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Abstract: Road transport and traffic congestion significantly contribute to dust pollution, which
negatively impacts the growth of roadside plants in urban areas. This study aims to quantify the air
pollution tolerance index (APTI) and analyze the impacts of dust deposition on different plant species
and trees planted along a busy urban roadside in Lahore, Pakistan by considering seasonal variations.
The APTI of each species is determined based on inputs of various biochemical parameters (leaf
extract pH, ascorbic acid content, relative water content, and total chlorophyll levels), including
dust deposition. In this study, laboratory analysis techniques are employed to assess these factors
in selected plant species such as Mangifera indica, Saraca asoca, Cassia fistula, and Syzygium cumini. A
statistical analysis is conducted to understand the pairwise correlation between various parameters
and the APTI at significant and non-significant levels. Additionally, uncertainties in the inputs
and APTI are addressed through a probabilistic analysis using the Monte Carlo simulation method.
This study unveils seasonal variations in key parameters among selected plant species. Almost all
biochemical parameters exhibit higher averages during the rainy season, followed by the summer
and winter. Conversely, dust deposition on plants follows an inverse trend, with values ranging from
0.19 to 4.8 g/cm?, peaking during winter, notably in Mangifera indica. APTI values, ranging from
9.39 to 14.75, indicate varying sensitivity levels across species, from sensitive (Syzygium cumini) to
intermediate tolerance (Mangifera indica). Interestingly, plants display increased tolerance during
regular traffic hours, reflecting a 0.9 to 5% difference between the APTI at peak and regular traffic
hours. Moreover, a significant negative correlation (—0.86 at p < 0.05 level) between APTI values
and dust deposition suggests a heightened sensitivity to pollutants during the winter. These insights
into the relationship between dust pollution and plant susceptibility will help decision makers in the
selection of resilient plants for urban areas and improve air quality.

Keywords: air pollution tolerance index; dust deposition; urban pollution; air quality

1. Introduction

Urban vegetation, including vegetation buffers comprising shrubs and dense trees,
serves as a critical tool in mitigating the adverse effects of air pollution in densely populated
areas [1,2]. These green spaces act as natural filters, intercepting pollutants and providing
cost-effective solutions to combat traffic pollution [1,3]. Despite recent research highlighting
their significant benefits in reducing concentrations of pollutants, there remains a notable
gap in the knowledge of specific mechanisms underlying their effectiveness, particularly in
high-traffic urban environments [4-7]. The efficacy of vegetation buffers is contingent on
appropriate species selection and the tolerance of plants towards pollution [8,9]. Inappro-
priate plant choices can compromise the filtering performance of buffers and exacerbate
pollution exposure [10,11].
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In Pakistan, Lahore is ranked among the top five most polluted cities in the world,
with the transport sector serving as a significant contributor to air pollution [12]. Ac-
cording to the World Health Organization (WHO) data from 2021 (November), Lahore’s
average yearly air quality index (AQI) is 203, which is considered unhealthy [13]. There
have been instances when Lahore’s AQI exceeded 300, a hazardous level, prompting
authorities to declare emergencies and shut down schools due to average PM, 5 values
exceeding 79.2 ng/m? [12]. However, there is a lack of research investigating the impact of
traffic-induced pollution on roadside plant species, particularly dust deposition, and their
resilience mechanisms [14,15]. Similar challenges exist in other polluted cities worldwide,
such as Delhi, India and Beijing, China, where vehicular emissions significantly impact
air quality and road side plants [16,17]. This knowledge gap leaves a critical void in the
understanding of urban vegetation’s response to pollution stressors.

The growth of roadside plant species is adversely affected by poor road infrastructure
and high volumes of traffic, while trees and plants play a crucial role in reducing air
pollution through processes such as adsorption, accumulation, and deposition [18-20].
Although past studies indicate that one square meter (m?) of leaf area can absorb between
70 mg and 2.8 g of particulate matter per annum [2,21], research investigating the impact of
particulate matter deposition on various species, particularly related to seasonal variation
within traffic-induced contexts, remains limited [3,22]. Research in this area holds promise
for developing more resilient urban ecosystems and improving public health outcomes
for residents.

In Asian countries with limited access to satellite data, laboratory techniques are
reliable for quantifying the air pollution tolerance index (APTI) of plants [11]. The APTI
is a crucial metric used to assess the susceptibility levels of plants to dust or other air
pollutants [23]. Although hyperspectral methods (such as using spectral sensors and
machine learning methods [24]) offer time-efficient alternatives, they may not be suitable
for areas with limited access to satellite databases or technical expertise [25]. This makes
laboratory-based approaches preferable for local-scale studies, allowing for a more nuanced
understanding of the impacts of pollutants on different plant species [26].

