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ABSTRACT

Aerosol particle pollution has become an increasing serious environmental problem, and ur-
ban vegetation plays a long-lasting and positive role in mitigating it. This study compared
the particle capture abilities of trees, shrubs, and herbs, and examined the compositions
and influence of aerosol particles accumulated on leaf functional traits. Retained particles
primarily contained Ca?*, K+, SO42~,NO3~ and NH,4*, indicating their anthropogenic origins.
The leathery-leaved tree Osmanthus fragrans and the papery-leaved herb Alternanthera sessilis
demonstrated the higher competence in particle accumulation than other plants, and leaf
morphologic structures (e.g., leaf grooves, trichomes, waxy layers, and stomata characteris-
tics) were closely associated with particle capture by plant species. Particle retention nega-
tively impacted stomata, impeding photosynthesis, and reducing transpiration. In response
to particle accumulation, plants tended to decrease specific leaf area and adjust stomatal
conductance. Both growth form and leaf texture significantly influenced the particle capture
abilities of different plant species. The substantial contribution of plants, particularly herbs
in the lower vegetation strata, to particle removal should not be overlooked. Vegetation with
a tree-shrub-herb configuration excels at particle capture, offering potential advantages in

mitigating particle pollution and enhancing ecological benefits.
© 2025 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Air pollution has become a critical environmental issue
(Lelieveld et al., 2015), and particulate matter (hereinafter
referred to as particle) is one of the major air pollutants
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(Gunthe et al., 2021). Aerosol particles are always character-
ized as the smaller size, higher pollution level, wider range
of occurrences, and more complex spatial distributions, pos-
ing considerable threats to human health and adverse ef-
fects on environmental health. Fine particulate matter (PM;s)
can penetrate deeply into the respiratory tract, and even en-
ter the bloodstream, posing a significant risk of worsening
pulmonary function, reducing cardiovascular health, and ag-
gravating chronic respiratory diseases (Cen, 2015). Moreover,
the hazardous toxicity of particles to human health is closely
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correlated with their size, chemical composition, mixed
structure, and spatial distribution (Harrison and Yin, 2000;
Manisalidis et al., 2020; Nel, 2005). In addition, particles have
adverse effects on the environment, such as contributing to
smog problems, especially in winter (Schichtel et al., 2017),
sharply reducing agricultural yields (Gallagher et al., 2002),
and decreasing biodiversity in ecosystems (Finer et al., 2008).
Therefore, it is urgently necessary to find effective and eco-
nomical ways to reduce particle pollution.

When considering eco-sustainable control measures to
combat aerosol particles, urban vegetation can serve as a bio-
logical filter for mitigating particle pollution (Escobedo et al,,
2008; Han et al., 2020; Nguyen et al., 2015). Capturing parti-
cle is a crucial ecosystem service provided by urban vege-
tation (Salmond et al., 2016), and plants offer other ecolog-
ical benefits, such as enhancing bioclimate comfort by of-
fering shade against ultraviolet rays, altering wind speeds,
reducing storm intensity, and lowering traffic noise levels
(Seamans, 2013). Therefore, urban vegetation acts as a natural
receptor for particles (Terzaghi et al., 2013), and has been pro-
posed as an economically and ecologically compatible strat-
egy to reduce particle pollution (Ozdemir, 2019). For exam-
ple, Yin et al. (2011) concluded that urban vegetation has
the capacity to remove 9 % of total suspended PM; s, while
Maher et al. (2013) showed that roadside tree leaves can ad-
sorb over 50 % of indoor particles, thereby improving air qual-
ity. Urban plants can purify aerosol particles through mecha-
nisms including interception, sedimentation, diffusion, trans-
mission, and a combination of these processes (Beckett et al.,
2000; Janhall, 2015). Although some intercepted particles can
be absorbed by plants, the majority retain temporarily on
the leaf surfaces. These particles are eventually resuspended
in the atmosphere, are moved to the ground by changes
in airflow (Zheng and Li, 2019), are washed off by rainfall
(Weerakkody et al., 2018), or are deposited on the ground with
fallen leaves and twigs (Subhash et al., 2004). In brief, urban
vegetation has a long-lasting and positive effect on reducing
particle pollution.

The capacity for particle retention is largely influenced by
prevailing meteorological conditions and the morphological
characteristics of different plant species (Wang et al., 2006).
For example, wind speed and direction can significantly affect
the mechanisms of interception and resuspension (Jacob and
Winner, 2009). Turbulent airflow and associated impaction
contribute to high particle deposition (Tong et al., 2015), while
precipitation can wash away or dissolve the particles re-
tained on plant leaves (Xu et al., 2017). Urban vegetation
varies in species composition and associated canopy structure
(Xu et al., 2019). The complexity of the structure and the leaf
cover area are important factors in determining the effective-
ness of particle retention by vegetation (Hofman et al., 2016).
Additionally, particle retention efficiency varies significantly
among plant species, influenced by factors such as leaf size,
leaf texture, and morphologic microstructures (Perini et al.,
2017; Szebo et al., 2012). For example, leaf characteristics like
phyllotaxis, shape complexity, surface dimension, and epi-
cuticular texture can affect the capture of aerosol particles
(Prusty et al., 2005). Furthermore, the microstructural features
of foliage, such as epicuticular waxiness (Dzierzanowski et al.,
2011), stomata, folds, ridges (Chen et al., 2017), trichomes

(zhang et al., 2019), and emitted sticky substances, signifi-
cantly affect particle deposition per unit area (Kwak et al,,
2019; Petroff et al., 2008). These features increase leaf surface
roughness compared to smooth surfaces, enhancing particle
capture (Li et al., 2020).

