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A B S T R A C T   

Urban vegetation can alleviate particulate matter (PM) pollution. Many studies examined the PM retention ef
ficiencies of different plant species, but the PM changes retained on leaf surfaces and their effects on plant leaves 
have rarely been explored. In this study, two common urban greening tree species of the Yangtze River Delta (i.e., 
Broussonetia papyrifera and Osmanthus fragrans) were selected to explore the compositions of retained PM and 
assess their adverse impacts on leaf functional traits. Compared with B. papyrifera, O. fragrans with higher wax 
content was more efficient in particle accumulation, specifically fine (Φ ≤ 2.5 μm) and coarse (2.5 < Φ ≤ 10 μm) 
particles. The number density and mass concentration of retained PM on plant leaves tended to increase during 
the accumulation period. Plant species and accumulation time were two major factors to influence particle 
retention efficiency. Interestingly, the accumulation of particle retention influenced leaf functional traits, such as 
photosynthesis rate, stomatal conductance, and transpiration rate. The microscopic observations of PM on leaves 
confirmed that the toxic components of the retained particles potentially caused leaf injury and stomatal damage. 
Therefore, the acclimation mechanisms of plants responding to the retained urban aerosols should be paid 
attention in highly polluted areas.   

1. Introduction 

In recent decades, atmospheric particulate matter (PM) has become a 
leading environmental problem that has adverse effects on public 
health, climate change, and the ecosystem balance (Grantz et al., 2003; 
Li et al., 2017). For example, as the main source of PM pollution in the 
urban atmosphere, exhaust emissions from vehicle traffic contain 
harmful components, such as toxic metals and polycyclic aromatic hy
drocarbons (Alves et al., 2018; Konczak et al., 2021; Piscitello et al., 
2021). Particulate pollution is a major environmental hazard to human 
health (Qi et al., 2022), and long-term exposure to PM can cause car
diovascular, cerebrovascular and respiratory diseases, as well as mor
tality (Qi et al., 2022). In particular, pollution from fine PM, referred to 
as PM2.5 (with aerodynamic diameter Φ ≤ 2.5 μm), resulted in 4.14 
million deaths worldwide in 2019, accounting for 62% of all air 
pollution-attributable deaths (Health Effects Institute, 2020). Moreover, 
PM can also negatively affect photosynthesis in plants, reducing their 

productivity (Popek et al., 2018). 
Recently, the mitigation of particulate pollution has received an 

increasing attention (Barwise and Kumar, 2020; Pace et al., 2021; Tar
gino et al., 2019). Plants have a vast leaf area and can act as a natural 
sink for PM (Rai, 2016). The complex microstructure of the leaf surface 
is capable of effectively retaining PM and reducing the concentration of 
particles in the atmosphere (Baldacchini et al., 2017; Sgrigna et al., 
2020; Zhang et al., 2021). For example, Nemitz et al. (2020) discovered 
that vegetation was estimated to reduce PM2.5 concentrations by 10% in 
the UK; Fares et al. (2020) estimated the total annual removal of PM10 
(with aerodynamic diameter Φ ≤ 10 μm) by vegetation to be 8–8.4 kg 
hm− 2 in the urban parks of Italy; Cao et al. (2022) reported that Cedrus 
deodara retained PM at a rate of 11.9 t km− 2 canopy yr− 1 in China. These 
studies indicate the great potential of plants in the control of PM 
pollution. 