Building upon the understanding of urban vegetation’s pivotal role in mitigating
air pollution, particularly in densely populated areas like Lahore, Pakistan, the present
study seeks to address the knowledge gaps in assessing the resilience of roadside plant
species to pollution stressors. Thus, the primary objective of the present study is to quantify
the air pollution tolerance index (APTI) and analyze the impact of dust deposition on
selected plant species along a busy urban roadside in Lahore, Pakistan while considering
seasonal variations and other biochemical parameters (such as total chlorophyll, relative
water content, and ascorbic acid). This research concentrates on a busy road with high
traffic volumes to assess the tolerance levels of different plant species in these challenging
conditions. This study is important as it provides valuable insights into the resilience of
urban vegetation in polluted environments and can guide urban planners and environmen-
talists in selecting the most suitable plant species for mitigating pollution and improving
air quality in urban areas.

2. Materials and Methods

The following framework (Figure 1) was used to conduct this research: (a) The first
step was to collect leaf samples from selected plant species to measure a dust deposition
(PMjp). This method involves weighing the leaves before and after washing to calculate the
dust content (mg/ cm?). (b) Additionally, a leaf extract pH method was used to measure the
acidity or alkalinity of the leaf extract. (c) An ascorbic acid test was conducted to determine
the ascorbic acid content of the leaves using a spectrophotometric method. (d) The relative
water content (RWC) of the leaves was also measured to assess the plants” water statuses.
(e) Finally, the total chlorophyll values were determined using a spectrophotometer to
measure the optical density at two wavelengths and calculate the chlorophyll a, chlorophyll
b, and total chlorophyll contents. The above-mentioned parameters were used to calculate
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the air pollution tolerance index (APTI) for each plant species, indicating their tolerance
to air pollution. Meanwhile, a digital camera with a tripod and 1200-pixel resolution was
used to record the number of vehicles in traffic. The dust concentration values helped in
understanding the amount of dust deposited on the leaves through dry or wet deposition
(via rain) in the study area.

Field data collection

Lab analysis

Dust
deposition

Relative water
content

Ascorbic acid
test

Chloro-a & b

Air pollution tolerance
index (APTI)

Figure 1. Proposed framework to estimate air pollution tolerance index using lab techniques and
field data.

2.1. Dust Deposition

Leaves were collected from various plant species planted along both sides of Canal
Road. At least three samples from each species were collected for analysis during the
study period. The collected leaves were carefully placed in clean plastic bags and brought
to the laboratory for further examination. It is advisable to weigh the leaves as soon as
possible after collection to minimize potential changes in weight due to environmental
factors such as moisture loss or additional dust settling. Once in the laboratory, the leaves
were weighed and then washed and dried at 65 °C for 1.5 h. The selection of this optimal
time and temperature followed careful evaluation across various temperature settings to
ensure effective drying while preserving leaf integrity and associated properties. After
drying, the leaves were reweighed to calculate dust accumulation using the following
equation [27]:

X1 =X
X=—a— M)

where “X” is the dust content (mg/cm?), “X;” is the initial weight, “X,” is the final weight
of leaves after drying, and “A” is the total area of the leaf (cm?).

2.2. pH of Leaf Extract

The pH of leaf samples was measured by crushing 0.5 g of each leaf sample and
homogenizing it in 50 mL of water. The mixture was centrifuged to obtain the supernatant,
and the pH was measured using a pH meter.

2.3. Ascorbic Acid Test

The ascorbic acid content was determined by using a spectrophotometric method (A
spectrophotometer measures the intensity of light absorbed by a substance across a range



Atmosphere 2024, 15, 659

40f18

of wavelengths. A spectrophotometer is well suited for measuring ascorbic acid due to its
high sensitivity and precision, enabling accurate quantification even at low concentrations
by detecting subtle color changes in reaction with specific reagents [28]). In a test tube, a
solution was prepared comprising 1 g of fresh leaves, 4 mL of oxalic acid/EDTA extracting
solution, 1 mL of orthophosphoric acid, 1 mL (5%) of tetraoxosulphate acid, 2 mL of
ammonium molybdate, and 3 mL of water. The mixture was left to settle for 15 min.
Absorbance of the solution was then measured using a spectrophotometer at 760 nm. The
wavelength and quantity of chemical solutions were adopted from the study [6]. The
concentration of ascorbic acid was calculated from a standard ascorbic acid curve, as shown
in Figure 2.

0.7
0.6
0.5 -

y =0.1435x — 0.0005

0.4 -
0.3
0.2
0.1

0

Absorbance

0.1 0.3 0.5 0.8

Concentration

Figure 2. Standard ascorbic acid curve for ascorbic acid concentration.