Urban greening includes a wide variety of vegetative
structures, such as trees, shrubs, and herbs, which vary in
their effectiveness at alleviating aerosol particle pollution
(Dzierzanowski et al., 2011; Weber et al., 2014). Previous stud-
ies have primarily focused on the role of trees in particle re-
tention (Li et al., 2019b). The contribution of shrubs and herbs
to particle mitigation has often been neglected, despite their
widespread cultivation in urban areas (Sillars-Powell et al,,
2020). Furthermore, there is a lack of rigorous evaluation of
the particle capture capacities of plants with different growth
forms (i.e., plant species that share similar life-history). In this
study, we selected two trees (Osmanthus fragrans and Brous-
sonetia papyrifera), two shrubs (Euonymus japonicus and Kerria
japonica), and two herbs (Hydrocotyle vulgaris and Alternanthera
sessilis) with varying leaf characteristics as the target experi-
mental plants. The aims of this study were as follows: (1) to
evaluate the particle capture capacities of plants with differ-
ent growth forms, (2) to assess the impacts of retained parti-
cles on leaf functional traits, and (3) to explore the correlations
between leaf functional traits and particle capture capacity.
This study will provide scientific insights for developing sus-
tainable urban vegetation strategies to combat aerosol particle
pollution.

1. Materials and methods
1.1.  Sampling sites

The samples were corrected from Hangzhou Normal Uni-
versity (30°17'24”N, 120°0'29"E), located in Hangzhou, a high
urbanized city in Zhejiang Province, Eastern China. It is lo-
cated in a subtropical monsoon region with a subtropical
climate, characterized by warm and moist conditions and
four distinct seasons: a rainy spring, a hot and humid sum-
mer, a dry autumn, a dry and cold winter. In 2021, the mean
temperatures range from a maximum of 29.3 °C in summer
to a minimum of 6.5 °C in winter, with an average annual
temperature of 18.8 °C (http://www.stats.gov.cn/sj/ndsj/2022/
indexch.htm), which is favorable for the growth of broad-
leaved plants. The main sources of aerosol particles were
heavy traffic and vehicle exhausts. In 2021, the annual aver-
age mass concentrations of PM;g and PM, s were 55 pg/m? and
28 ng/m3, respectively (http://www.stats.gov.cn/sj/ndsj/2022/
indexch.htm). The studied sites are located on the university
campus, which covers an area of 216.7 hectares, and is char-
acterized by extensive vegetation and a relatively low mass
concentration of aerosol particles.

1.2.  Studied species

Based on leaf texture, particle capture capacity, growth
adaptability, and distribution area in urban vegetation, six
plant species with different growth forms were selected
as the representative species of urban greening to explore
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Table 1 - Biological characteristics of the studied plants.

Plant species Family Growth form Leaf texture Leaf shape Leaf characteristics

Osmanthus fragrans Oleaceae Evergreen tree Leathery Elliptic or elliptic lanceolate Glabrous, rough.

Broussonetia papyrifera Moraceae Deciduous tree  Papery Ovate or elliptical-ovate Adaxially sparsely covered
trichomes, abaxially densely
covered hooked trichomes.

Euonymus japonicus Celastraceae Evergreen shrub Leathery Elliptic or obovate Glabrous, rough.

Kerria japonica Rosaceae Deciduous shrub Papery Ovate or triangular-ovate Adaxially sparsely covered
trichomes, abaxially densely
covered stellate trichomes along
the veins.

Hyadrocotyle vulgaris Araliaceae Perennial herb Leathery Elliptic or elliptic-lanceolate Glabrous, smooth.

Alternanthera sessilis ~ Amaranthaceae Perennial herb Papery Obovate or Glabrous, rough.

obovate-lanceolate

their capacities for accumulating aerosol particles, including
two trees (Osmanthus fragrans and Broussonetia papyrifera),
two shrubs (Euonymus japonicus and Kerria japonica), and
two herbs (Hydrocotyle vulgaris and Alternanthera sessilis). O.
fragrans is an evergreen tree, widely planted in subtropical
regions with significant economic and cultural importance
(Mu et al., 2014). B. papyrifera is a deciduous tree, extensively
distributed across Asia due to its rapid germination and high
resistance to adverse habitats (Jiao et al., 2022). E. japonicus is
an evergreen shrub, commonly used for street ornamentation
due to its attractive variegate leaves and high tolerance to
air pollution (Yucedag et al., 2019). K. japonica is a deciduous
shrub, commonly cultivated along streets and characterized
with its flowers (Luo et al., 2021). H. vulgaris and A. sessilis
are perennial herbs that grow in the lower strata of urban
vegetation and are widely distributed across Southern China
(iang et al., 2021; Tang et al., 2020). Additionally, these plant
species differ in leaf texture, for instance, O. fragrans, E. japon-
icus, and H. vulgaris have leathery leaves, while B. papyrifera,
K. japonica, and A. sessilis have papery leaves (Table 1).

1.3. Sample collections

Leaf samples were collected on January 4, 2022, ten days after
the rainfall, following a ten-day period of particle accumula-
tion. Each composite sample consisted of leaves randomly se-
lected from the four quadrants of an individual plant, with five
replicates. Twenty leaf samples of each studied species were
collected per treatment, half for Scanning Electron Microscopy
(SEM) observation and the other half for other measurements.
Samples were randomly collected at heights of 1.5-2 m for
trees, 0.5-1 m for shrubs, and 0.1-0.2 m for herbs above ground.
Plant leaves of similar age, in good condition, and of average
size were selected as sample objects, while unhealthy leaves,
such as those damaged by insects or affected by disease, were
excluded. The leaves from studied plant species distributed
across the campus were sampled and immediately placed into
labeled plastic petri dishes to prevent secondary contamina-
tion. Half of the sampled leaves were placed with the top
side up, and the other half were placed with the underside
up, with minimal agitation to prevent the deposited particles
from falling off. The leaf samples were immediately trans-
ported to the laboratory after collection, placed in sealed petri

dishes in a 60 °C oven for 24 h, and then stored in a constant
temperature and humidity environment to achieve a constant
weight before further observation and testing.

