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Abstract
Introduction: The effect of air pollution through particulates on farm workers in 
agricultural settings remains a key occupational hazard that farm workers face, 
particularly in fluctuating climates. However, there has been little research carried 
out on how exposure to particulates affects workers’ efficiency. This study aims 
to assess the effects of particulates (PM₂.₅ and PM₁₀) on performance, taking into 
consideration the effects of temperature as well as relative humidity. Methods: A 
cross-sectional survey was conducted on 150 farm workers working under typical 
dusty conditions. The particulate exposure was measured by a hand-held air quality 
meter. The work performance was then assessed by work speed, accuracy and 
fatigue level with a Borg Rating of Perceived Exertion scale. Descriptive analysis, 
correlation analysis, and linear multiple regression were used for data analysis. 
Results and Discussion: The results reported constant exposure to higher levels 
of particulates in an agricultural setting. The workers showed reasonably high 
accuracy in completing their tasks even though they were moderately to highly 
fatigued. This indicates that they adapted to environmental stressors. PM₂.₅ and 
temperature were found to be important independent predictors associated with 
reduced worker performance, but there was no significant relationship between 
relative humidity and worker performance. The joint exposure to air pollution 
and thermal stress may influence worker performance. Conclusion: Exposure to 
particulate matter and thermal conditions may contribute to variations in worker 
performance in agricultural settings. Occupational measures are needed to 
minimize exposure and maintain worker performance in the face of environmental 
and climate challenges.
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INTRODUCTION 

Air pollution continues to be a crucial 
environmental and occupational hazard across the globe, 
where particulate matter (PM), especially fine particles 
(PM₂.₅), constitutes an important causative factor for 
diseases on a global scale (1). Exposure to PM₂.₅ can 
lead to morbidity and mortality, as the fine particles can 

reach the alveolar level within the lungs and become 
distributed throughout the body (2). Previous research 
was carried out on urban and industrial environments, but 
agricultural settings provide a new area of investigation. 
Employees are exposed to airborne particulates because 
of soil tillage, agricultural operations and agrochemical 
usage (3). Such exposure occurs continuously, is poorly 
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managed, and occurs in open environments, making 
its management particularly difficult (4–5). Employees 
engaged in intensive agriculture are usually involved 
in outdoor work at various times, leading to increased 
exposure levels and physiological burdens. There is 
inadequate empirical evidence about occupational 
exposure to PM in tropical agricultural environments.

Exposure to PM₂.₅ has been associated 
with negative health outcomes, such as respiratory 
and cardiovascular disorders (6). However, studies 
have shown that exposure to pollutants can affect the 
performance of workers, in addition to causing various 
clinical effects. Air pollution has been associated with 
poor cognitive performance, decreased decision-
making abilities, attention deficiencies, and lower worker 
performance (6–7). This is especially true for agricultural 
workplaces, where workers perform strenuous activities 
that require constant attention, coordination, and quick 
decision-making. Poor worker performance in such 
agricultural operations may be associated with reduced 
performance, decreased accuracy, and a higher risk 
of occupational injuries. This problem gains relevance 
in view of climate change. Climate change, alterations 
in rainfall, and an increase in the frequency of extreme 
weather events are likely to have an impact on the 
creation of PM and its dispersion behavior as well as the 
vulnerability of outdoor workers to such pollution (8–9). 
An increased level of temperature and aridity leads 
to greater dispersal of dust particles, while chemical 
reactions involving pollution formation and transport 
are directly associated with temperature changes. High 
temperatures may influence the ability and endurance 
of outdoor workers. Moreover, the combined exposure 
to PM and high temperatures may contribute to adverse 
health outcomes and lower worker performance.  
Humidity plays an important role in controlling the activity 
of particles and affects particle aggregation, deposition, 
and inhalation (10–11). In this study, the term “worker 
performance” refers to the ability of agricultural workers 
to complete tasks efficiently and accurately under 
environmental exposure conditions. Worker performance 
was evaluated using task completion time, work accuracy, 
and fatigue level during agricultural activities. The term 
was used consistently throughout the study to represent 
functional work outcomes under particulate and climate 
exposure conditions.

