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Abstract
Differences in leaf surface microstructure characteristics can lead to differences in the ability of trees to capture suspended
particulate matter (PM). The influence of changes in leaf surface microstructure caused by growth and environmental pollution
on the PM capture ability is poorly understood. This study assessed the influence of growth on leaf microstructure in leaves of
different ages, and the influence of pollution intensity was assessed by studying trees growing under different pollution conditions. It was found that the ability of leaves of Taxus cuspidata var., Platycladus orientalis, and Pinus tabuliformis to absorb total
suspended particles (TSP), PM10, PM2.5, and PM1 increased with leaf age. The amounts of TSP and PM10 captured by
P. orientalis, P. tabuliformis, Sophora japonica, Populus tomentosa, and Ginkgo biloba were higher in heavily polluted areas
than in clean areas. This may be because particle capture is influenced by leaf microstructure changes. With age increasing, the
root mean square roughness (Rq) of three evergreen species leaves increased. Environmental pollution will change the leaf
surface microstructure and its ability to capture PM. Compared with a clean area, in a heavily polluted area, the stomatal index
of the leaves decreased, stomata were occluded, the leaf wax layer was degraded, the leaf surface contained more particles, the
surface texture of S. japonica and G. biloba leaves became irregular, the boundaries of the epidermal cells became more irregular,
and the trichrome of S. japonica became thinner, longer, and harder. The Rq value was generally higher in the heavily polluted
area, and the roughness of the abaxial surface increased more than on the adaxial surface. In the heavily polluted area, the leaf
microstructure changes were the main reason for the increase in the Rq value. With the increase in leaf roughness, the amount of
PM on the leaf surface increased.
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Particulate matter (PM) pollution has become an increasingly
serious problem with the rapid development of industrialization and urbanization (Guerreiro et al. 2014; Andrade et al.
2017; Shi et al. 2017). Such pollution has always been a matter of great concern because of the adverse effect of PM on
humans and plants (Rai et al. 2009). It reduces aerosol optical
depth and produces photochemical smog (Wan et al. 2011).
The sequences of several respiratory microbial allergens and
pathogens have been identified and their relative abundance
appears to have increased as levels of PM pollution have increased (Cao et al. 2014). Beijing is an international metropolis, and with the rapid development of its economy and the
continuous expansion of the city, air pollution has reached
serious levels (Zhang et al. 2011). Despite the remarkable
achievements in air pollution control and the obvious improvements in air quality in recent years, there is still an issue
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due to the phenomenon of pollution rebound under the background of the increasingly serious regional air pollution (Yan
et al. 2016; Hu et al. 2018). Trees are efficient scavengers of
PM and are characterized by higher rates of dry deposition
than other land use types (McDonald et al. 2007). Nowak
et al. (2006) studied urban forests in the United States and
found that they can remove about 71.1 × 104 t air pollutants
per year. The model predicted that increasing total tree cover
in the West Midlands, UK, from 3.7 to 16.5% would reduce
the average primary PM10 concentration by 10% from 2.3 to
2.1 mg m−3, removing 110 t per year of primary PM10 from
the atmosphere. Overall health impacts included the avoidance of 30 incidences of human mortality and 22,000 incidences of acute respiratory symptoms across the West
Midlands and Glasgow, UK (Nowak et al. 2014). Therefore,
urban forest management can enable the provision of ecosystem services, especially air pollutant removal (Conway et al.
2019).
Forests are conducive to the formation of turbulence to
promote dust capture, and meteorological factors can also affect dust capture. Precipitation can wash the particles attached
to the leaves (Dawson et al. 2007). The particles captured can
be washed by continuous precipitation of 15 mm (Fang et al.
2015). Proper wind speed can increase the capture effect of
particles, and too high or too low wind speed will reduce the
capture capacity of particles (Prusty et al. 2005). The ability of
tree leaves to act as PM receptors depends upon their surface
geometry, phyllotaxy, leaf pubescence, height, and canopy
structure, as well as the prevailing meteorological conditions
(Dzierzanowski et al. 2011; Hwang et al. 2011; Sæbø et al.
2012; Thaker and Gokhale 2016). Because leaves are the most
important carriers of PM, the differences in leaf surface characteristics are important reasons for the differences among
plants in their ability to absorb PM (Tallis et al. 2011).
Neinhuis and Barthlott (1998) found that leaf surface characteristics had a strong influence on the retention of PM by leaf
surfaces, e.g., leaves with complex shapes, waxy cuticles, trichomes, convex cells, and ridges may accumulate particles
efficiently (Freer-Smith et al. 2004). The ultrastructure and
chemical composition of wax are extremely complex (Wang
et al. 2015b) and will have great influence on leaves roughness. Leaves can undergo several structural and functional
changes when exposed to particulate-laden air (Rai et al.
2009). In dust-affected plants, the leaves have characteristic
wrinkles, and the sinuous nature of epidermal cells and distinct cell boundaries are completely lost in the cuticle. These
changes in the microstructure of leaves will have an impact on
the ability to capture PM. Studies have shown that the microstructure of new to mature leaves can undergo great changes
when exposed to PM (Wang et al. 2013). The microstructure
of the leaves will change with their growth and exposure to
environmental pollution. However, the influence of changes
in the leaf surface microstructure caused by these factors on