2.4. Leaf Relative Water Content Test

Determining the relative water content (RWC) of the leaves is one way to estimate a
plant’s water status in the context of observing the physiological effect of dust deposition.
Firstly, weight of fresh samples was obtained (X¢) and then immersed in water overnight to
obtain the turgid weight (X;). After drying the leaves at 90 °C overnight, the dry weight
(Xq) was recorded, and RWC was calculated using the following expression [27]:

Xe — Xq

RWC (%) = (g =

) x 100 )

2.5. Total Chlorophyll Content Test

The total chlorophyll content of the leaf samples was calculated using spectrophotom-
etry. Approximately 0.4 g of fresh leaf samples was ground in a mortar and pestle and
extracted with 10 mL of 80% acetone. The liquid was centrifuged at 2500x ¢ rpm for five
minutes, and 50 mL of the supernatant was transferred to a volumetric flask. The optical
density (OD) was measured at different wavelengths “A” at 645 nm and 663 nm against an
80% acetone blank sample.

Chlorophyll a content was calculated using the following formula [23,29]:

Chlorophyll a =[(12.7 x OD at Ags3) — (2.69 x OD at Agss)] . B 3)
Chlorophyll b content was calculated using the following formula [23,29]:

Chlorophyllb =[(22.9 x OD at Ags5) — (4.68 x OD at Ags3)]. B 4)
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Where the total chlorophyll was determined as follows [23]:

Total chlorophyll =[(20.2 x OD at Agg5) — (8.02 x OD at Ags3)]. B
Final volume of chlorophyll solution prepared in acetone )
weight of leaf tissues extracted(g)

whereas 3 =

2.6. Air Pollution Tolerance Index (APTI)

The air pollution tolerance index (APTI) was calculated based on an empirical ap-
proach to evaluate the tolerance of plants and trees to dust and air pollution. Plants with
high APTI values are considered more tolerant to air pollutants. APTI was calculated using
the equation provided in [29]:

A (Ct 4+P) + RWC

APTI =
10

(6)

where “A” is the ascorbic acid content (mg/g); “C;” is the total chlorophyll (mg/g); “P” is
the pH of the leaf extract, and “RWC” is the relative water content of the leaves (%).

2.7. Quality Assurance

In this research, quality assurance was carefully maintained through rigorous control
measures and adherence to established guidelines. For the spectrophotometer tests, blank
samples were run to calibrate the equipment and establish a baseline for absorbance
readings, ensuring the accuracy of the chlorophyll and ascorbic acid measurements. The
concentration of ascorbic acid in the samples was calculated based on a standard ascorbic
curve. For this, 0.1 to 0.8 mL of standard ascorbic acid solution was taken in a series of test
tubes, and chemicals were added as before. After the incubation period, absorbance was
measured at 760 nm, and a standard graph was created.

All spectrophotometer readings were taken against a solvent blank sample to eliminate
potential interference and achieve precise and reliable results. For other tests, such as the
pH of leaf extract, the calibration of pH meters was regularly performed using standard
buffer solutions to maintain accuracy. For dust accumulation measurements, leaf samples
were weighed before and after washing to precisely calculate dust content.

2.8. Case Study

Canal Road, located near the junction of Jail Road in Lahore, Pakistan, was chosen as
the study site (31°32/37.51” N and 74°20'58.91” E) due to its status as one of the busiest
roads in the city and the fact that it is part of an extensive urban traffic network. There
are no other potential dust pollution sources near the road, such as industrial buildings
or crowded commercial buildings. Based on the prevalence of specific plant species along
the roadside, four species were selected for this study: Mangifera indica, Saraca asoca, Cassia
fistula, and Syzygium cumini (Figure 3). The morphology of the selected species and their
physical appearances are shown in Supplementary Material Table S1. The focus of this study
was on studying dust accumulation and its impact on these plant species. Leaf samples
were collected from selected plant species during the morning peak hours (8:00-10:00 am)
and normal traffic hours (11:00 am-1:00 pm) to cover traffic intensity. Leaves were gathered
from the lower canopy 4-6 feet above the ground during the winter, summer, and monsoon
seasons. Triplicate samples of fresh and mature leaves were collected per plant. Fresh
and mature leaf samples were collected from four different species at the selected site. For
each tree species, eight individuals were selected for sampling in triplicate (trees on the
road = 8 x 3 replicas x frequency of sampling once a month for a year). This resulted in
288 samples for each species over the entire study period. The selected species were chosen
due to their abundance along roadsides throughout the province, making their analysis
beneficial for understanding air pollution’s impacts on busy roads. Figure 3 illustrates the
sampling sites along the roadside. The study period spanned from 2020 to 2021 (January
to December), providing data across different seasonal conditions for a comprehensive
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analysis. This approach allowed for the assessment of dust deposition patterns and the
seasonal impact of vehicular emissions on the selected plant species.

.4 /O/

Sampling-point: 1{_‘ Canal Rd "
/

- B2

o

Figure 3. Plant species. (a) Saraca asoca; (b) Mangifera indica; (c) Syzygium cumini; (d) Cassia fistula.
(e) Sampling points of selected case study (source: Google Earth Pro).

The study area is in a semi-arid climate. The daily mean temperature averages
24.9 °C. June is the hottest month, with temperatures often surpassing 45 °C. The monsoon
season begins in late June, with July, August, and September being the wettest months.
Additionally, the period from October to February is considered winter, while the period
from March to June is considered summer. The average wind speed ranges from 7 to
13 km/h in the winter and from 15 to 20 km/h in the summer. The number of rainy days
during the monsoon season is crucial for this study due to its potential effect on dust
deposition, as shown in Table S2.