The above findings indicate a substantial gap in 
the literature in this domain. This gap lies in the non-
integrated examination of exposure to PM, performance 
effects on the laborers, and the effect of weather 
elements. Prior literature has been largely concerned 
with how exposure affects the health of affected subjects 

without considering the functional aspects of the same. 
In addition, not enough field data exists concerning real-
life exposure among laborers in tropical agriculture. 
(12–13). This research seeks to determine the influence 
of occupational exposure to air particulates (PM₂.₅ and 
PM₁₀) on worker performance in agricultural settings 
under different climatic conditions, with emphasis on the 
contribution of temperature and humidity. Occupational 
exposure to particulates (PM₂.₅ and PM₁₀) is expected 
to have a negative impact on worker performance, which 
could be measured using physical and work-based 
measures. Besides, climatic factors such as temperature 
and humidity are expected to show considerable 
influence.

METHODS 

Cross-sectional studies were conducted 
in chosen agricultural settings where the regular 
occurrence of dust production due to activities such 
as harvesting, land preparation, and cultivation of soil 
took place. Study participants comprised farmworkers 
aged 18 years and older who had six months or more 
of working experience. People suffering from chronic 
illnesses involving their respiratory and cardiovascular 
systems were not considered for the study. The purposive 
sampling approach was used in order to incorporate 
participants involved in dust-producing agricultural 
operations. For the correlation and multiple regression 
analyses, power analysis was conducted through the 
use of G*Power Software by estimating the sample size 
using the medium effect size (f² = 0.15), significance 
level (α = 0.05), and statistical power (1 − β = 0.80). A 
minimum of 92 respondents were required for the study. 
However, 150 farmers were used in this experiment to 
allow for non-response and to enhance the validity of the 
analysis (14). 

Particulate matter (PM₂.₅ and PM₁₀) exposure 
in the air was determined as the independent variable, 
with the measure for the variable expressed in µg/m³. 
As for the dependent variable, worker performance was 
assessed using task completion time, work accuracy, 
and fatigue level. Higher work accuracy and shorter task 
completion time represented better worker performance, 
while higher fatigue scores represented lower worker 
performance. The indicators were evaluated collectively 
to represent overall worker performance under 
environmental exposure conditions. Environmental 
temperature (C) and relative humidity (%) were also 
computed. The other covariate variables considered are 
age, employment duration, alcohol consumption and 
PPE utilization. The work performance was estimated 
by a structured observation form where the time of 
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completion and accuracy of work were recorded. Fatigue 
perception was predicted by Borg Rating of Perceived 
Exertion (RPE) scale which had been widely used in 
previous studies. The range of the scores had a value 
of 6 to 20; the higher value, the higher the fatigue. 
The observations were done by trained observers with 
standardized procedures for reliability.

Concentrations of total suspended particles 
(PM2.5 and PM10) in the air were quantified using a 
pre-calibrated portable air quality monitor. Before data 
collection, the monitor was calibrated following the 
manufacturer’s guidelines (15). Measurements were 
taken during active hours only while on the job, and were 
averaged over an 8-hour window and reported as time-
weighted averages (TWA). Sampling occurred at the 
worker’s breathing zone to represent personal exposure. 
The ambient temperature (°C) and relative humidity (%) 
were recorded every 5 min, using a digital environmental 
meter. The results were then computed on the working 
duration to show the exposure conditions. Climate 
measures were taken with the sampling of particulates 
during worker activity periods ensuring the accurate 
measurement of exposures. Temperature and humidity 
were also recorded using a digital environmental meter. 