There are numerous factors related to the particle retention capacity 
of plants, such as plant characteristics, particle properties, and 
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meteorological conditions (Chen et al., 2022). Previous studies have 
reported that multiple leaf functional traits (e.g., trichomes, stomata, 
grooves, and protrusions) can influence the PM retention efficiency (Gao 
et al., 2021; Gao et al., 2022; He et al., 2020; Li et al., 2021). However, 
there are significant differences in the removal efficiency of PM by 
different plant species or even the same species in different regions (Li 
et al., 2019). In general, plants growing in areas with higher levels of 
particulate pollution have more PM trapped on their leaf surfaces (Lu 
et al., 2018). For example, the leaves of plants growing near roads 
retained more PM than those growing on a campus (Lu et al., 2018). In 
addition, both the settling and resuspension of atmospheric PM are 
affected by wind speed (Janhäll, 2015). As wind speed increases, its 
effect on the amount of PM on a leaf surface also increases, promoting 
suspension and reducing the duration of contact between atmospheric 
PM and the leaf (Beckett et al., 2000). When the wind speed is suffi
ciently high, it can shake and invert leaves, resulting in PM falling from 
the leaf surface under the influence of gravity (Xie et al., 2018). Popek 
et al. (2019) considered that the PM changes on leaves were mostly 
related to rain but lesser by wind. Indeed, precipitation events can 
remove accumulated PM from a leaf surface and restore the particulate 
retention capacity of plant leaves (Xu et al., 2017; Zhang et al., 2019). 

Recently, different models have been employed to evaluate overall 
particle removal by vegetation, and these models include i-tree Eco 
model (Pace et al., 2021) and the AIRTEE model (Fares et al., 2020). 
However, these models adopt the same deposition velocities and 
resuspension rates for all plant species, which cover the differences of 
the removal efficiency of different plants. Moreover, the PM retention 
efficiency of plant leaves varies depending on weather conditions and 
accumulation duration. Once particle accumulation on leaves has 
reached saturation, the removal efficiency of plants will decline 
accordingly (Zhou et al., 2020). However, the clear trend of PM reten
tion by different plants in response to accumulation time is still unclear 
in urban areas. 

Atmospheric particles retained on leaf surfaces can have an adverse 
impact on plant growth and development (Banerjee et al., 2022). For 
example, particle accumulation increases leaf temperature, degrades 
epicuticular wax, inhibits transpiration and photosynthesis of the 
affected plants (Burkhardt and Pariyar, 2014; Konczak et al., 2021; 
Popek et al., 2018), and consequently reduces their biomass and pro
ductivity (Rai, 2016). Moreover, fine particles not only stay on leaf 
surfaces but also enter through stomatal openings or trichome pathways 
of plants (Gao et al., 2021; Gao et al., 2022). As a result, heavy metals, 
polycyclic aromatic hydrocarbons, and other toxic components of par
ticles disturb the normal physiological and biochemical reactions of 
plants (Huang et al., 2023; Rai, 2016). Therefore, it is necessary to un
derstand the impact of particle retention and the tolerance of urban 
plants to PM pollution. 

This study was designed to investigate the dynamic changes in par
ticle retention and assess its potential effects on plants during different 
accumulation periods. Two common urban greening tree species of the 
Yangtze River Delta (Broussonetia papyrifera and Osmanthus fragrans) 
were selected for the study, and the relations between leaf functional 
traits and particle characteristics were determined. This study aimed to 
(1) explore the major leaf functional traits closely associated with par
ticle retention, (2) analyze the composition characteristics of deposited 
particles with different accumulation periods, and (3) investigate the 
changes in leaf functional traits responding to particle accumulation. 
This study is helpful for understanding the potential impacts of depos
ited particles on plant leaves and the physiological responses of plants to 
particulate pollution. 

2. Materials and methods 

2.1. Sampling site and studied species 

The sampling site is located on the Cangqian Campus of Hangzhou 

Normal University, Hangzhou city, China (30◦17′24″ N, 120◦0′29″ E), 
which has a subtropical monsoon climate, with a cool and dry winter, 
and a hot and humid summer, with mostly evergreen broad-leaved 
plants. In 2021, the rainfall, mean air temperature and relative humid
ity in Hangzhou were 1936.8 mm, 18.8 ◦C and 71%, respectively 
(http://www.stats.gov.cn/sj/ndsj/2022/indexch.htm). As a typical 
urban area, the sampling site is close to main roads, there is no industrial 
activity in the area, and air pollution is mainly from exhaust emissions of 
vehicles (Yuan et al., 2021). 

In this study, two widely distributed trees in the Yangtze River Delta, 
the deciduous broadleaved tree (Broussonetia papyrifera) and evergreen 
broadleaved tree (Osmanthus fragrans), were selected as the studied 
objects, and they have different leaf features (Table 1). For instance, the 
leaves of B. papyrifera are papery with minimal wax, while the leaves of 
O. fragrans are leathery and covered with a thick waxy layer. 