1.4. Quantitative analysis of retained particles

1.4.1. Composition characteristics of particles

For leaf samples of each tested plant species, five were placed
with the top side up and five with the underside up, to ob-
serve the particle compositions and morphological structures
on the adaxial and abaxial surfaces, respectively, using Scan-
ning Electron Microscopy (Phenom XL, the Netherlands) cou-
pled with Energy Dispersive X-ray Spectroscopy (SEM-EDS).
For each tested leaf, two 5 mm x 5 mm square segments
were excised near the midrib, avoiding the veins, before be-
ing mounted onto the sample stage using double-sided adhe-
sive tape. Then, the sample segments were coated with a thin
layer of gold (Au) to increase conductivity using a sputter ma-
chine (KYKY SCB-12), before SEM observation at a low accel-
erating vacuum voltage (15 kV). Samples were scanned using
random photography at a magnification of 2000x with a 30 pm
scale to observe the integrated configurations (e.g., size, num-
ber and composition) of particles retained on both the adaxial
and abaxial surfaces, as well as leaf morphological structures,
including trichomes, stomata, wax, grooves, and so on. Five
SEM images of each leaf segment were captured at magnifica-
tion of 2000x, resulting in a total of twenty SEM images of the
adaxial leaf surface and twenty of the abaxial leaf surface for
each plant species. Additionally, typical particles accumulated
on the leaf surfaces were recorded at a higher magnification
(8000x) with a 10 pm scale, and their sources were identified
based on elemental compositions.

Based on particle size, the retained particles were catego-
rized into fine particles (® < 2.5 pm), coarse particles (2.5 < ® <
10 pm), large particles (@ > 10 pm), and total suspended par-
ticles (TSP). The particle diameters were automatically mea-
sured using the Weka Segmentation tool based on SEM micro-
graphs to minimize man-made counting errors. The size dis-
tribution and number density of retained particles were mea-
sured through Image-] software (National Institutes of Health,
USA). Mass concentration and number density were used for
the quantitative analysis of the retained particles. For each
plant species, we randomly selected five SEM micrographs
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of the adaxial leaf surface and five of the abaxial leaf sur-
face to measure the mass concentration and number density
of retained particles. Specifically, the mass concentration of
retained particles per unit leaf area (ug/cm?) was evaluated
using Egs. (1) and (2), while the number density of retained
particles per unit leaf area (10* N/mm?) was calculated using
Eg. (3) (Abhijith and Kumar 2020).

\3
vi-37(%) )
_2iVip
~Liip )
Ng="a ©)

where, V; (um?) is the particle volume; D; (um) is the particle
diameter; m (pg/cm?) is the mass concentration of particles
per unit leaf area; p (2 g/cm?®) is the average density of parti-
cles (Abhijith and Kumar 2020); N4 (10* N/mm?) is the mean
number density of matched particles; Num; is the number of
matched particles; S (um?) is the area of the sampled SEM pho-
tograph.

1.4.2. Measurements of water-soluble inorganic ion

Five leaf samples from each plant species were randomly se-
lected for the measurements of water-soluble inorganic ions.
To extract retained particles from the leaf surfaces, each leaf
sample was immersed in 50 mL of distilled water in a 50 mL
centrifuge tube and placed in an oscillator, shaking at a rota-
tion speed of 30 r/min for 2 h to ensure that all water-soluble
inorganic ions were washed off the leaf surfaces and dissolved
in the water. Water-soluble inorganic ions, such as Ca?t, K+,
S042~,NO;~, NH,+, and so on, were measured using ion chro-
matography (Dionex ICS-600), and their mass concentrations
were calculated using Eq. (4):

C; V.
W, = LS 4
i=T7a 4)

where, W; (ug/cm?) is the mass concentration of a specific
water-soluble inorganic ion per unit leaf area; C; (mg/L) is the
mass concentration of a specific water-soluble inorganic ion;
Vs (cm?) is the volume of distilled water in the centrifuge tube
(50 cm?3); LA (cm?) is the corresponding leaf area.

1.5. Measurement of foliar functional traits

1.5.1. Photosynthesis-related parameters

The photosynthesis-related parameters, including photo-
synthesis rate (P,, umol/(m?s)), stomatal conductance (Gs,
mol/(m?-s)) which is a key measure that quantifies the gas ex-
change ability of stomata, transpiration rate (T,, mmol/(m?-s)),
and leaf temperature (Tieas, °C), were measured on the
sunny day between 9:00 am and 18:00 pm, using a portable
LOCOR 6400 Photosynthesis System (Li-6400). This system
was equipped with a standard leaf chamber, as well as
high-accuracy temperature and light sensors. The measure-
ments of the sampled leaves were conducted under the fol-
lowing conditions: light intensity was approximately 800-
1000 mmol/(m?-s), relative humidity ranged from 30%-35 %,

and CO, concentration was maintained at 400 pmol/mol. Ad-
ditionally, the chlorophyll a/b content was measured using the
SPAD-502 Plus chlorophyll meter (Konica Minolta, Japan) un-
der the same leaf sampling conditions as those used for pho-
tosynthetic efficiency measurements.

1.5.2. Morphological characteristics of plant leaves

Leaf samples were scanned to acquire individual leaf images
using the EPSON V700 scanner (Seiko Epson, Nagano, Japan).
The images were then analyzed to measure leaf area (LA, cm?)
using the leaf surface analysis software WinFOLIA (Regent In-
struments Inc., Quebec Canada). Specific leaf area is one of the
fundamental leaf functional traits related to plant adaptation
to external stress (Xu et al., 2020). The specific leaf area of plant
samples was calculated using Eq. (5):

sia = A (5)
m

where, SLA (cm?/mg) is the specific leaf area of a leaf sample;
LA (cm?) is the leaf area of a leaf sample; m; (mg) is the dried
leaf mass of a leaf sample.

Leaf samples were immersed in 200 mL of chloroform for
90 s to completely remove the wax layer from the leaf surface.
After rinsing, the leaves were oven-dried at 60 °C to a constant
weight. The quantity of epicuticular waxes (WC, mg/cm?) was
determined using Eq. (6):

mip —myp

wcC
LA

(6)
where, WC (mg/cm?) is the epicuticular wax mass per unit leaf
area; m; (mg) is the mass of the dry leaf with wax layer; m,
(mg) is the mass of the dry leaf without wax layer; LA (cm?) is
the leaf area of a leaf sample.