Before analysis began, the data quality was 
checked carefully. Any record with missing values 
or incomplete observations was removed from the 
dataset. Statistical measures identified outliers, and we 
discarded them when measurement error or technical 
failure caused them. Normality, linearity, as well as 
consistency were also checked before the analysis. The 
Pearson correlation and regression were assessed using 
histograms, normal probability plots, and scatterplots. 
Before multiple regression analysis, we first evaluated 
the statistical assumptions. We checked residual 
normality, linearity, and multicollinearity to confirm that 
the regression model was suitable. During the workers’ 
activities, observation took place. Particulate matter and 
climatic conditions were measured at the same time, 
while worker performance was recorded immediately. 
Using statistical packages, we analyzed all data 
statistically and obtained descriptive statistics for each 
variable. Pearson correlation analysis was examined 
for the relation between particulates and worker 
performance. After adjusting for climatic conditions and 
covariates, multiple linear regression analysis assessed 
the association between particulate exposure and 
worker performance. The regression variables were then 
selected for their theoretical relevance and for findings 
from previous literature studies discussing occupational 
and environmental health. Variables presenting possible 
correlations from preliminary analysis were selected for 
inclusion to the final regression model. A p-value of less 

than 0.05 was considered statistically significant. This 
study was approved by the Institutional Research Ethics 
Committee (IREC-2025-111). All participants gave written 
informed consent before the experiment. All procedures 
adhered to the Helsinki Declaration.

RESULTS 

The number of agricultural workers who took 
part in this study is 150 (response rate = 90.9%). All 
responses were used for the descriptive statistics. After 
data cleansing, missing values of 2.0% were deleted. 
The remaining case used for the multivariate analysis 
was 147. The low percentages of cases with missing 
values indicate higher data quality and reduced response 
bias. Particulate matter behaved with high dispersion 
in the air environment at the location. The mean PM2.5 
concentration for the study site was 48.6 ± 12.3 g/m3 and 
PM10 was 92.4 ± 20.7 g/m3. The median values were less 
than the means; this indicates asymmetric fields with 
higher concentration observations (Table 1). Also, 33.3% 
of PM2.5 concentrations were over 55 g/m3 and 40.0% of 
PM10 were more than 100 g/m3. This suggests a potential 
for high particle exposure for farm workers, mainly of dust 
generating activities (Table 1). Workers had statistically 
significant differences in measured performance, which 
could be in response to different activity requirements 
or individual differences in reacting to the occupational 
environment (Table 2). The task completion time was 
43.2 ± 8.5 min and 56.7% of workers performed the task 
in 36 to 50 min.

Table 1. Descriptive Characteristics of Study Variables

Variable Mean ± 
SD Median (IQR) Min–Max

PM₂.₅ (µg/m³) 48.6 ± 12.3 46.8 (39.2–55.7) 25.4–78.9

PM₁₀ (µg/m³) 92.4 ± 20.7 89.5 (75.3–105.8) 50.2–140.6

Temperature 
(°C)

32.1 ± 2.8 32.0 (30.5–34.0) 27.5–37.0

Relative 
Humidity (%)

68.5 ± 8.2 69.0 (62.0–75.0) 50.0–85.0

Task 
Completion 
Time (min)

42.5 ± 8.6 41.0 (36.0–48.0) 25–65

Fatigue Score 13.2 ± 3.1 13.0 (11.0–15.0) 7–20

Work 
Accuracy (%)

86.4 ± 6.8 87.5 (82.0–92.0) 70–98

This pattern suggests that the majority of workers 
had completed tasks at a steady pace. However, some 
minor variation remained. Accuracy was relatively high, 
at 84.5 ± 7.2% on average. In total, 83.4% of workers 
reached at least 80% accuracy. Even with environmental 
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exposure, most respondents still performed their jobs in 
a satisfactory manner. Based on the Borg RPE scale 
used, the fatigue index was 13.8 ± 2.9, which indicates 
moderate fatigue. In total, 23.3% of respondents fell into 
the high-fatigue group. A meaningful share of workers 
likely experienced physical fatigue while completing their 
tasks. This difference in fatigue could affect performance 
outcomes in stressful environments. The correlation 
analysis reported a negative correlation among being 
exposed to air particulates and the performance of workers 
(Table 3). PM₂.₅ and PM₁₀ were analyzed, and PM₂.₅ 
had a stronger association with worker performance. For 
this reason, the regression interpretation and discussion 
mainly focused on PM₂.₅ as the primary predictor in the 
final model.