2.9. Traffic Estimation

The selected road is one of the busiest roads in the city, serving as a major thoroughfare
for daily commuting. Canal Road is a two-way road and is a major thoroughfare in Lahore,
and it typically has multiple lanes in each direction to accommodate the flow of traffic. The
road condition and surface adjacent to the trees on Canal Road were assessed to be in fair
condition, with the asphalt pavement exhibiting minor signs of wear and occasional surface
cracks. The area adjacent to the trees showed evidence of routine maintenance, with intact
sidewalks and green belts. The roadside trees on Canal Road are typically planted within 3
to 5 m from the edge of the road. As shown in Figure 4, traffic counts during peak traffic
hours indicate an average vehicular load of 22,475 vehicles per hour, including two, three,
and four-wheeled vehicles. Motorcycles (70 cc) were the most common type of vehicle
(8727 per hour), while public buses were the least common (90 per hour). Many medium-
income residents prefer motorcycles for personal transportation due to affordability. For
public transport, people tend to prefer three-wheeled rickshaws over buses because local
bus routes may not cover all areas. The prevalence of private vehicles is influenced by
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nearby office buildings, resulting in higher numbers of private cars compared to public
transport. During peak hours, the traffic volume increases by 25 to 40% compared to regular
traffic hours. This surge is particularly pronounced in the morning due to rush hours when
commuters are heading to their offices. Road surface conditions play a significant role
in dust generation, as vehicle pressure pulverizes unpaved materials, contributing to
air pollution.

4 stroke Rikshaw
B Regular hours M Peak hours
Bus

Motorcycles (125 cc)
Motorcycles (70 cc)

Small Cars

Type of vehicles

Cars (1300 cc or >)

Trucks (Heavy vehicle)

0 2,000 4,000 6,000 8,000 10,000
Average per day

Figure 4. Average traffic of selected road per day (2020-2021).

2.10. Statistical Analysis

A statistical analysis was performed to evaluate the significance of differences among
group means and explore correlations between various biochemical parameters and the air
pollution tolerance index (APTI). Initially, a one-way analysis of variance (ANOVA) was
employed to determine significant differences among group means, with the F-statistic
being used to assess the overall significance. An ANOVA assesses whether there are
any statistically significant differences between the means of three or more independent
groups. Subsequently, Duncan’s multiple range test (DMRT) was utilized as a post hoc
method to identify specific group variations. Following this, a Pearson correlation analysis
was employed to explore pairwise correlations between various biochemical parameters
and the air pollution tolerance index (APTI). This methodological approach facilitated
a comprehensive examination of the dataset, encompassing both group differences and
pairwise associations.

Furthermore, a Spearman correlation ranking analysis was utilized to elucidate the
relative importance and percentage contribution of various factors, including traffic density,
seasonal variations, dust deposition, and species type, to the overall APTIL. This non-
parametric method facilitated the examination of monotonic relationships between these
factors and APTI scores, providing valuable insights into their respective influences on
plants’ tolerance to air pollution.

Monte Carlo (MC) Method

The MC method offers a direct approach to addressing stochastic uncertainties by
generating numerous random instances of input parameters and providing APTI values
using the resulting mean and standard deviation. Subsequently, the sampled outcomes
are assessed using the probability density function (PDF). For this study, the normal PDF
method is employed, and 1000 iterations are used to analyze uncertainties. The following
expression represents the normal distribution function [30]:

_ G
R ?

oV 21
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Dust deposition (mg/ccm?)

(a)

78

where “P;” is the probability distribution function, “x” represents the random variable of

input parameters, “i” is the mean of x, “o” represents the standard deviation, and “ 02" is
the variance.

3. Results
3.1. Dust Deposition

This study found that dust deposition on leaves varied among different plant species,
with values ranging from 0.19 to 4.8 g/cm?. Figure 5 illustrates the seasonal variation in
dust accumulation on the leaves of the studied plants. All plants experienced higher dust
deposition during the winter (AQI: 79-247), followed by the summer (AQI: 39-56), with
the lowest accumulation in the rainy season (AQI: <50) [12]. The highest accumulation in
winter may be due to the wet surfaces of leaves capturing dust particles in foggy conditions,
with gentle breezes limiting particle dispersion. In contrast, dust particles are washed
away on rainy days, resulting in lower accumulation compared to the winter. Among the
studied species, Mangifera indica experienced the highest dust accumulation, followed by
Saraca asoca, Cassia fistula, and Syzygium cumini. Cassia fistula and Syzygium cumini had
less dust deposition due to their smooth surfaces and minimal roughness. The higher
dust deposition on Mangifera indica may be attributed to its waxy coating, roughness, and
slightly folded margin compared to other species. However, a higher dust deposition
does not necessarily indicate sensitivity to air pollution. A further biochemical analysis is
required to identify sensitive species, as discussed in the next section.
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* & J_ ==
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Méng.lfera Saraca Cflssm Syzyg.lu.m Mangifera Saraca Cassia Syzygium
indica asoca fistula  cumini (b) indica asoca fistula cumini
5
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Figure 5. Box plot of dust deposition on selected plant species based on various seasons. (a) Winter
(October-February); (b) summer (March—June); (c) monsoon season (July—September).
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3.2. Biochemical Analysis
3.2.1. Leaf Extract pH