2.2. Sample collections and treatments 

At the beginning of the experiment, a clean and soft brush was used 
to remove all the visible dust particles on both surfaces of plant leaves to 
prevent any damage to the leaf tissues. To ensure enough samples, we 
brushed 100 leaves of each species and marked the petioles of all 
brushed leaves with labeling paper that did not affect the leaves. Sample 
collections of tree leaves were conducted between 9:00 and 11:00 a.m. 
from December 27, 2021 to January 8, 2022, on cool and sunny winter 
days, under moderate PM pollution. Leaf samples were collected every 
four days with the particle retention and accumulation treatments of 
0 day, 4 days, 8 days, and 12 days. 

The leaf samples were randomly collected from a height between 1.5 
and 2 m. Four leaves were sampled from each tree, with five replica
tions, and a total of 20 leaf samples per plant species were collected each 
day. The leaf samples were placed in labeled petri dishes and immedi
ately taken into the laboratory. The leaf samples were dried at 60 ◦C for 
24 h and then weighed. Subsequently, the samples were put in sample 
chambers at a temperature of 24 ◦C and a relative humidity ranging from 
35% to 65%, and they were kept in storage following Chen et al. (2022). 
Half of these leaf samples were prepared for scanning electron micro
scope (SEM) images, while the other half were used for the analysis of 
water-soluble inorganic ions and the determination of leaf functional 
traits. 

2.3. Quantitative analysis of deposited particles 

2.3.1. Number density of particles 
Six 1 cm × 1 cm fragments were randomly cut from each leaf sample 

for analysis. These fragments were divided into two halves, with one half 
used to examine the adaxial surface, and the other half used to examine 
the abaxial surface. These fragments were affixed to the sample chamber 
of an SEM using conductive adhesive. The surfaces of the leaf samples 
were then coated with gold by an ion sputter coater (SBC-12, KYKY, 
China) for 40 s. Then, SEM (Phenom XL, Phenom-World, the 
Netherlands) coupled with an energy dispersion X-ray spectrometer 
(EDS), were used to acquire images of five randomly selected spots per 
fragment in a low vacuum mode (15 kV), with a magnification of ×

Table 1 
Characteristics of the studied trees.  

Species Families Growth forms Leaf 
traits 

Leaf characteristics 

Broussonetia 
papyrifera 

Moraceae Deciduous 
broadleaved 
tree 

Papery Rough surface, 
sparsely hispid, 
abaxial densely 
tomentose. 

Osmanthus 
fragrans 

Oleaceae Evergreen 
broadleaved 
tree 

Leathery Glabrous surface, 
abaxial rough.  
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2000. 
The SEM images were analyzed with ImageJ software-FIJI project 

(National Institutes of Health, USA) to determine the number density 
and size distribution of particles retained on the adaxial and abaxial 
surfaces of tree leaves, and elemental compositions of the major particle 
types were obtained by SEM-EDS. The particles were classified into fine 
particles (Φ ≤ 2.5 μm), coarse particles (2.5 < Φ ≤ 10 μm) and large 
particles (Φ > 10 μm) based on particle sizes, as well as the total sus
pended particulate (TSP), which was the sum of all particles retained on 
leaf surfaces. The particle density (102 mm− 2) was calculated as follows: 

Particle density=
Particle number
SEM image area

(1)  

2.3.2. Mass concentration of particles 
The particle mass concentration per unit leaf area (μg cm− 2) was 

calculated by the following equations: 

Vi =
4
3

π
(

D
2

)3

(2)  

Particle mass =

∑

i
Vi • ρ

SEM image area
(3)  

where. 
Vi is the corresponding particle volume; 
D is the corresponding particle equivalent spherical diameter; 
ρ is the average density of particles, and the value is 2 μg cm− 3 here. 