 
Table 2. Distribution of Study Variables by Category

Variable Category Frequency 
(n)

Percentage 
(%)

PM₂.₅ (µg/m³) ≤ 35 28 18.7
36–55 72 48.0
> 55 50 33.3

PM₁₀ (µg/m³) ≤ 50 12 8.0
51–100 78 52.0
> 100 60 40.0

Task ≤ 35 min 30 20.0
Completion 36–50 min 85 56.7
Time > 50 min 35 23.3

Fatigue Score Low (≤ 10) 25 16.7

Moderate 
(11–15) 90 60.0

High (> 15) 35 23.3

Work ≥ 90 55 36.7
Accuracy 80–89 70 46.7
 (%) < 80 25 16.7

Temperature ≤ 30 35 23.3
(°C) 31–34 80 53.3

> 34 35 23.3

Humidity ≤ 60 30 20.0
(%) 61–75 85 56.7

> 75 35 23.3

There was a negative correlation between the 
exposure to PM₂.₅ particulates and performance (r = 
−0.42, p < 0.001), suggesting an association between 
higher levels of particulate exposure and lower 
performance. This was consistent with the general trend 
observed for PM₂.₅ which is known to cause increased 
strain on the body. Temperature showed a negative 
correlation with the performance of workers (r = −0.35, 
p < 0.001), indicating that higher temperatures may be 
associated with poorer worker performance. However, 
the relative humidity did not have a significant effect on 
worker performance (r = −0.12, p = 0.143).

Table 3. Relationship Between Particulate Exposure and 
Worker Performance

Variables Worker Performance (r) p-value
PM₂.₅ (µg/m³) −0.42 < 0.001
PM₁₀ (µg/m³) −0.38 < 0.001

Temperature 
(°C)

−0.35 < 0.001

Relative 
Humidity (%)

−0.12 0.143

The multiple linear regression was adopted to 
assess this relationship. After controlling for all other 
factors, it emerged that the concentration level of PM₂.₅ 
acted as an independent statistical determinant for work 
inefficiency (β = −0.31, SE = 0.10, p = 0.002). In addition, 
temperature was significantly associated with lower 
worker performance (β = −0.27, SE = 0.09, p = 0.004). 
In addition, these coefficient estimates were of a similar 
magnitude and direction. This implied robustness of 
findings from these independent predictors. The model 
explained 38% of variation in worker performance (R² = 
0.38; Table 4). This indicates that additional occupational, 
behavioral, and individual factors may also contribute to 
worker performance outcomes. There was no indication 
of multicollinearity among predictors. Residual analysis 
showed no major violation of regression assumptions. 
The residuals were approximately normally distributed, 
and no serious heteroscedasticity or influential outliers 
were detected. Preliminary diagnostic assessment 
indicated no major violation of normality or linearity 
assumptions for Pearson correlation analysis.