The pH of leaf extract is an indicator of a plant’s susceptibility to air pollution. A lower,
more acidic pH suggests that photosynthesis may be reduced, rendering the plant more
sensitive to air pollution. In contrast, a higher, more alkaline pH indicates greater resistance
to air pollution and other contaminants. An acidic pH also leads to decreased cell sap in
plants and a reduced transformation of hexose sugars into ascorbic acid. The pH levels
of the four studied species ranged between 5.5 and 8, as shown in Figure 6. According to
past studies, a pH range between 4.4 and 8.8 encompasses both intermediately tolerant and
sensitive plant species [29]. Therefore, the studied species can be considered intermediately
tolerant and sensitive to air pollution. Seasonal variation had different effects on plant
species, with an average higher pH level being observed during the rainy season compared
to the summer, and the lowest pH levels being observed in the winter. The pH values
during the summer may be attributed to increased dust accumulation, which leads to
particle dissolution in cell sap. Additionally, the washing of leaves during the rainy season
may contribute to higher pH levels. Regarding sensitivity, Mangifera indica was found to be
the most sensitive species based on the pH levels, followed by Syzygium cumini. In contrast,
Saraca asoca and Cassia fistula showed pH levels ranging from neutral to alkaline, indicating
less sensitivity to air pollution.

10 A 10
e 58 =
=
v 6 A 36
5 4 54
n T
a,
&, 2
0 T T T O T T T
Mangifera  Saraca Cassia  Syzygium Mangifera  Saraca Cassia  Syzygium
(@) indica asoca fistula cumini (b) indica asoca fistula cumini
10 +
8 A *
o = = =
k]
g
54
S
2
5 2
T
e
O T T T
Mangifera Saraca asoca  Cassia Syzygium
(c) indica fistula cumini

Figure 6. Box plot illustrating seasonal leaf extract pH variation across different plant species.
(a) Summer; (b) winter; (¢) monsoon season.

3.2.2. Chlorophyll Content

The chlorophyll content of plants is a significant parameter that evaluates photosyn-
thetic activity, growth, and biomass development. A higher level of vehicular pollution
typically correlates with a lower chlorophyll content in plants. The selected plant species
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Total Chlorophyll (mg/g)
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demonstrated significant variation in the total chlorophyll content, ranging from 1.96 to
2.86 mg/g, as shown in Figure 7. Among the four species, Mangifera indica had the highest
total chlorophyll content at 2.43 mg/g, which was significantly different from the other
species. This was followed by Cassia fistula (2.5 mg/g), Syzygium cumini (2.3 mg/g), and
Saraca asoca (2.2 mg/g). The variation in chlorophyll content among the species may be due
to the different environmental conditions and pollution levels, as well as the sensitivity of
the plants.
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Figure 7. Box plot showing total chlorophyll values of selected species. (a) Summer; (b) winter;
(c) monsoon season.

Dust accumulation on the plants can interfere with the process of photosynthesis,
which is essential for plant growth. The greater the dust deposition, the lower the chloro-
phyll content. Plants with a total chlorophyll content between 0.90 and 9.38 mg/g are
categorized as being sensitive to pollution, indicating that all of the studied species were
sensitive to pollution load. In terms of seasonal variation, the chlorophyll content followed
a similar trend to the pH levels, with a higher content during the rainy season, followed by
the summer, and the lowest levels during the winter.

3.2.3. Relative Water Content

The impact of pollutants on the transpiration rate in plant leaves can reduce the
relative water content (RWC) in the leaves. Dust on the plant may also absorb water from
non-cutinized plant surfaces, such as leaves, stems, and branches, particularly in high-
temperature conditions. This can lead to an increase in evaporation from the plant, resulting
in a decrease in the RWC. High RWC levels were observed during the rainy season, followed
by summer and winter (Figure 8). The current findings show that the average maximum
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RWC was recorded for Syzygium cumini during the monsoon season (94.8%), while the
minimum RWC was recorded for Cassia fistula during the winter (77.5%). The average
ranking for the RWC values of the plant species is as follows: Mangifera indica (91.93%)
> Syzygium cumini (88.73) > Saraca asoca (87.39%) > Cassia fistula (84.1%). The RWC status
of leaves depends on physiological variables, such as leaf turgor, stomatal conductance,
transpiration, photosynthesis, and respiration. An RWC value ranging between 51.3% and
84.0% is usually correlated with sensitive plant species [11]. Therefore, Cassia fistula was
found to be the most sensitive during the summer and winter seasons.
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Figure 8. Box plot of relative water content observed in different plant species. (a) Winter (b) summer;
(c) monsoon season.