the PM retention capacity is still poorly understood. In this
study, the effect of leaf age (i.e., the influence of growth) and
pollution conditions (i.e., PM concentration) on leaf surface
microstructure were investigated. The impacts of any leaf surface microstructure changes caused by leaf age and pollution
conditions on their PM retention capacity were analyzed. The
factors controlling the ability of leaves to capture PM were
determined and data was provided to support scientific urban
forest management measures that will improve the PM removal function of forests.

Data and methods
Study area
Beijing (39°N, 116°E) is located in the northwest part of the
North China Plain. It is located within the warm temperate
zone semi-humid region, the annual average temperature is
10 to 12 °C, and the annual average precipitation is
644 mm. The sampling sites were located in Beijing botanical
garden and Chaoyang Park. The Beijing botanical garden is
23 km from the center of Beijing, and the sampling site was
located far from any roads, and was therefore considered a
relatively clean area. The area around Chaoyang Park has a
high population density and a large number of vehicles. The
sampling site was located alongside a road, and was therefore
a heavily polluted area that was significantly affected by vehicle exhaust emissions. In 2017, the atmospheric PM2.5 concentrations in Beijing botanical garden (clean area) and
Chaoyang agricultural exhibition hall, which is near
Chaoyang Park (heavily polluted area), were 58.32 and
75.43 μg m−3, respectively, while the atmospheric PM10 concentrations were 77.94 and 116.08 μg m−3, respectively.

Selection of tree species and leaf collection
New (1-year old) and old (more than 1-year old) leaves of
three evergreen trees (Platycladus orientalis, Pinus
tabuliformis, and Taxus cuspidata var.) in the clean area were
selected for the determination of PM on the leaf surface and
the observation of leaf microstructure. The new and old leaves
are distinguished by the color of the leaves. The new leaves
grew on the tip of the twig which seemed yellow green, and
the old leaves grew on the bottom of the same twig which
looked dark green. In both the clean and heavily polluted
areas, two coniferous species (P. orientalis and
P. tabuliformis) and three broadleaved species (Sophora
japonica, Populus tomentosa, and Ginkgo biloba) were selected for the determination of PM on leaf surfaces and the observation of leaf microstructure under different PM concentrations. Growth of selected trees is in Table 1.
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Table 1 Growth of selected trees
Sampling sites

Tree species

DBH/cm

Height/m

Crown depth/m

Beijing botanical Garden

Platycladus orientalis
Pinus tabuliformis
Taxus cuspidata var.
Sophora japonica
Populus tomentosa