1.6.  Data analysis

Statistical analyses were performed using SPSS 20.0 (SPSS Inc.,
Chicago, USA). Graphics were created with Origin 2021 (Origin
Lab Crop., Northampton, USA) and Adobe Illustrator CC 2021
(Adobe Systems Inc., USA). Two-way analysis of variance (Two-
way ANOVA) was performed to analyze the accumulated par-
ticles and leaf functional traits of plants with different growth
forms and leaf textures. Principal component analysis (PCA)
was conducted to assess the effects of retained particles and
water-soluble inorganic ions on the tested plant leaves. Ad-
ditionally, Spearman’s correlation analysis was used to study
the relationships between the mass concentration of retained
particles and the leaf functional traits of plants with different
growth forms.

2. Results

2.1. The composition characteristics of particles retained
on plants with different growth forms

Plant growth forms and leaf textures significantly affected the
mass concentrations of retained particles, including fine par-
ticles (® < 2.5 pm), coarse particles (2.5 < ® < 10 pm), large par-
ticles (® > 10 pm), and total suspended particles (TSP) (Table 2,
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Table 2 - Two-way ANOVA on the characteristics of parti-
cles retained on plant leaves with different growth forms

and leaf textures.

Particle characteristics Fs F; Ff x Ft
Mass concentration
Fine particles 0.973 33.440** 100.345***
Coarse particles 5.243* 3.255 59.402***
Large particles 41.650*** 67.137*+ 22.671%*
TSP 21.733** 12.891*** 41.319™*
Number density
Fine particles 13.555%* 0.500 85.002***
Coarse particles 11.552%*+ 5.271* 101.102***
Large particles 19.505** 27.807** 8.189"
Ion concentration
Cat 11.005** 0.648 14.020***
K+ 14.917** 15.917* 5.076*
S04~ 6.824** 3.104 2.808
Cl- 4.478* 5.562* 7.143**
NO5;~ 6.271** 4.850* 1.022
Na* 2121 6.965* 5.486**
F~ 2.274 8.840** 4.952*
NH,* 7.004** 1.659 1.780
Mg+ 4.417* 1.510 0.002

Fy: treatment of growth forms; F;: treatment of leaf textures.
“7:p < 0.05; ““*”: p < 0.01; “***”: p < 0.001.

Fig. 1; p < 0.001). Leathery leaves exhibited a decreasing trend
in the mass of retained fine particles, coarse particles, and
TSP from trees to shrubs to herbs, while an increasing trend
was observed in the mass of large particles. For papery leaves,
the mass of all particles retained on herbs was significantly
higher than that on trees and shrubs. Additionally, for trees
and shrubs, leathery leaves retained the higher mass of fine
particles, coarse particles, and TSP compared to papery leaves.
However, papery leaves of herbs retained a significantly higher
mass of particles of all sizes compared to their leathery leaves.
For example, the herb A. sessilis with papery leaves retained
the highest mass of coarse particles, large particles, and TSP.

The number density of retained particles varied with plant
growth forms, leaf textures, and their interactions (Table 2,
Fig. 2). For particles deposited on leathery leaves, the num-
ber density of fine and coarse particles increased from trees
to shrubs, followed by a sharp decrease in herbs. In contrast,
the number density of large particles showed a continuous in-
crease from trees to shrubs to herbs. For papery leaves, the
number density of fine, coarse, and large particles deposited
on herbs was nearly three times higher than on trees and
shrubs. Compared to papery leaves, the leathery leaves of
trees and shrubs retained a higher density of fine and coarse
particles but a lower density of large particles. However, herbs
with papery leaves were more efficient at retaining particles
than those with leathery leaves. For example, A. sessilis, an
herb with papery leaves, exhibited the highest density of de-
posited fine, coarse, and large particles.

Scanning electron micrographs revealed the distribution
of particles and the morphologic structures of leaf surfaces
(Fig. 3). On both the adaxial and abaxial sides of plant leaves,
particles were unevenly aggregated. Stomata were distributed
on the abaxial side of trees and shrubs, while they were

present on both the adaxial and abaxial sides of herbs. Par-
ticles tended to accumulate in the grooves around the stom-
ata. The leathery-leaved tree O. fragrans, shrub E. japonicus, and
herb H. vulgaris were covered with a thick wax layer. The parti-
cles deposited on the tree O. fragrans and the shrub E. japonicus
aggregated on hyphae (a network structure formed by fungi),
while the particles deposited on herb H. vulgaris were trapped
in the shallow grooves (Fig. 3i and j). The papery-leaved tree
B. papyrifera and shrub K. japonica exhibited deep grooves on
the adaxial side (Fig. 3c and g). In particular, the abaxial side
of the tree B. papyrifera was densely covered with trichomes,
facilitating particle deposition (Fig. 3d). In contrast, the adax-
ial side of the herb A. sessilis extensively accumulated parti-
cles of all sizes (Fig. 3k). The abaxial side of the leaf surfaces
exhibited hypostomatic morphology, with irregularly shaped
particles distributed around the stomata, and in some cases,
even entering them (Fig. 3d, h and I).

The high-resolution SEM-EDS images revealed the pre-
dominant types of particles deposited on trees, shrubs, and
herbs of varying vegetation heights (Fig. 4). Specifically, for tree
species, there were deposits of reticular-shaped fungal spores
rich in C, O, and S, irregularly shaped mineral particles with
high contents of Al and Si, and aggregated secondary parti-
cles containing high amounts of Ca, O, and S (Fig. 4a-d). For
shrub species, there were circularly shaped fly ash particles
rich in Si, Ca and O, as well as mineral particles with angu-
lar edges, primarily comprised of Si, O, and Ca (Fig. 4e and f).
Additionally, various secondary particles with spherical and
regular shapes were rich in Si, S, and Ca (Fig. 4g and h). For
herb species, there were irregularly shaped mineral particles
with high contents of Si and O, as well as an abundance of
secondary particles rich in S, Ca, and C (Fig. 4i-k). Additionally,
for both shrub and herb species, some mineral particles were
covered with secondary particles containing a broad range of
elements, including Si, S, and Ca (Fig. 4h and 1).