Table 4. Analysis of Factors Affecting Worker Performance 
Using Multiple Linear Regression

Variable β SE t-value p-value 95% CI
PM₂.₅ (µg/
m³)

−0.31 0.10 −3.10 0.002 −0.51 to −0.11

Temperature 
(°C)

−0.27 0.09 −2.95 0.004 −0.45 to −0.09

Humidity 
(%)

−0.08 0.07 −1.25 0.210 −0.22 to 0.05

Age (years) −0.05 0.06 −0.97 0.332 −0.17 to 0.06

Work 
Duration 
(years)

−0.04 0.05 −0.84 0.401 −0.14 to 0.05

Smoking 
Status

−0.06 0.05 −1.07 0.287 −0.16 to 0.04

PPE Use 0.09 0.06 1.57 0.118 −0.02 to 0.20

DISCUSSION 

The agricultural microenvironment is a biological 
bottleneck, where the movement of particulates 
suspended in the air may create periods of increased 
exposure risk that cannot be detected using standard 
ambient measurements. Though there are air quality 
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stations in place for monitoring the air quality at the 
regional level, the consistently high levels of PM₂.₅ 
observed at the site suggest that agricultural workers 
are subjected to constant exposure to a respiratory 
barrier. Instead of merely recognizing the poor quality 
of air in the region, the study’s findings suggest that 
existing OSH management systems may be insufficient 
for the episodic and situational context of developing 
tropical countries. High-level exposure events occurring 
during dust-generating activities may create periods 
of increased exposure risk. Therefore, task-based 
monitoring approaches may provide useful additional 
information compared to centralized environmental 
monitoring data. This suggests that workers may be 
experiencing physiological strain while maintaining 
task performance. One possible explanation for the 
observed high work accuracy despite moderate-to-high 
fatigue levels is that workers may continue performing 
tasks under physiological strain. This finding may reflect 
adaptive work behavior in response to environmental 
exposure conditions, particularly during physically 
demanding agricultural activities (16–18).

Fine particles may be associated with 
reduced worker performance through respiratory and 
cardiovascular strain may cause mild irritation, which 
results in mental fatigue and physical exhaustion. 
This result is confirmed by findings of, whose study 
demonstrated how harmful the effects of outdoor air 
pollution are for labor productivity even at non-lethal 
levels (19). The findings suggest that particulate 
exposure may have a stronger association with worker 
performance than humidity levels. Increased temperature 
level can contribute to faster breathing and higher 
particulate intake when performing strenuous activities. 
This relationship shows the importance of considering 
environmental factors.

This consistent performance accuracy, even with 
low variability in performance completion time, shows 
that the agricultural laborers can adopt compensatory 
strategies in order to perform tasks in an environment 
that is characterized by occupational stressors like 
exposure to particulate matter. While the majority of the 
participants showed high performance accuracy (≥ 80%), 
the variation in performance completion time signifies the 
adoption of a slower rate of task completion to ensure 
accuracy. This behavioral pattern is similar to the results 
of recent occupational ergonomics studies, indicating 
that laborers exposed to environmental stressors may 
adjust their working speed to maintain accuracy to avoid 
physiological strain and cognitive overload (20–21). 

The moderately high RPE score (mean RPE 
≈13.8) alongside a relatively high percentage of workers 
exhibiting fatigue (23.3%) emphasizes the importance of 

physiological strain as a mediator. Several recent studies 
on occupational health demonstrate that fatigue may be 
associated with reduced endurance and work efficiency 
over time when performing a given task, especially those 
involving physical work in agriculture (21–22). This could 
explain why performance accuracy remained unaffected 
despite the increasing variability in task completion 
time. 

Employees who regularly work within a polluted 
environment may develop adaptive physiological and 
behavioral responses which may help them maintain. This 
can be done by pacing themselves, prioritizing their tasks, 
and increasing resistance to environmental pressures. But 
this does not mean that there are no dangers involved 
since workers may still experience physical strain even 
though they can work effectively. Workers’ abilities to 
maintain task performance can mask physiological strain. 
The findings show that fine particulate matter (PM₂.₅) as 
an environmental factor is significantly associated with 
worker performance, which is supported by biological and 
occupational health evidence (22–23). Fine particles can 
also penetrate deeply inside the lungs and broader body 
system. This may contribute oxidative stress, inflammation, 
and neurophysiological dysfunction. The pathways 
have shown consistent associations with poor cognitive 
functioning, decreased attention span, and slow psychomotor 
responses, all of which may influence performance and 
decision-making abilities (24–25). Previous research shows 
that low to moderate levels of exposure to PM₂.₅ have been 
associated with to observable changes in cognitive abilities, 
especially those that require focused attention and accuracy 
(26–27). 