2.3.3. Mass concentration of water-soluble inorganic ions 
The leaf samples were submerged in centrifuge tubes containing 50 

mL of deionized water, and were then placed in a shaker and agitated at 
30 r min− 1 for 1 h. Subsequently, these leaves were redried in an oven at 
60 ◦C to constant weight, while the sample solution was filtered using a 
10 mL syringe equipped with a 2.2 μm filter. The resulting filtrate was 
injected into an ion chromatograph (Dionex ICS-600, Thermo Fisher 
Scientific) to determine the measured value of the major water-soluble 
inorganic ion concentrations, such as, Ca2+, NH4

+, SO4
2− , and NO3

− . The 
actual concentrations of these ions (Wi, μg cm− 2) were calculated as 
follows: 

Wi =
Ci • Vs

LA
(4)  

where. 
Ci is the measured value of the water-soluble inorganic ion 

concentration; 
Vs is the volume of the sample solution; 
LA is the leaf area of the leaf sample. 

2.4. Measurements of leaf functional traits 

2.4.1. Morphological characteristics of tree leaves 
Images of the leaf samples were obtained with an EPSONV700 

scanner (Seiko Epson, Nagano, Japan) and were measured for leaf area 
(LA, cm2) using WinFOLIA (Regent Instruments Inc., Quebec, Canada). 

2.4.2. Photosynthetic traits 
Photosynthetic traits were measured on the labeled leaves before 

sample collection. Photosynthesis rate, stomatal conductance, and 
transpiration rate, were measured using the LICOR 6400 photosynthesis 
system (Li-6400). Chlorophyll a/b was measured using a SPAD 502 plus 
chlorophyll meter (KONICA MINOLTA, Japan). For each species treat
ment, 10 labeled leaves were selected for measuring photosynthetic 
traits, with three replications. 

2.4.3. Cuticular wax content 
The redried leaves in Section 2.3 were weighed, and the measure

ments were recorded as m1 (mg). Leaf samples were completely soaked 
in trichloromethane for 3 min before they were placed in the oven until 
the organic solvent was completely evaporated. Finally, the samples 
were reweighed, and the measurements were recorded as m2 (mg). The 
wax content (WC, μg cm− 2) was calculated by the following equation: 

WC=
m1-m2

LA
(5)  

where. 
m1 is the dry weight of the leaf sample; 
m2 is the dry weight with wax removal; 
LA is the leaf area of the leaf sample. 

2.5. Data analyses 

The data were analyzed using SPSS 26.0 statistical software (SPSS 
Inc., Chicago, IL, USA), and the charts were mainly created with Origin 
2021 software (OriginLab Corp., Northampton, MA, USA). Specifically, 

Fig. 1. Number densities of fine particles (Φ ≤ 2.5 μm) (a), coarse particles 
(2.5 < Φ ≤ 10 μm) (b), and large particles (Φ > 10 μm) (c) on the leaves of 
B. papyrifera (blue line) and O. fragrans (black line). The data are presented as 
the mean ± SE (n = 10). Different letters indicate significant differences. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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two-way analysis of variance (two-way ANOVA) and Duncan’s multiple 
comparison were employed to illustrate the differences in the particle 
characteristics and leaf functional traits of the deposited trees. In addi
tion, principal component analysis (PCA) was adopted to investigate the 
major compositions and possible sources of aerosol particles deposited 
on leaf surfaces, and Pearson correlation analysis was conducted to 
demonstrate the correlations between the particle characteristics and 
leaf functional traits. 

3. Results 

3.1. Dynamic changes in the retained particles of different sizes 

Both the accumulation period and plant species had significant ef
fects on the number densities of fine and coarse particles, except for fine 
particles deposited on O. fragrans (Fig. 1), whereas the number density 
of large particles was mainly affected by the accumulation period 
(Table S1). The number densities of deposited particles increased 
quickly at the beginning, with maximum values occurring on the fourth 
day. Then, the particle accumulation on B. papyrifera leaves decreased 
over the accumulation periods. In contrast, the deposition of large par
ticles on the O. fragrans leaves consistently increased over time, while 
the fine and coarse particles exhibited fluctuations (Fig. 1). O. fragrans 
was more efficient than B. papyrifera in retaining fine and coarse parti
cles, while more large particles were retained on O. fragrans than on 
B. papyrifera on the 12th day. 