14.9
11.4
6.3
16.2
19.6

±
±
±
±
±

2.7
0.9
0.5
3.6
2.5

12.3
5.7
3.5
11.2
18.2

±
±
±
±
±

1.1
0.7
0.2
1.0
2.3

11.7
3.5
2.8
7.3
10.2

±
±
±
±
±

0.5
0.7
0.4
0.8
1.5

Ginkgo biloba
Platycladus orientalis
Pinus tabuliformis
Sophora japonica
Populus tomentosa
Ginkgo biloba

15.2
12.7
12.6
13.5
20.9
14.3

±
±
±
±
±
±

1.9
1.6
1.9
2.1
3.7
2.3

15.9
11.3
5.3
9.7
21.5
13.7

±
±
±
±
±
±

2.7
1.5
1.0
1.1
2.6
1.8

8.3
10.8
3.6
5.9
11.9
7.2

±
±
±
±
±
±

0.7
0.3
0.4
0.7
1.3
0.5

Chaoyang Park

To ensure that both new and old leaves, and leaves in both
clean and heavily polluted area, were clean with the same “zero
point” for observed of PM deposition on leaves, the samples
were taken following August when the total precipitations exceed 200 mm. The leaves samples were collected after the
rainfall more than 1 week. Leaf collection was conducted from
September 5 to 6, 2017. Using overhead shears, leaves in the
four directions (east, west, north, and south) and three heights
(top, middle, and bottom) of the canopy were collected (Wang
et al. 2016, 2017). Leaves were required to be complete and free
from diseases, insect pests, and physical damage. About 100 g
of leaves was collected from each tree. Three plants with good
growth status and a mean diameter at breast height (DBH) were
selected from each species as duplicates. The fresh leaves were
placed into clean self-sealing bags, without any static charge,
and transported to the laboratory for later use.

Determination of leaf area
A 100-g sample of P. tabuliformis needles was collected. Needle
diameters and lengths were measured. The average surface area
of pine needles was calculated by assuming they were truncated
cones, and the average surface area of pine needles was calculated using Equation (1) (Hwang et al. 2011).
Aneedle
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where D1 was the average diameter of pine needles at the upper
tip, D2 was the average diameter of pine needles at the lower tip,
and l was the average length. Thus, the total surface area of pine
needles was calculated by multiplying the number of pine
needles by the average surface area of pine needles.
The leaves of broad-leaved trees were scanned by an image
scanner (Canon LIDE 110, Canon, Tokyo, Japan), and the
images were converted into pictures that appeared black with
a white background. The black area was obtained using

Adobe Photoshop CS2 software and indicated the leaf surface
area of these broad-leaved trees.

Measurement of the amount of PM captured per unit
leaf area
The principle of wind erosion was applied in the present study,
with the PM on the leaves blown off and mixed to form aerosols again (Zhang et al. 2015b; Zhang et al. 2017) (Fig. 1). For
each tree species, this process was repeated three times. The
ability to capture PM was measured in a wind tunnel (size: 1 ×
0.5 × 0.5 m) (Zhang et al. 2017; Zhang et al. 2018). The leaves
were laid flat uniformly to ensure that most of the air stream
could pass through them. The total length of the wind tunnel
occupied by branches was 1 m. The experiment was implemented at a wind speed of 20 m s−1, to ensure that the PM
from each leaf could be resuspended to form an aerosol within
the wind tunnel. The wind tunnel used filtered laboratory air.
The aerosol concentration was fairly constant (< 1 μg m−3) in
the laboratory space of around 10 m3. First, sampled leaves
were placed in the wind tunnel; then, pure air without PM was
introduced into the wind tunnel through a plenum with several
openings. Second, a fan operating at a wind speed of 20 m s−1
was used to blow air across the leaves in the tunnel. This
process continued for about 6–10 min, to ensure that all of
the PM on the leaf surface was suspended in the tunnel space.
It has been confirmed that a wind speed of 20 m s−1 and a
duration of 6–10 min can remove > 80% of the PM deposited
on leaves (Fang et al. 2015). Finally, a portable environmental
dust detector (Dustmate, Turnkey, UK) was used to measure
the total suspended particulate (TSP), PM10, PM2.5, and PM1
concentrations of the tunnel space. Equation (2) was used to
calculate the amount of PM per unit leaf area of different tree
species (Wang et al. 2015):
M i ¼ ∑n1 mij =S i