Environmental factors such as high temperatures 
have been reported to play an important role in 
shaping occupational outcomes, specifically through 
physiological strain such as dehydration, increased 
heart rate, and poor thermoregulation which may 
contribute to lower endurance and fatigue. Humidity has 
shown a statistically insignificant relationship since it 
has minimal bearing on job productivity as opposed to 
being an independent stressor. However, humidity levels 
have a direct impact on thermal perception and comfort 
during breathing, depending on the interrelationship with 
temperature. Recent studies in environmental health 
suggest that humidity may not act as an independent 
factor associated with worker performance since it acts 
either as a stress modifier or co-factor alongside other 
environmental stressors. The high temperatures were 
significantly correlated with reduced work productivity in 
occupations that take place in open environments, such 
as outdoor and agricultural industries, where there is 
limited scope for adopting coping measures. In addition, 
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heat has been associated with cognitive impairment, 
reinforcing the idea that environmental stressors may 
influence both physical and mental aspects of work.

The findings suggest that environmental factors 
such as particulate exposure and temperature may 
contribute to variations in worker performance, although 
other occupational and individual factors may also 
play important roles. However, while the presence of 
environmental factors may account for some degree 
of variability in worker performance, other variables 
related to individual differences could play a moderating 
role as per occupational health theories. Therefore, any 
intervention should take into consideration the interaction 
between environmental and worker-based factors in 
order to improve worker performance.

There are several constraints that must be 
noted in interpreting the results from this analysis. First, 
the cross-sectional design of this study limits the ability 
to identify causal associations between environmental 
exposure and worker performance. Although there are 
ample scientific evidence and biological plausibility 
supporting the association, a deeper understanding 
of the temporal dynamics of environmental exposure 
and its effect on the outcome cannot be fully captured. 
Second, the measurement of environmental factors was 
likely conducted at specific points in time and could 
not capture variations in exposures within the day. The 
potential for exposure misclassification due to changes in 
particulate matter concentration and temperature cannot 
be ruled out. Third, individual characteristics were not 
accounted for as confounders in this study, although they 
affect fatigue and performance. Fourth, the possibility 
of healthy worker bias should also be considered in 
interpreting the findings. Workers who remained actively 
employed in agricultural activities may have been 
physically healthier or more adapted to environmental 
exposure compared to individuals who had left the 
occupation due to health-related reasons. Therefore, 
the observed associations may underestimate the actual 
impact of particulate exposure on worker performance. 
Nevertheless, these limitations do not substantially affect 
the overall interpretation of the findings. The agreement 
of the results with known physiological mechanisms and 
the latest scientific evidence contributes to the validity 
of the discovered associations. In addition, the lack 
of multicollinearity and the stability of environmental 
factors imply the independent nature of these variables, 
which makes them even more relevant as key drivers of 
worker performance. Further investigations could benefit 
from adopting longitudinal approaches, using real-time 
measures of environmental exposures, and accounting 
for personal vulnerability to environmental stressors.

CONCLUSION

Results suggest that environmental exposure 
(mainly PM2.5) and temperature can factor into changes 
in worker performance in agriculture. Workers were 
able to sustain work accuracy with moderate fatigue, 
which illustrates adaptation effects linked to physically 
demanding work. There were no significant findings 
between relative humidity and worker performance. 
This study shows empirical evidence that environmental 
exposure conditions have an effect on worker 
performance in agriculture. Therefore, minimizing 
environmental exposure levels in the work place can 
contribute to supporting sustainable worker performance 
in the agriculture industry.
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