Over time, the mass concentrations of the different-sized particles 
retained on B. papyrifera and O. fragrans leaves exhibited difference 
(Fig. 2). The accumulation period and plant species were major factors 
to influence the mass concentrations of the coarse particles and TSP 
(Table S1). However, mass concentrations of fine particles retained on 
the leaves were significantly affected by plant species, whereas con
centrations of large particles were mainly influenced by the 

accumulation periods (Table S1). Compared with B. papyrifera, 
O. fragrans was more efficient at retaining fine particles, coarse particles, 
and TSP. In general, mass concentration of fine particles did not change 
significantly during the accumulation periods. However, mass concen
tration of coarse particles and large particles retained on B. papyrifera 
leaves peaked on the eighth day, while mass concentration of coarse 
particles and large particles retained on the O. fragrans leaves continued 
to increase even on the 12th day (Fig. 2). 

High-resolution SEM images coupled with EDS revealed significant 
differences in leaf microstructures and deposited particles between the 
adaxial and abaxial surfaces of the B. papyrifera and O. fragrans leaves 
(Fig. 3). The leaves of B. papyrifera with wrinkles and grooves were 
covered with dense trichomes and scattered with closed stomata. The 
adaxial surfaces of the B. papyrifera leaves exhibited numerous wrinkles 
and grooves, while the abaxial surfaces were covered with dense tri
chomes and had scattered closed stomata. The adaxial surface of the 
O. fragrans leaves was glabrous with a cuticular wax layer, and the 
abaxial surface was filled with opening stomata. On the other hand, the 
particle deposition on B. papyrifera increased and peaked on the eighth 
day before it decreased, while that on O. fragrans increased consistently 
with the accumulation period. B. papyrifera and O. fragrans both 
exhibited similar phenomenon that more particles deposited on the 
adaxial leaves than on the abaxial leaves, and the abaxial leaves tended 
to retain large particles in a similar change trend as the adaxial leaves 
(Fig. 3). 

The particles deposited on plant leaves had different compositions 
(Fig. 4). For example, spherical metal particles with smooth surfaces 
generally contained metal elements, such as Fe and Ba (Fig. 4a and b). In 
most cases, irregular mineral particles with rough surfaces were found to 
contain elements such as O, Ca, Si, and Al (Fig. 4c–f). Additionally, 
numerous secondary particles originating from various and complex 
sources were observed on the adaxial and abaxial surfaces (Fig. 4d–f, h). 
Interestingly, a few fungal spores and hyphae were detected on the 

Fig. 2. Mass concentrations of fine particles (a), coarse particles (b), large particles (c), and total suspended particulates (TSP) (d), retained on the leaves of 
B. papyrifera (blue line) and O. fragrans (black line). The data are presented as the mean ± SE (n = 10). Different letters indicate significant differences. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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abaxial surfaces of plant leaves (Fig. 4g and h). 
The concentrations of water-soluble inorganic ions in the deposited 

particles varied with accumulation periods and plant species (Fig. 5). 
The increased concentrations of Ca2+ and NO3

− were significantly 
influenced by accumulation period, plant species, and their interactions, 
whereas the concentrations of NH4

+ and SO4
2− were affected by accu

mulation period, respectively (Table S1, Fig. 5). For particles on 
B. papyrifera, the concentrations of Ca2+, SO4

2− and NO3
− had similar 

trends as those from O. fragrans, while concentration of NH4
+ displayed 

an opposite trend (Fig. 5). Fig. 5 shows that O. fragrans took higher 
concentrations of Ca2+ and SO4

2− but lower concentration of NO3
− , 

compared with B. papyrifera. 
The PCA tool was used to determine the characteristics of the par

ticles retained on the leaves of B. papyrifera, and O. fragrans (Fig. 6). The 
first principal component (PC1) (i.e., Ca2+ and SO4

2− ) explained 49.6% of 
the total variability in the fine particles, coarse particles, TSP. These 
components mainly represented PM retained on the O. fragrans leaves. 
The second principal component (PC2) shows that NO3

− had a positive 
correlation with large particles. It explained 24.5% of all factors that 
described the characteristics of the particles retained on B. papyrifera 
leaves. 

