonia is commonly found in ferti-
lizers, and its co-occurrence with magnesium in the 
farming environment could influence how both ele-
ments are taken up by the body. Magnesium plays an 
important role in biological processes, and its syner-
gistic interaction with ammonia could facilitate the 
transport of both elements through similar pathways 
and influence cellular uptake mechanisms (Ahmed 
et  al., 2023). This enhanced co-exposure might 
increase the bioaccumulation of ammonia and mag-
nesium in tissues, including nails, thereby potentially 
affecting the metabolic functions of farmers and alter-
ing the toxicity of these elements when they are pre-
sent together.

Cobalt (Co) demonstrates strong positive cor-
relations with several elements, including magne-
sium (Mg), ammonia (NH3), chromium (Cr), and 
iron (Fe), indicating possible synergistic relation-
ships that could lead to increased co-bioavailability 
and toxicity. Cobalt is known to share absorption 
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and transport mechanisms with other metals, and 
its synergistic interactions with these elements sug-
gest that their combined exposure in agricultural set-
tings could lead to greater uptake and accumulation 
in farmers (Genchi et al., 2023). For example, cobalt 
and iron share similar binding sites for transport pro-
teins, which could enhance their uptake when pre-
sent together. Furthermore, cobalt’s correlation with 
chromium, an element often found in fertilizers and 
pesticides, could imply enhanced exposure from agri-
cultural activities, thereby raising concerns about 
combined toxic effects. These potential synergistic 
interactions could result in more pronounced adverse 
health effects, such as oxidative stress, disruption of 
metabolic pathways, and potential organ damage.

Interestingly, zinc (Zn) shows no significant corre-
lations with most elements except copper (Cu), where 
a strong positive association is observed. Zinc and 
copper have complex interactions in biological sys-
tems, often exhibiting both synergistic and antagonis-
tic effects based on their relative concentrations and 
environmental exposure (Wang et al., 2020). In agri-
cultural settings, zinc is frequently used as a nutrient 
in fertilizers and as a component in pesticides, which 
can lead to increased exposure among farmers. Cop-
per is also commonly present in agricultural environ-
ments, and both elements may share similar pathways 
for absorption and metabolism. The strong correla-
tion between zinc and copper may suggest that these 
elements are co-occurring in farming environments, 
potentially due to their use in similar agricultural 
products or shared environmental pathways, such 
as soil or dust exposure. In biological systems, zinc 
and copper are known to compete for the same trans-
port proteins, such as metallothioneins, which play a 
crucial role in metal homeostasis and detoxification 
(Ruttkay-Nedecky et al., 2013). This competition can 
lead to antagonistic effects, where an excess of one 
element may inhibit the uptake and bioavailability of 
the other. For instance, high zinc levels can impede 
copper absorption, potentially reducing its bioavaila-
bility and mitigating its toxicity. Conversely, if copper 
concentrations are higher, zinc uptake could be simi-
larly inhibited. These competitive dynamics may pro-
vide a buffering effect against toxicity, but they could 
also lead to deficiencies or imbalances in essential 
trace elements, depending on their relative exposure 
levels in the farming environment.

Study limitation

This study has several limitations that should be 
acknowledged. First, the use of self-reported symp-
tom data introduces the possibility of recall bias and 
over-reporting, especially for non-specific symptoms 
such as headaches, skin irritation, or fatigue. While 
structured interviews were used to minimize incon-
sistency, subjective responses may not fully reflect 
actual health outcomes. Second, the cross-sectional 
design of this study limits causal inference; associa-
tions between trace element exposure and farming 
practices should be interpreted with caution. Third, 
environmental sampling (e.g., soil, water, or air) 
was not conducted alongside biomonitoring, which 
restricts the ability to pinpoint exact sources of expo-
sure. Lastly, the relatively small sample size, particu-
larly in the organic farmer group, may limit the gener-
alizability of the findings.

Despite these limitations, the study provides valu-
able insights into occupational and environmental 
exposure to trace elements in pesticide-intensive 
highland agriculture. Future research should consider 
longitudinal designs, clinical symptom validation, 
and integrated environmental sampling to strengthen 
exposure assessment and health outcome analysis.

Conclusion

This study provides critical insights into the occupa-
tional exposure to trace elements among conventional 
and organic farmers in Cameron Highlands, high-
lighting the influence of farming practices and shared 
environmental conditions. The socio-demographic 
profile and occupational behaviours—particularly 
low PPE usage and suboptimal pesticide handling 
practices among conventional farmers—contribute 
to differing levels of trace element exposure risk. 
Analysis of hair and nail samples reveals that essen-
tial elements such as zinc and magnesium, and toxic 
elements like chromium and mercury, are more prev-
alent in conventional farmers, suggesting a strong 
link between agrochemical use and internal exposure. 
However, the detection of certain trace elements in 
both groups highlights the impact of shared environ-
mental contamination, driven by historical and ongo-
ing pesticide and fertilizer use in the highlands.
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The observed correlations between trace elements 
point to complex co-exposure dynamics, suggest-
ing potential synergistic and antagonistic effects that 
may influence toxicity, absorption, and health out-
comes. While organic farming practices may reduce 
direct exposure to synthetic agrochemicals, the risk of 
cross-contamination from surrounding conventional 
farms remains a concern due to environmental disper-
sion through soil, water, and air.

To mitigate these risks, targeted interventions 
are needed at both the occupational and policy lev-
els. Training programs on chemical safety and per-
sonal protection should be made widely accessible 
to farmers, alongside government-subsidized access 
to certified PPE. Strengthening the enforcement of 
pesticide regulations, including proper storage, usage, 
and disposal, is crucial to reduce long-term exposure. 
Environmental monitoring programs should be insti-
tutionalized to track contamination trends, and reme-
diation initiatives should be launched to rehabilitate 
polluted soils. Promoting integrated pest manage-
ment (IPM) and expanding support for organic transi-
tion can further contribute to sustainable agricultural 
development.

These findings reinforce the urgent need for a 
dual approach—enhancing occupational safety and 
addressing environmental contamination—to protect 
the health of all farmers. Future research should focus 
on evaluating the long-term health outcomes of trace 
element exposure and developing comprehensive, 
multi-level strategies to safeguard occupational and 
environmental health in agricultural settings.
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