3.2.4. Ascorbic Acid

Ascorbic acid plays a crucial role in stress tolerance, serving as an antioxidant that is
present in large amounts in all growing plants. It influences resistance during exposure to
air pollution and adverse environmental conditions. Ascorbic acid is also vital for cell wall
synthesis, defense, and cell division. The reducing power of ascorbic acid is proportional
to its concentration and is dependent on pH. The highest ascorbic acid content was found
in Mangifera indica during the rainy season, measuring 6.4 mg/g, while the lowest content
was found in Syzygium cumini during the winter season, measuring 0.42 mg/g (Figure 9).
Seasonal variation studies showed that the most ascorbic acid was observed during the
rainy season, followed by the summer and winter seasons. The increase in pollution load
during the winter due to meteorological conditions, the heat stress during the summer,
and the washing down of pollutants during the rainy season may influence the ascorbic
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acid content. The ranking order of high ascorbic acid contents for the selected plant species
is Mangifera indica (5.13 mg/g), Cassia fistula (4.09 mg/g), Syzygium cumini (1.07 mg/g),
and Saraca asoca (0.92 mg/g). These results align with the findings of Bhattacharya et al.
(2013). A higher ascorbic acid content in plants is indicative of tolerance against pollutants
such as sulfur dioxide (50,) and nitrogen dioxide (NOy). Plants that are less tolerant to
these pollutants tend to close their stomata quickly upon exposure. A similar effect was
observed for dust particles in this study, suggesting a defense mechanism against pollution.
In sensitive species, ascorbic acid levels can reach up to 8.23 mg/g.
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Figure 9. Box plot showing experimental ascorbic acid content. (a) Summer; (b) monsoon season;

(c) winter.

3.3. Air Pollution Tolerance Index

The air pollution tolerance index (APTI) of a plant indicates its susceptibility to pollu-
tion, such as dust deposition and peak traffic hours, as studied here. A high APTI value
suggests that a plant is more tolerant to pollution. Plants can be classified into three cat-
egories of sensitivity: an APTI < 10 is considered sensitive, an APTI of 10-16 represents
intermediate sensitivity, and an APTI > 16 represents good tolerance [25,29]. The APTI
values calculated for each plant species studied across different seasons are represented in
Table 1. The APTI range for the studied plants is between 9.39 and 14.75, indicating sensi-
tivity to intermediate sensitivity. On average, most species showed the highest tolerance in
the monsoon season and the lowest in the winter. When comparing the APTI results with
seasonal dust deposition, increased dust deposition during the winter is observed due to a
low wind speed and fewer chances of dust dispersion, hence contributing to a low level
APTL Similarly, when comparing the data between peak hours and regular traffic hours,
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the plants showed more tolerance during regular traffic hours. Thus, there is a 0.9 to 5%
difference in the APTI between peak and regular traffic hours. However, the sensitivity
range is not affected by traffic intensity. If a plant has intermediate tolerance, it remains
in the same domain. Table 1 illustrates that Mangifera indica is the most intermediately
tolerant (13.4), followed by Cassia fistula (12.1). Meanwhile, Syzygium cumini is the most
sensitive (9.77), followed closely by Saraca asoca (9.75) as the most sensitive species among
the selected plants.

Table 1. A comparison of the APTI values between different traffic hours and with the data in
the literature.

*
APTI in Current Study (Mean = SD) g "
@ Dust Deposition G ]
. o in Current Study > g
Species 2 ( 2) Y Sources &
& (Mmg/Cj:nSD) Peak Traffic Hours = Normal Traffic Hours 2 -
ean (8:00-10:00 am) (11:00 am~1:00 pm) s &
=
Mm fera Summer 2.28 + 0.80 134+ 0.7 13.4 + 0.45 1621 Samples fr‘zg; ;’jé;o‘i‘;gil;)ces nacity [31]
ica Winter 269+14 1251+ 1.2 129 +0.8 12.7 Roadside with heavy traffic in Mumbai, India [32]
Monsoon 1.14 £ 0.58 1475+ 0.4 145+1.1
S Summer 1.46 +0.11 9.84 £1.0 9.96 £ 1.4 10.77 Around university campus, Gujrat, India [33]
araca asoca Winter 1.64 +0.26 9.51 £0.3 10.140.23 8.45 Roadside along orange line metro, [34]
Monsoon 1.31 & 0.47 9.91 + 0.07 10.7 % 0.29 - Lahore, Pakistan .
Cassia fistula Summer 1.26 + 0.30 13.19+04 13.7 £ 0.6 11.7 Roadside with heavy traffic in Mumbai, India [32]
Winter 1.47 4 0.62 263+12 9.9 & 0.72 14.34 Around university campus, Gujrat, India [33]
Monsoon 0.82 +0.37 13.82 + 0.06 141 £0.56 - ¥ campus, Lujrat, :
Syzygium Summer 0.954 + 0.15 9.73 £ 0.06 10.49 + 1.09
cumini Winter 1.26 +0.30 9.39 + 0.09 9.87 £ 0.07 10.87 Around university campus, Gujrat, India [33]
Monsoon 0.59 +0.34 10.18 £ 0.5 10.68 £ 1.30

* Average values are reported based on yearly data based on different sources.