3.2. Impacts of deposited particles on leaf functional traits 

Leaf functional traits exhibited different trends with accumulation 

period and plant species (Table S2). Specifically, the photosynthesis 
rate, chlorophyll a/b and wax content were significantly affected by the 
accumulation period and plant species. The transpiration rate was 
influenced by the accumulation period, plant species, and their in
teractions, while stomatal conductance was solely affected by the 
accumulation period (Table S2). 

The functional traits of the plant leaves responded differently to 
accumulation period, but their trends were similar between B. papyrifera 
and O. fragrans, except for wax content (Fig. 7). With increasing time of 
particulate accumulation, chlorophyll a/b initially increased and then 
decreased in B. papyrifera and O. fragrans, reaching a peak on the 4th 
day, while the photosynthesis rate consistently decreased. The trends of 
stomatal conductance and transpiration rate reflected the photosyn
thesis rate. The wax content of the B. papyrifera leaves followed a similar 
trend of chlorophyll a/b (Fig. 7). Interestingly, the wax content of the 
O. fragrans leaves was 10–30 times higher than that of B. papyrifera 
leaves. The wax content of the O. fragrans firstly decreased on the 4th 
day and then increased consistently (Fig. 7f). In contrast, the wax con
tent of B. papyrifera increased and peaked on the 4th day of accumula
tion and then decreased consistently. 

Correlation analysis was conducted between the leaf functional traits 
and mass concentrations of the retained particles on B. papyrifera and 
O. fragrans (Fig. 8). The mass concentrations of TSP retained on 
B. papyrifera and O. fragrans were positively correlated with large and 
coarse particles, suggesting that retained particles mainly originated 

Fig. 3. Scanning electron microscopy (SEM) images of the aerosol particles retained on the adaxial and abaxial leaf surfaces of B. papyrifera and O. fragrans ( × 2000 
magnification) with accumulation for 0 day, 4 days, 8 days, and 12 days. 
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from large and coarse particles. The mass concentrations of coarse 
particles, large particles, and TSP were negatively correlated with the 
photosynthesis rate and chlorophyll a/b (Fig. 8). These differences 
existed in the correlations between leaf functional traits and particle 
mass of the tree species. Specifically, the wax content of O. fragrans was 
positively correlated with the mass concentrations of the coarse parti
cles, large particles and TSP, while the wax content of B. papyrifera was 
negatively correlated with the mass concentrations of the large particles 
and TSP. The mass concentration of the coarse particles on B. papyrifera 
was negatively correlated with the stomatal conductance and transpi
ration rate, while the mass concentrations of the coarse particles, large 
particles and TSP on O. fragrans were positively correlated with the 
stomatal conductance and transpiration rate. 

4. Discussion 

Many studies indicated that vegetation can reduce the concentra
tions of aerosol particles and improve air quality (Fares et al., 2020; 
Nemitz et al., 2020). In this study, the number densities and mass con
centrations of the different-sized particles retained on the leaves of 

deciduous B. papyrifera and evergreen O. fragrans exhibited different 
changes following the particle accumulation period increased. The 
number densities of the particles retained on the B. papyrifera leaves 
reached saturation on the 4th day, while the mass concentrations of the 
particles peaked on the 8th day (Figs. 1–3). This result possibly caused 
by the coagulation of fine particles agglomerating together to form 
larger particles (Yin et al., 2020). As the different trend shown in Fig. 1, 
the mass concentrations of the particles on O. fragrans continued to in
crease even on the 12th day. Therefore, evergreen and deciduous plants 
had different accumulation mechanisms of aerosol particles. For 
instance, Sun et al. (2018) reported that the accumulation of particles on 
six shrubs peaked approximately 24 days after rainfall; Wang et al. 
(2015) demonstrated that PM on new leaf surfaces of three deciduous 
species reached a high amount within 4–7 days at a high PM level. These 
results show that plant species with different growth forms and leaf 
surface features likely take different time to achieve saturation in par
ticle retention due to their different physiological functions and leaf 
functional traits. 