The concentrations of water-soluble inorganic ions in de-
posited particles varied depending on plant growth form, leaf
texture, and their interaction (Table 2, Fig. 5). Among the
nine types of tested water-soluble inorganic ions in deposited
particles, Ca?t, K+, SO42-, Cl-, and NO3;~ were predominant
(Fig. 5a-€). SO42~, NH*, and Mg?t were primarily influenced
by plant growth form, while Ca?*was affected by both plant
growth form and its association with leaf texture. Additionally,
NO;~varied with plant growth form and leaf texture, while K™
and Cl~ varied with plant growth form, leaf texture, and their
interactions. Plants with different growth forms and leaf tex-
tures exhibited varying ion contents in deposited particles. For
tree species, the leathery-leaved O. fragrans had higher con-
tents of Ca2t, SO42-, Cl-, and Na™, but lower contents of K*,
NOs~, and Mg?*, compared to the papery-leaved B. papyrifera.
The papery-leaved shrub K. japonica exhibited the highest con-
tents of CaZt, SO,2-, Cl-, and NO3~, but the lowest content
of NH;". The leathery-leaved herb H. vulgaris showed higher
contents of SO42~ and Na™*, but lower contents of K*, Cl—, and
Mg?* compared to the papery-leaved A. sessilis.

The principal component analysis (PCA) revealed the influ-
ence of mass accumulation and water-soluble inorganic ions
in particles deposited on trees, shrubs, and herbs, with total
contributions of 65.0 %, 67.9 %, and 57.3 %, respectively (Fig. 6).
For tree species, the first principal component (PC1, 47.8 %)
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Fig. 1 - The mass concentrations of fine particles (a), coarse particles (b), large particles (c), and total suspended particles
(TSP) (d) retained on the leaf surfaces of trees (0. fragrans and B. papyrifera), shrubs (E. japonicus and K. japonica), and herbs
(H. vulgaris and A. sessilis), with leathery (green bar) and papery (blue bar) leaf textures, respectively. The data are presented
as the Mean =+ SE. Bars with different letters indicate significant differences, p < 0.05.
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Fig. 3 - The scanning electron microscopy (SEM) images of the retained particles, as well as the micro-morphological
characteristics of the adaxial (a, c, €, g, i, k) and abaxial (b, d, f, h, j, I) sides of the plant species, including O. fragrans (a, b), B.
papyrifera (c, d), E. japonicus (e, f), K. japonica (g, h), H. vulgaris (i, j), and A. sessilis (k, 1) at 2000 x magnification, respectively.

Table 3 - Two-way ANOVA on the leaf functional traits of

plants with different growth forms and leaf textures.

Leaf functional traits Fr F; Ff x Ft
Leaf area 32.748*** 20.345"* 6.807**
Specific leaf area 10.658*** 140.849*** 64.937***
Leaf mass 33.700*** 79.895*** 26.067**
Leaf temperature 112.646™* 12.525% 17.820***
Wax content 406.323*** 529.349** 161.968***
Chlorophyll content 274.967*** 549.666"** 425.179%*
Stomatal conductance 111.881*** 158.398*** 51.963*+*
Transpiration rate 332.884** 206.969* 63.105"**
Photosynthesis rate 275.877*** 205.315%** 180.662***

Fy: treatment of growth forms; F;: treatment of leaf textures.
“":p < 0.05; “**”: p < 0.01; “***”: p < 0.001.

was influenced by Ca?*, fine particles, and coarse particles,
while PC2 (17.2 %) was explained by NHs*, NO3~, and large
particles (Fig. 6a). For shrub species, PC1 (40.9 %) was posi-
tively related to Na*, Cl-, and K*, but negatively related to
TSP and fine particles. PC2 (27.0 %) was positively corelated
with NO3;~, SO42-, and Ca?*, but negatively related to K+, Cl-,
and Mg?* (Fig. 6b). For herb species, PC1 (33.5 %) was explained
by TSP, large particles, and coarse particles, while PC2 (23.8 %)
was positively related to NH4*, K, and Na*, and negatively
related to SO42~ and Ca?* (Fig. 6¢). Therefore, the character-
istics of deposited particles had varying effects on different
plant species.

2.2.
forms

Leaf functional traits of plants with different growth

The effects of particle deposition on morphological character-
istics and leaf functional traits varied significantly with plant
growth form and leaf texture (Table 3, Fig. 7, Appendix A Fig.
S1and S2). For tree species, the leathery-leaved O. fragrans had

higher leaf area, leaf mass, leaf temperature, wax content, and
chlorophyll content, but a lower specific leaf area compared to
the papery-leaved B. papyrifera. Notably, there was only a slight
difference between these two species in stomatal conduc-
tance, transpiration rate, and photosynthesis rate under parti-
cle deposition. For shrub species, except for leaf area, specific
leaf area, and leaf temperature, the leathery-leaved E. japoni-
cus exhibited significant advantages in all other morphologi-
cal characteristics and leaf functional traits compared to the
papery-leaved K. japonica. Similarly, the leathery-leaved herb
H.vulgaris surpassed the papery-leaved A. sessilis in most mor-
phological characteristics and leaf functional traits, excluding
leaf temperature and chlorophyll content. Overall, leathery-
leaved shrubs and herbs outperformed papery-leaved ones in
leaf functional traits under particle deposition.

2.3.  Relationships between particle retention and leaf
functional traits

Particle deposition correlated with the morphological charac-
teristics and leaf functional traits of trees, shrubs, and herbs
(Fig. 8). For trees, the masses of fine particles, coarse particles,
and TSP were closely connected, positively correlating with
leaf mass, leaf temperature, wax content, and chlorophyll con-
tent, but negatively correlating with specific leaf area. This re-
lationship was reversed for large particles on trees (Fig. 8a). For
shrubs, except for large particles, fine particles, coarse parti-
cles, and TSP were positively correlated with leaf mass, wax
content, chlorophyll content, stomatal conductance, transpi-
ration rate, and photosynthesis rate, but negatively correlated
with specific leaf area and leave temperature (Fig. 8b). For
herbs, fine particles, coarse particles, large particles, and TSP
were closely associated, showing a consistent pattern. They
were positively correlated with leaf temperature and chloro-
phyll content, but negatively correlated with leaf area, specific
leaf area, leaf mass, wax content, stomatal conductance, tran-
spiration rate, and photosynthesis rate (Fig. 8c).