ð2Þ
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Fig. 1 A sketch of the wind tunnel experimental setup (Zhang et al. 2015b; Zhang et al. 2017)

where M represents the amount of captured PM per unit leaf
area of the different tree species (g cm−2), i represents the tree
species, j represents the PM size, n = 3 replicates, and mij
represents the mass of the TSP, PM10, PM2.5, and PM1 on
leaves measured (μg), S represents the leaf area (cm2).

Leaf microstructure observation
Fresh leaves were cut into 4 × 4-mm pieces from the middle of
the leaves to avoid the veins, which were then fixed in 2.5%
(volume fraction) glutaraldehyde solution. For dewatering,
ethanol was then added in stages. After the leaf samples were
sprayed with a conductive coating, the surface microstructure
of the leaves was observed and analyzed by scanning electron
microscopy (SEM) (S-3400, Hitachi, Tokyo, Japan), and images were taken at 300× magnification to observe the leaf
surface microstructure.

and Nun˜ez 2007). The stomatal length of P. tomentosa and
P. tabuliformis were the guard cell length, while the stomatal
length of P. tabuliformis was the longest diameter length.
S I ¼ S D  Lg

ð3Þ

where SI is the stomatal index (mm−1), SD is the stomatal
density (n mm−2), and Lg is the guard cell length (mm).
Two-factor analysis of variance was applied to analyze leaf
age and tree species on the particles capture capacity of leaves,
as well as pollution intensity and tree species. The experimental data were processed and analyzed by Sigmastat 3.5 software, and the graph was drawn by Sigmaplot 10.0 software
(Systat Software Inc. (SSI), San Jose, CA, USA).

Results
The ability of leaf surfaces to capture PM

Determination of leaf surface roughness
Moisture was carefully removed from the leaf surfaces with
absorbent paper, and then, the leaves were cut into 5 × 5-mm
sections. At normal temperature, the leaf samples were
scanned using an atomic force microscope (AFM)
(Multimode 8, Bruker, Karlsruhe, Germany), with a maximum scanning range of 100 × 100 μm. All AFM images were
obtained in the height mode and were not processed in any
way. The sampled leaf surfaces were analyzed using
NanoScope Analysis software (NanoScope Analysis 1.4,
Bruker), which can obtain a three-dimensional structural image of the tested leaf surface and can determine leaf surface
roughness, including the root mean square roughness (Rq),
arithmetic mean deviation of the profile (Ra), and ten-point
height of irregularities (Rz). The Rq value was used to characterize the roughness of the leaf surface in this study.

Data processing and analysis
The length of the guard cells, stomatal length and density, and
trichome length and density were statistically analyzed in
three random 300× leaf surface microstructure images. The
stomatal index was calculated using Equation (3) (Brewer

Differences in the ability of leaf surfaces to capture PM
at different leaf ages
The ability of old leaves to capture TSP, PM10, PM2.5, and
PM 1 for the three evergreen trees (P. orientalis,
P. tabuliformis, and T. cuspidata var.) was greater than that
for new leaves (Fig. 2). With an increase in leaf age, the ability
to capture PM of all sizes increased. Moreover, there were
extremely significant differences between the capture capacity
of different particle sizes for new leaves and old leaves (Fig.
2). When the leaves were new, the amount of TSP and PM10
captured was highest in P. orientalis, followed by T. cuspidata
var. and P. tabuliformis. The amount of PM2.5 and PM1 captured was highest in T. cuspidata var., followed by
P. orientalis, and P. tabuliformis. When the leaves were old,
the amount of TSP captured by leaves was highest in
T. cuspidata var., followed by P. orientalis and
P. tabuliformis. The amount of PM10 captured was the same
for all three tree species, although PM2.5 and PM1 had different capture dynamics. Among these four particle sizes, except
PM10, there were highly significant differences in particle
capture capacity between different tree species (Fig. 2). The
increase in the amount of TSP and PM of different sizes
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Fig. 2 Particulate matters
captured by leaves for different
ages. Note: Different letters
indicate significant differences
between the treatments (p < 0.05)

captured by the different tree species varied with leaf age. This
may be related to differences in leaf microstructure and roughness between tree species and changes in leaf microstructure
with leaf age.