Previous studies considered particle accumulation on plant leaves 
through filtration weighing and their possible sources based on water- 

Fig. 4. High-resolution SEM images coupled with EDS (SEM-EDS) for the different types of particles on the leaf surfaces, such as, spherical metal (Fe) particles from a 
steel factory (a), mineral particles attached to spherical metal particles (b), mineral particles (c), secondary aerosol particles densely aggregated on the foliar surface 
(d), mineral and secondary aerosol particles (e), mineral and secondary aerosol particles existing inside and outside of a stoma (f), biological particles (i.e., fungal 
spores) (g), and secondary aerosol particles and biological particles (i.e., fungal hyphae and spores) embedded in the cuticular wax of the plant leaves (h). 
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soluble inorganic ions deposited on plant leaves (Konczak et al., 2021; Li 
et al., 2021). In this study, Ca2+, SO4

2− and NO3
− were the dominant 

water-soluble inorganic ions on the leaves of B. papyrifera and 
O. fragrans. The result is consistent with the data reported by Xu et al. 
(2018) who reported that Ca2+, SO4

2− and NO3
− were the major com

ponents of particles retained on the urban trees in Beijing. However, the 
leaking out of water-soluble inorganic ions from plant leaves cannot be 

neglected. For example, Chen et al. (2022) found that K+ with high 
concentration was leaked from leaf tissue during sample treatment. In 
this study, to prevent leaking of soluble ions, we adopted soft operations 
and kept one good leaf without damages. Indeed, we did not detect K+ in 
the most particle samples, suggesting no obvious ion leaching during the 
experimental process. Generally, Ca2+ was considered to source from 
resuspended and construction dust, while SO4

2− , NO3
− and NH4

+ were 
sourced from secondary inorganic particles by gas-to-particle reactions 
(e.g., NO2, SO2 and NH3). Surprisingly, we found little NH4

+ in the 
deposited particles. The reason can be possibly attributed to the ions 
absorption (e.g., NH4

+, NO3
− , and SO4

2− ) by plants as foliar fertilizers (Gao 
et al., 2020; Moale et al., 2021). 

Particle deposition is closely related to the growth forms and leaf 
functional traits of plants (Barwise and Kumar, 2020; Corada et al., 
2021). Compared to B. papyrifera, the O. fragrans leaves had a higher 
wax content and retained more atmospheric particles (Fig. 7), particu
larly fine and coarse particles. The result shows that evergreen 
O. fragrans was more efficient in particle retention than deciduous 
B. papyrifera. This finding is consistent with the statement that the wax 
content of plant leaves is helpful for particle accumulation (Chen et al., 
2022). Moreover, the wax content of the O. fragrans leaves increased 
with accumulation period, suggesting that it is an acclimation mecha
nism to particle stresses (Popek et al., 2018). In contrast, we found that 
the particles retained on the B. papyrifera leaves caused the degradation 
of cuticular wax (Fig. 7), which is consistent with the study by Konczak 
et al. (2021). The opposite result likely attributed to the rate of wax 
synthesis being lower than that of degradation due to the low growth 
stage in winter. Rough and densely covered with trichomes on the leaf 
surface (Fig. 2) facilitated the retention of larger particles (Prigioniero 
et al., 2022; Weerakkody et al., 2017), suggesting that cuticular wax and 
trichomes of B. papyrifera leaf trichomes contribute to particle 
accumulation. 

Environmental stress, such as soil nutrient deficiency, deficit and 

Fig. 5. Mass concentrations of water-soluble ions, including Ca2+ (a), NH4
+ (b), SO4

2− (c), and NO3
− (d) of the total suspended particles (TSP) retained on the leaves of 

B. papyrifera (blue line) and O. fragrans (black line). The data are presented as the mean ± SE (n = 10). Different letters indicate significant differences. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Principal components analysis (PCA) on the mass concentrations of 
particles with different sizes (i.e., fine particles, coarse particles, large particles, 
and total suspended particulates (TSP)), and the mass concentrations of water- 
soluble ions (i.e., NH4