JOURNAL OF ENVIRONMENTAL SCIENCES I57 (2025) 645-661

652

Secondary: particles

Intensi

Intensi

B §
| A
t J T T T T T

] 1 2 3 4 B E 14
Energy (keV)
Fig. 4 - The high-resolution images obtained by scanning electron microscopy coupled with energy dispersion X-ray
spectrometer (SEM-EDS) showed the main types of retained particles on the plant leaves. These included the fungal spores
(a), mineral particles (b, f, i), secondary particles (c, d, g, j, k), fly ash particles (e), as well as the mineral particles covered with
secondary particles (h, 1), distributed on the leaf surface and even inside and outside the stomata of trees, shrubs, and herbs.

i

To0

Energy‘ (keV) ‘ Energy‘ (keV)

o 1

‘ E‘nergy (keV)




JOURNAL OF ENVIRONMENTAL SCIENCES 157 (2025) 645-661

653

15— Trees Shrubs Herbs s Lrees Shrubs Herbs 40— Lrees Shrubs  Herbs
a b : C : I Leathery

E T 4 5 JI E 2.5 !

> S i 3 '

& S i Z 20+

g g i g

= = E 154

: : £

s = 24 i 3

2 g : = oo

g g ab i ab 5

+ 1 ]

£ + 14 : i -+

ks ty be ‘| be 8 054

c i
e

0,94

0.6

CT concentration (ug/cm?)

034

NO," concentration (pg/em?)

=

‘“'E 0.16 4 S

5 “511. 0.15+

o =

= g

[~ = a

=] =) a

o o

=) £ 0,10

E B

E 2

g £

g s

S = 005

4 2 I_"

fr !
4 ]

0=

ab

Lo ]

034

01+

Na' concentration (pg/cm?)

conecentration (pg/em”)

(.08

& E
AR & N &
¥ S (T
ol PV @
Species Species Species

Fig. 5 - Mass concentrations of water-soluble inorganic ions, including Ga2*(a), K* (b), SO42~ (c), Cl~ (d), NOs3~ (e), Na* (f), F~
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japonicus and K. japonica), and herbs (H. vulgaris and A. sessilis), with leathery (green bar) and papery (blue bar) leaf textures,
respectively. The data are presented as the Mean * SE. Bars with different letters indicate significant differences, p < 0.05.

3. Discussion

This study revealed that particle accumulation on plant leaves
varies significantly with plant growth form and leaf texture.
The substantial accumulation of fine particles by the leathery-
leaved tree O. fragrans suggests that trees with leathery leaves
are particularly effective at capturing particles compared to
shrubs and herbs. This finding is consistent with previous
studies. For instance, Zhao et al. (2024) analyzed 65 plant
species in Beijing and found that trees retained 20 times more
particles than shrubs. Similarly, He et al. (2020) reported that
the evergreen trees Taxus baccata and Pinus nigra captured
more particles than the evergreen shrubs Prunus laurocera-
sus and Hedera helix. This may be because trees have lush
canopies, dense branches, and ample leaf area, which en-
able them to capture aerosol particles more effectively than
shrubs and herbs with sparser structures (Chen et al., 2017;
Yan et al., 2016). Additionally, the complex structure of plant
groups reduces wind speed and air circulation, giving parti-
cles more time to settle on leaf surfaces (Salmond et al., 2013;
Ysebaert et al., 2021).

Moreover, the papery-leaved herb A. sessilis demonstrated
a high capacity for particle retention. Konczak et al. (2021) sug-
gested that shrubs and vines play a significant role in re-
taining fine particles, while Abhijith and Kumar (2020) found
that hedge leaves tend to accumulate a relatively higher mass
of coarse particles than fine particles. The high mass of de-
posited particles on the leaves of herb A. sesslils may be at-
tributed to the fact that herbs, as lower strata of vegetation,
are more easily exposed to splashed soil compared to shrubs
and trees (Chen et al., 2022). Additionally, this may be related
to the fact that particles of different sizes have distinct depo-
sition processes (Miao et al., 2022), with larger particles being
more prone to colliding with leaf surfaces during sedimenta-
tion. For instance, fine particles tend to disperse, coarse par-
ticles deposit through collision, and large particles are more
likely to return to the air as secondary suspension (Xu et al.,
2022). This contributes to the greater mass of coarse particles
being deposited on plant leaves.

Compared to papery-leaved plants, leathery-leaved plants
accumulated a higher mass of fine and coarse particles, with
the exception of the herbs H. vulgaris and A. sessilis. The high
rigidity of leathery leaves makes them more effective at with-
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Fig. 6 - Principal component analysis (PCA) on the mass concentrations of particles of different sizes (i.e., fine particles,
coarse particles, large particles, and total suspended particulates (TSP)), and the mass concentrations of water-soluble
inorganic ions (such as, Ca?+, K*, S042-, Cl-, NO;~, Nat, F~, NH;*, and Mg?+), from the leaf surfaces of trees (a), shrubs (b),
and herbs (c), in response to different plant growth forms. PC indicates a principal component.

standing wind flow, resulting in increased particle deposition
(Weerakkody et al., 2017). Additionally, smaller-sized particles
tend to deposit in higher quantities. Shi et al. (2017) proposed
the following order of particle number density for 14 urban
plants: fine particles > coarse particles > large particles. How-
ever, in this study, the leathery-leaved tree O. fragrans exhib-
ited a higher mass of fine and coarse particles, but had an in-
termediate particle density, indicating an uneven distribution
of deposited particles. The disparity between the mass con-
centration and number density of deposited particles can be
attributed to the relatively high mass of coarse particles. Addi-
tionally, the papery-leaved herb A. sessilis exhibited the high-
est density of deposited particles, indicating its superiority in
particle retention.