In addition, Table 1 presents a comparison of the APTI values of the selected tree
species with existing values in the literature, which helps us understand that regardless
of the source type and atmospheric conditions, the tolerance rankings remain relatively
consistent when based on similar species. While traffic intensity plays a qualitative role in
building a scenario, the dust level is a good parameter to quantify the APTI levels of the
species. Moreover, variations in the APTI value in this study, compared to other studies, can
be attributed to disparities in urban conditions such as pollution levels and sources. This
underscores the significance of conducting location-specific studies to better understand
the tolerance levels of various tree species and their potential roles in urban pollution
mitigation efforts.

Figure 10 presents a probability analysis of the air pollution tolerance index (APTI)
for the four selected species, along with their standard deviations and standard errors,
employing the Monte Carlo (MC) analysis methodology. Additionally, it displays the
average APTI values for Mangifera indica (13.75), Saraca asoca (9.74), Cassia fistula (12.17),
and Syzygium cumini (9.76). The normal distribution method was utilized to statistically
ascertain the maximum probability of APTI based on the input variables by employing
Equation (4).

In the selected site, based on the total sample size of 288 leaves per species, significant
correlations among different biochemical parameters and the air pollution tolerance index
(APTI) were observed at the 0.05 level and 0.01 level (see Table 2). The APTI exhibited
significant positive correlations with both the ascorbic acid content and relative water
content (r = +0.92, p < 0.01 and r = +0.82, p < 0.05, respectively). This positive correlation
suggests that higher levels of both ascorbic acid and relative water content are associated
with increased air pollution tolerance, indicating that plants with elevated levels of these
compounds may have enhanced resilience to air pollution stressors. Additionally, a signifi-
cant positive correlation was observed between the APTI and total chlorophyll (r = +0.42,
p < 0.01), indicating that plants with higher APTI values tend to have a good total chloro-
phyll content. However, a negative significant correlation was observed between some
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parameters, for example, pH and dust deposition (—0.86, p < 0.01) (a negative correlation
means the value of one parameter increases and the value of the other parameter tends
to decrease, and vice versa). The matrix shows that there are no statistically significant
relationships between some biochemical parameters. For example, although the relative
water content shows a negative correlation with dust deposition (r = —0.35), these values
are not statistically significant.
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Figure 10. Monte Carlo simulation of APTL (a) Mangifera indica, (b) Saraca asoca, (c) Cassia fistula, and
(d) Syzygium cumini. Note: SD = standard deviation; CV = coefficient of variation; SE = standard error.
Table 2. Correlation matrix among APTI and biochemical parameters.
Total Relative Water . . D
Parameters ota PH elative Wate Ascorbic Acid APTI u§t.
Chlorophyll Content Deposition
Total chlorophyll 1 0.39 ** 0.23 (ns) 0.095 (ns) 0.42 ** —0.404 **
pH (leaf extract) 1 —0.078 * 0.156 ** 0.169 ** —0.59 **
Relative water content 1 —0.51 ** 0.82* —0.35 (ns)
Ascorbic acid 1 0.92 ** 0.29 (ns)
APTI 1 —0.86 *
Dust deposition 1

** Correlation is significant at p-value < 0.01. * Correlation is significant at p < 0.05 level; ns represents non-
significant values.

Figure 11 illustrates the relative contributions of four distinct factors, namely the
species type, seasonal variation, dust deposition, and traffic intensity, by employing Spear-
man’s rank correlation method based on a year’s worth of data. It is evident that these
factors exert varying degrees of influence on the air pollution tolerance index (APTI) for
each species. For instance, in the case of Syzygium cumini, sensitivity is notably higher
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Syzygium cumini
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Magana indica

towards the species type and seasonal variation compared to dust deposition and traffic
intensity. Conversely, for Mangifera indica and Saraca asoca, dust deposition contributes
approximately 12 to 15%. Table 1 shows that during normal traffic hours, the APTI values
are only a little improved. Notably, it is demonstrated that traffic intensity does not have
much influence on the APTI relative to the other parameters.

|11
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% Contribution

Figure 11. Percentage of contribution of various factors on APTI of different species using Spearman’s
rank correlation method.