+, Ca2+, SO4
2− , and NO3

− ), retained on the leaf surfaces of 
plants, responding to the accumulation period treatments. PC indicates a 
principal component. 
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contamination of water, and limited sunlight, can affect plant photo
synthesis (Chaves et al., 2009; Liu et al., 2022). However, few studies 
have investigated the impacts of particle accumulation on plants. In this 
study, particle accumulation exhibited significantly negative effects on 
the photosynthesis rate and chlorophyll a/b, which decreased during the 
accumulation period and negatively affected by particle accumulation. 
The similar result, a decreasing rate of photosynthesis due to the pres
ence of PM accumulated on foliage, have been reported by Popek et al. 
(2018). Recently, Huang et al. (2023) indicated that chlorophyll was 

degraded by automobile exhaust pollution. It is noted that plant 
photosynthesis is greatly influenced by many factors, such as light in
tensity, temperature, CO2 concentration, and season conditions. The 
definite answer remains unclear how PM plays a major role in the 
decrease in photosynthesis and chlorophyll. Therefore, further studies 
are needed to explore the effects of PM on plant photosynthesis. 

The adverse effects of aerosol particles on plant leaves can not be 
ignored. Fine particles can enter the interior of a leaf through the open 
stomata and damage foliar internal tissues, causing various 

Fig. 7. Photosynthetic rates and chlorophyll a/b (a, b), stomatal conductance and transpiration rates (c, d), and wax contents (e, f) of B. papyrifera and O. fragrans 
respectively. The data are presented as the mean ± SE (n = 10). Different letters indicate significant differences. 

Fig. 8. Correlation analysis of particle masses of different sizes (i.e., fine particles, coarse particles, large particles, and total suspended particulates (TSP)) and the 
leaf functional traits (e.g., photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), chlorophyll a/b (Chl), and wax content (WC)) of B. papyrifera 
(a) and O. fragrans (b). * - p < 0.05, ** - p < 0.01, *** - p < 0.001. 
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physiological changes, such as symptoms of chlorosis, premature aging, 
and necrosis of leaves (Siqueira-Silva et al., 2016). In this study, we 
found that the retention of coarse or large particles on plant leaves clog 
stomata (Fig. 4), resulting in reduced stomatal conductance and tran
spiration rate as well as photosynthesis rate (Popek et al., 2018). 
Moreover, these particles contained heavy metals, polycyclic aromatic 
hydrocarbons, and other toxic components, which cause leaf injury, 
stomata damage, and a reduction in photosynthetic activity, and further 
reduce the productivity and functionality of trees (Konczak et al., 2021; 
Weerakkody et al., 2018). Simultaneously, particle pollution could 
stimulate urban trees to emit a considerable amount of different com
pounds, known as biogenic volatile organic compounds (BVOCs) 
(Siqueira-Silva et al., 2016). The mechanisms and potential effects un
derlying the interactions between particle accumulation and plant re
sponses warrant further investigation. 

5. Conclusions 

The leaf functional traits of plant species were closely related to 
particle retention efficiency, especially the cuticular wax of plant leaves, 
which significantly contributed to particle accumulation. Compared 
with B. papyrifera, the leaves of O. fragrans had higher wax content and 
retained more atmospheric particles, particularly fine and coarse parti
cles, suggesting that evergreen O. fragrans was more efficient at particle 
retention than deciduous B. papyrifera. We found that the number den
sities and mass concentrations of the retained particles tended to 
decrease following reaching saturation. The particle accumulation effi
ciency of different plant species varied with their growth forms and leaf 
surface features. 

Particle accumulation exhibited adverse effects on the functional 
traits of plant leaves, resulting in the decrease of photosynthesis and 
chlorophyll of plants during the accumulation periods, and potentially 
reducing their productivity and functionality. The retention of coarse or 
large particles on plant leaves can clog stomata, reducing stomatal 
conductance and transpiration rate. The water-soluble inorganic ions (e. 
g., NH4

+, SO4
2− , and NO3

− ) in secondary aerosol particles might be 
nutritious. However, the toxic components of retained particles (e.g., 
heavy metals, polycyclic and aromatic hydrocarbons) potentially had 
leaf injury and stomatal damage, and finally increased wax content as an 
acclimation mechanism to particle stress. Therefore, the acclimation 
mechanisms of plants in response to particle stresses should be investi
gated in the future. 
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