The water-soluble inorganic ions of retained particles
on plant leaves varied significantly among different plant
species. Among all the water-soluble ions, Ca?* was the most
abundant. Similarly, Cao et al. (2022) found that Ca?* (36.4 %)
was the dominant ion component in particles retained on
plant samples collected from 78 parks and campuses in China,
and Ca?t might be associated with sand and construction
dusts (Velali et al., 2016). Moreover, SO42~ was the main ion
component of retained particles, while NO3~ was present at
a medium concentration. Xu et al. (2018) observed high con-
centrations of SO42~ and NO;~ in soluble particles on fo-
liage. This may be because NO;~and SO4?~ are dominant ions
in secondary particles, formed by the gas-to-particle conver-
sion of NO, and SO, from coal combustion or vehicle emis-
sions (Khan et al., 2010). K™ was one of the major ions in
particles captured on plant leaves, potentially emitted from
biomass burning or leached from leaf surfaces (Li et al., 2019a;
Xu et al,, 2019). The low concentration of NH4 " on leaf surface
might be attributed to its absorption by plant leaves through
the stomata or cuticle as a leaf fertilizer (Chen et al., 2020;
Vatca et al., 2020). The low concentrations of CI~ and Na* sug-
gest that waste incineration was minimal in the studied area
(Wang et al., 2005). However, the concentration of Mg?* was
the lowest and even fell below the detection limit. In brief,
measuring water-soluble inorganic ions provides insights into
particle sources, indicating that the retained particles primar-
ily originate from anthropogenic sources.

On the other hand, there are direct effects of dry-deposited
inorganic compounds, which originate from deposited parti-
cles on leaf surfaces. The deposited atmospheric inorganic
ions (NO3~ and NH4*) on leaf surfaces can generate the mi-
croscopic wetness and may cause epicuticular degradation
of epicuticular wax (Katata and Held, 2021). In this study,
the higher concentration of K* in the papery-leaved B. pa-
pyrifera may be attributed to the leaching of inorganic ions
from the leaf tissues, primarily due to leaf drying treatment.
Additionally, the concentration of NO3~ and NH4™ may be po-
tentially decreased by the treatment of leaf drying. Therefore,
the measurement of inorganic ion with fresh leaf samples
could be more effective to avoid the loss of water-soluble ions.
Moreover, particles retained on plant leaves are likely to con-
tain various organic compositions, such as, acetate and ox-
alate ions, some of which are essential for plant metabolism
and catabolism (Frankowski, 2016; Gulick et al., 2023). The
potential effects of organic compositions in retained parti-
cles on the plant leaves and their growth warrant further
consideration.

This study provides insights into the role of leaf morpho-
logic structures in particle retention across plant species,
highlighting how the morphological characteristics of
plant leaves are dominant factors in particle accumula-
tion (Konczak et al., 2021; Li et al., 2021). This study found
an abundance of large particles trapped in the leaf grooves
of papery-leaved plants, allowing them to retain more large
particles than leathery-leaved plants. This is consistent with
the idea that grooves are key features of leaves for capturing
particles (Liu et al.,, 2012). Different sizes of leaf grooves
facilitate the trapping of different types of particles (Li et al,,
2022). Furthermore, leaf trichomes often coexist with leaf
grooves, enhancing the particle capture capability of plant
leaves (Kardel et al., 2011; Kim et al., 2023; Mitchell et al.,
2010). For instance, the papery-leaved tree B. papyrifera ex-
hibits abundant trichomes that can capture large particles
with their hooks. Therefore, the high accumulation of large
particles by plants with papery leaves could be due to their
dense grooves and trichomes, which effectively retain large
particles and prevent them from being dislodged by airflow
or re-suspended into the atmosphere.
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Fig. 7 - Leaf functional traits, including leaf area (a), specific leaf area (b), leaf biomass (c), leaf temperature (d), wax content

(e), chlorophyll content (f), stomatal conductance (g), transpiration rate (h), and photosynthesis rate (i) of trees (0. fragrans and
B. papyrifera), shrubs (E. japonicus and K. japonica), and herbs (H. vulgaris and A. sessilis) with leathery (green bar) and papery
(blue bar) leaf textures, respectively. The data are presented as the Mean =+ SE. “*”: p < 0.05; “**”: p < 0.01; “***”: p < 0.001.

Additionally, many morphological traits influence the par-
ticle capture efficacy of plant leaves (Gajbhiye et al., 2019;
Rédsdnen et al., 2013). For instance, the waxy layer on plant
leaves is thought to hinder contact between the leaf surface
and deposited particles, leading to reduced particle capture.In
this study, the leathery-leaved tree O. fragrans and the shrub E.
japonicua, both with prominent and visible wax layer, retained
a high mass of particles. This finding aligns with the idea that
a thick waxy layer on leaf surfaces facilitates particle accu-
mulation (Mo et al., 2015; Shao et al., 2019). This can be ex-
plained by the sticky secretions in the waxy coating of plant
leaves, which adhere to substantial aerosol particles (Niu et al.,
2020). Therefore, high particle stabilization was evident both
around stomata and on top of the ridges (Popek et al., 2013).
The waxy coating is directly proportional to the capacity

of plant leaves to trap atmospheric particles (Dang et al.,
2022).

This study indicates that stomata play a crucial role in the
interaction between plant leaves and particle retention. Leaf
stomata are essential for plants to exchange gases (e.g., CO,
etc.) during photosynthesis and respiration (Masterson, 1994).
The leathery-leaved tree O. fragrans, with its higher particle
density exhibited greater particle accumulation. Unlike trees
and shrubs, which have stomata only on the abaxial side of
their leaves, the herbs H. vulgaris and A. sessilis have stomata
on both sides. Notably, A. sessilis has larger stomata pores, sug-
gesting that its high particle capture ability can be attributed
to its large stomata. The result is consistent with the idea that
open stomata facilitate the retention of particles on leaf sur-
faces, and that plant leaves with large and dense stomata have
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Fig. 8 - Spearman’s analysis on the correlations between the mass concentrations of particles of different sizes (i.e., fine
particles, coarse particles, large particles, and total suspended particulates (TSP)) and leaf functional traits, including leaf
area (LA), specific leaf area (SLA), leaf mass (M), leaf temperature (T}.qf), wax content (WC), chlorophyll content (Chl),
stomatal conductance (Gs), transpiration rate (T;), and photosynthesis rate (P,) of trees (a), shrubs (b), and herbs (c). “*”: p <
0.05; “**”: p < 0.01; “***”: p < 0.001.