Differences in the ability of leaf surfaces to capture PM
in clean and heavily polluted areas
The amount of TSP and PM10 captured by five tree species
(P. orientalis, S. japonica, P. tomentosa, P. tabuliformis, and
G. biloba) was higher in the heavily polluted area than in the
clean area (Fig. 3). The amount of PM2.5 and PM1 captured by
P. orientalis, P. tabuliformis, and G. biloba was higher in the
heavily polluted area than in the clean area; however, the
amounts captured by S. japonica and P. tomentosa were
higher in the clean area than in the heavily polluted area.
The particle retention capacity of different size classes, in
addition to being affected by the PM concentration in the
air, was also dependent on the influence of changes in the
microstructure of leaves under different particle concentrations. Pollution intensity extremely significantly affected the
capture capacity of TSP, PM10, and PM2.5 on leaves, as well
as significantly affected the capture capacity of PM1 (Fig. 3).
For different tree species, the amount of TSP and PM10
captured in the clean area from high to low was
Fig. 3 Particulate matters
captured by leaves for different
pollution level. Note: Low PM
area was Beijing botanical
Garden, and high PM area was
Chaoyang Park. Different letters
indicate significant differences
between the treatments (p < 0.05)

P. orientalis, P. tabuliformis, P. tomentosa, G. biloba, and
S. japonica, while the amounts of PM2.5 and PM1 captured
were not consistent with this pattern (Fig. 3). The amount of
TSP captured in the heavily polluted area followed the order
of P. orientalis > P. tabuliformis > P. tomentosa >
S. japonica > G. biloba, while the amount of PM10 captured
followed the order of P. orientalis > P. tabuliformis >
P. tomentosa > G. biloba > S. japonica. There was highly significant difference in their particle capture capacity (Fig. 3).

Changes in leaf surface microstructure in response
to leaf age and pollution level
The SEM images showed that the adaxial surface of both the
new and old leaves of T. cuspidata var. were smooth, with no
prominent lines (Figs. 4a–d and 5). The abaxial surface was
uneven, with nearly circular open stomata and irregular convex epidermal cells, although the surface structure of both old
and new leaves was similar. Only a small number of particles
were distributed on the adaxial and abaxial surfaces of the new
leaves, while a large number of particles covered the surface
of the old leaves. The particles were distributed in the grooves
between the convex cells and stomata, especially on the adaxial surface. The 5-μm two-dimensional and three-dimensional
AFM images showed that the adaxial and abaxial surfaces of
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Fig. 4 Leaf surface micrographs for evergreen tree species based on
scanning electron micrographs. Taxus cuspidata var., new leaf a adaxial
surface, b abaxial surface; old leaf, c adaxial surface; d abaxial surface.
Platycladus orientalis, e new leaf in Beijing botanical garden, f old leaf in

Beijing botanical garden, g old leaf in Chaoyang Park. Pinus
tabuliformis, h new leaf in Beijing botanical garden, i old leaf in
Beijing botanical garden, j old leaf in Chaoyang Park

the new leaves consisted of small convex grains, with tiny
nanoparticles positioned on the abaxial surface. The surface
of old leaves was more complex than that of new leaves, with
uneven peaks and valleys. The Rq values of the adaxial and
abaxial surfaces of the new and old leaves were 98.7, 4.46,
297, and 290 nm, respectively (Fig. 6). As the leaf age increased, the roughness of the adaxial and abaxial surfaces
gradually became similar.
The texture of the new leaves of P. orientalis and
P. tabuliformis was clearly different to that of the old leaves