4. Discussion

The impact of dust pollution on leaf permeability and pollination for the studied plant
species—Mangifera indica (mango), Saraca asoca (ashoka), Cassia fistula (golden shower tree),
and Syzygium cumini (black plum)—warrants closer examination. Dust accumulation on
leaf surfaces can interfere with a plant’s ability to regulate water loss through transpi-
ration [11,34]. This, in turn, may impact the photosynthetic efficiency and overall plant
health, potentially reducing growth and vitality. This study establishes correlations be-
tween various parameters, including dust deposition and APTI, offering valuable insights
into the physiological responses of plants to air pollution, facilitating the management
method of particulate matter. One effective technique for dust control along well-paved
roadsides is the strategic placement of water sprinkler systems combined with the planting
of species exhibiting high to intermediate tolerance to dust accumulation. For instance, in
an urban area with heavy traffic and dust pollution, installing water sprinklers along the
roadside and planting species like Mangifera indica, which showed intermediate tolerance
to dust accumulation in this study, could be particularly beneficial. These sprinkler sys-
tems could be programmed to periodically moisten the surrounding soil and vegetation,
helping to settle dust particles and maintain a cleaner roadside environment. Regular
pruning, trimming, and upkeep of existing vegetation along roadsides can prevent the
accumulation of dust on plant surfaces. This maintenance not only enhances the aesthetic
appeal of roadside vegetation but also improves its effectiveness in trapping dust particles.
Cities like Singapore are known for their meticulous roadside vegetation management
practices, including regular pruning and trimming to ensure optimal air flow and dust
capture [35,36]. The application of dust binding solutions on roadside surfaces, such as
bio-based products or polymer emulsions, can help reduce dust emissions [37,38]. These
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solutions work by binding dust particles together, preventing them from becoming air-
borne. For instance, in parts of Europe, municipalities utilize environmentally friendly
dust-binding agents derived from natural polymers like lignin or cellulose to suppress dust
on paved surfaces [39].

In addition to the direct effects of dust pollution on the studied plant species, meteoro-
logical conditions play a significant role in the dispersion and deposition of dust particles
across the urban landscape. For example, strong winds can transport dust particles over
long distances, leading to increased dust deposition on plants in parks, gardens, and other
vegetated areas [25,29]. Moreover, rainfall can wash dust particles from one area to another,
potentially introducing pollutants to sensitive plant species in previously unaffected loca-
tions. This indirect transfer of dust pollution can have far-reaching ecological consequences,
affecting the health and growth of diverse plant species across urban environments. Solar
radiation could impact the APTI through its effects on the total chlorophyll values and
relative water content of plants. Increased exposure to solar radiation can stimulate chloro-
phyll production, enhancing a plant’s ability to photosynthesize and synthesize protective
compounds against air pollutants [40-42]. Solar radiation contributes to the regulation of
plant water balance, influencing the relative water content, which is crucial for maintaining
physiological functions and resilience to environmental stressors, including air pollution.

This study provides a significant correlation between the APTI and biochemical
parameters, such as the relative water content, ascorbic acid content, and dust deposition,
which underscores the potential for deeper investigations into the physiological responses
of trees to urban air pollution. Determining the variability in factors such as traffic density,
pollution sources, and atmospheric conditions across urban environments is crucial when
extrapolating findings. Moreover, location-specific studies are essential for a comprehensive
understanding of trees’ tolerance to air pollution, and further research is required to explore
the complex interplay between sources, the APTI, and environmental factors, guiding
tailored urban forestry and pollution mitigation strategies. One limitation of this study
is the limited spatial coverage, with only four sampling sites considered for each species
despite analyzing 288 pool samples. Including more diverse sampling sites could provide
a broader understanding of species distribution and environmental dynamics.

5. Conclusions

In this study, the impact of traffic-related dust pollution on roadside plants in an
urban setting was investigated. Our findings reveal that Mangifera indica exhibited the
highest dust accumulation and chlorophyll content, while Cassia fistula and Syzygium
cumini showed lower dust deposition due to their smoother leaf surfaces. Dust deposition
negatively impacts the chlorophyll content, relative water content, and pH of the leaf
extract, affecting plant health and productivity. In addition, seasonal variation influences
the pH levels, chlorophyll content, relative water content, and ascorbic acid levels, with
generally higher values being observed during the rainy season. Plants such as Mangifera
indica and Cassia fistula exhibited higher resistance to pollution, as indicated by their air
pollution tolerance index (APTI), compared to more sensitive species like Syzygium cumini.
Interestingly, traffic intensity had little effect on the APTI compared to other parameters.
This study highlights the significant contributions of species type and seasonal variation
on the APTI and underscores the importance of considering inherent plant characteristics
and environmental fluctuations when assessing air pollution tolerance. Future studies
should focus on the long-term monitoring of dust pollution and its effects on a broader
range of plant species. Investigating the impacts of different road conditions, multiple
sources, and microclimatic conditions, such as environmental stability and solar radiation,
could offer insights into mitigating plant stress due to dust pollution. Moreover, exploring
the potential of using roadside plants as bioindicators for assessing air quality could help
inform urban planning and policy decisions for greener, healthier cities.
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