JOURNAL OF ENVIRONMENTAL SGIENGCES 157 (2025) 645-66T 657

a strong capability for particle retention (Lehndorff et al., 2006;
Song et al., 2015; Zhang et al,, 2022). Additionally, different
particles exhibit distinct patterns of deposition. For example,
coarse particles tend to cover the leaf surface or accumulate
in stomata, while ultrafine particles can cause blockages and
penetrate into stomata. However, certain heavy metal parti-
cles can penetrate the stomata and enter leaf tissue, poten-
tially disrupting the physiological function of plants (Cui et al,,
2022; Edelstein and Ben-Hur, 2018; Martin et al., 2018).

Consequently, particles retention has significant effects on
plant functional traits, which can lead to changes in leaf struc-
ture and function (Chen et al., 2024), such as variations in
stomatal conductance, photosynthesis rate (Popek et al., 2018),
and chlorophyll content (Giri et al., 2013). In comparison, par-
ticle retention caused slight blockage of the stomata in trees
and shrubs. This may be attributed to the grooves and tri-
chomes on leaf surfaces, which provide a buffer period for
the stomata to close during particle deposition. However, re-
tained particles significantly impacted the functional traits of
plants, leading to severe inhibition of the photosynthesis rate
and even affecting plant growth, consistent with the results
of previous studies (Lin et al., 2021; Lu et al., 2019; Popek et al.,
2018). This is likely due to retained particles covering leaf sur-
faces and blocking the stomata, thereby inhibiting light ab-
sorption, gas exchange, and heat dissipation in plant leaves
(Bukaveckas et al., 2011; Pavlik et al., 2012). This ultimately
results in reduced photosynthesis, decreased transpiration
rates, and increased leaf temperatures.

Furthermore, plant leaves exhibited morphological
changes and coordinated functional traits under the influence
of particle retention. Although chlorophyll content is closely
linked to the photosynthesis rate of plants (Mind et al,
2013), retained particles can decrease the photosynthesis
rate of plant leaves, even when chlorophyll content is high
(Singh et al., 2023). However, this study found varying corre-
lations between retained particles and chlorophyll content
across different plants, indicating their distinct responses
and adaptions to particle retention. Surprisingly, the reduced
photosynthesis rate was accompanied by a decreased specific
leaf area in plants, such as the leathery-leaved tree O. fragrans
and the papery-leaved herb A. sessilis. A low specific leaf
area indicates that the leaf is thick, which may be related
to the allocation of plant resources (Wright et al., 2004).
Given the limited availability of resources, plants inevitably
optimize their resource investment in functional traits,
which is reflected in a series of interrelated trade-off strate-
gies (Herben et al., 2012; Poorter et al., 2006). Additionally,
plant leaves may alter stomatal conductance to adapt to
the pressure of retained particles (Balasooriya et al., 2009;
Kardel et al., 2013). As a result, higher stomata conductance
on leaf surfaces makes it more difficult for particles to enter
the stomatal cavity, leading to fewer retained particles and
helping to prevent blockage.

This study serves as a reference for urban vegetation
planning, suggesting that selecting plant species based on
their particle accumulation capacity can help mitigate air
pollution and enhance ecological benefits (Wréblewska and
Jeong, 2021). The particle retention efficiency of plant species
is influenced by their physiological characteristics, growth
forms, and leaf functional traits (Silli et al., 2015; Yin et al.,

2022a). This study indicates that herbs in the lower strata of
vegetation also significantly contribute to particle removal.
In the management of urban vegetation for immobilizing
particle pollution, herbs with diverse species and leaf mor-
phologies warrant consideration. Combining plant species
with different growth forms can effectively capture particles
(Wang et al., 2023). For example, Niu et al. (2022) compared the
particle removal capacity of different vegetation types, and
found that a tree-shrub-herb configuration excelled in particle
accumulation due to its intricate vegetation structure. Simi-
larly, Chen et al. (2015) found that a tree-shrub-grass compos-
ite vegetation exhibited higher particle retention than tree-
shrub or shrub-grass greenbelts, attributed to its vertical dis-
tribution of particles. Therefore, vegetation with diverse com-
positions and structures has a significant impact on ecosys-
tem balance and ecological benefits, making it essential for
urban green planning to select plant species that can effec-
tively reduce particle pollution (He et al., 2020; Yao et al.,
2023; Yin et al., 2022b). Furthermore, it is essential to se-
lect plant species with high ecological benefits after compre-
hensively assessing the particle deposition capabilities of a
broader range of plants across various growth forms, which
warrants further investigation.

4, Conclusions

This study investigated the particle capture abilities of six
plant species (including trees, shrubs, and herbs), and exam-
ined how particle accumulation affects leaf functional traits.
The results revealed that particle accumulation varied sig-
nificantly based on growth form and leaf texture. Both the
leathery-leaved tree O. fragrans and the papery-leaved herb
A. sessilis demonstrated high competence in particle accumu-
lation. This was likely related to leaf texture and morpho-
logic structures, such as leaf grooves, trichomes, waxy lay-
ers, and stomata characteristics, which are closely associated
with particle capture by plant species. The retained particles
primarily contained Ca?*, K*, SO42-, NO;~ and NH,*, indi-
cating their anthropogenic origins. Particle retention nega-
tively affected plant functional traits by blocking stomata, de-
creasing photosynthesis, and reducing transpiration. Mean-
while, plant leaves adapted to the influence of retained par-
ticles by decreasing specific leaf area and altering stomatal
conductance. In summary, the ability of plant species to re-
tain particles is influenced by their growth forms and leaf tex-
tures. The significant contribution of plants, especially herbs
in the lower vegetation strata, to particle removal, should not
be overlooked. In summary, vegetation with a tree-shrub-herb
configuration excels at particle capture, and this diverse plant
arrangement contributes to mitigating particle pollution and
enhancing ecological benefits.
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