(Figs. 4e–j and 5). The stomata of P. orientalis were elliptic
and open, but were unevenly distributed. The stomata of
P. tabulaeformis were regularly distributed and open. There
were very few particles on the surface of new leaves of
P. orientalis and P. tabuliformis. The texture of the old leaves
of both species was not as smooth as that of the new leaves.
There was PM distributed in the grooves, and the amount of
PM on leaf surfaces in the heavily polluted area was clearly
greater than in the clean area. Stomatal apertures in the heavily
polluted area were smaller than those in the clean area.
Particulate matter occluded some of the stomata. The wax
layer on the leaf surface of P. orientalis and P. tabuliformis
in the heavily polluted area was damaged due to the exposure

Fig. 5 Stomatal length and density on leaf surface for different ages based
on scanning electron micrographs

Fig. 6 The roughness Rq and stomatal index on leaf surface for different
ages based on atomic force microscope
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to more serious levels of pollution. The AFM diagram showed
that the Rq values of the leaves of the two species did not
increase significantly with the increase in leaf age (Fig. 6).
However, the roughness of the leaves in the heavily polluted
area was significantly greater than in the clean area (Fig. 9).
Compared with the clean area, the trichomes on the adaxial
and abaxial surfaces of the leaves of S. japonica in the heavily
polluted area were thinner, longer, and harder (Figs. 7a–d and
8). In the clean area, they were prostrate on the leaf surface,
but they were erect in the heavily polluted area. The cuticular
wax in the heavily polluted area was severely damaged. In
addition, the structure changed from a regular to irregular
arrangement of convex cells. More particles were distributed
on the surface of leaves in the heavily polluted area, with
particles on the abaxial surface mainly distributed on leaf
ridges and in areas with a large density of trichomes. The
stomatal apertures were small in the heavily polluted area.
AFM images showed that the adaxial surface of leaves had
similar peaks and valleys in the heavily polluted and clean
areas, and the measured Rq value was also similar in both areas
(Fig. 9). On the abaxial surface, the Rq values in the heavily
polluted area were much higher than in the clean area.
In the heavily polluted and clean areas, the adaxial surface of
P. tomentosa leaves had a smooth cuticle, the grain was shallow,
and there was a larger coverage of particles (Figs. 7e–h and 8).
The distribution of stomata on the abaxial surface of leaves was

dense, the stomatal guard cells had irregular rough edges, and the
particles were mainly distributed around the stomata and leaf
ridges. The wax layer of the adaxial surface of the leaves from
both study sites was damaged to a certain extent. In the clean
area, it was more damaged than in the heavily polluted area. The
wax layer on the abaxial surface of the leaves in the heavily
polluted area was damaged, while in the clean area, it was well
preserved. The roughness of the adaxial surface of leaves in the
clean and heavily polluted areas was similar, while the abaxial
surface of the leaves in the heavily polluted area was more uneven and had greater roughness (Fig. 9).
On the adaxial surface, the G. biloba leaves had a clear
grain and groove structure (Figs. 7i–l and 8). Particles were
adhered to the grooves. The wax layer in the heavily polluted
area had been damaged. The leaf stomatal guard cells and
epidermis on the abaxial surface consisted of regular convex
cells. In the heavily polluted area, the convex stomatal guard
cells on the abaxial surface were more degenerated than in the
clean area. The convex cells on the leaf surface were also
irregular gully structures. The number of particles attached
to the abaxial surface of the leaf was significantly less than
on the adaxial surface. There were more particles on the adaxial and abaxial surfaces of G. biloba leaves in the heavily
polluted area than in the clean area. The roughness of the
adaxial and abaxial surfaces of G. biloba leaves in the heavily
polluted and clean areas was similar (Fig. 9).

Fig. 7 Leaf surface micrographs for deciduous tree species based on
scanning electron micrographs. Sophora japonica, in Beijing botanical
garden a adaxial surface, b abaxial surface; in Chaoyang Park, c adaxial
surface, d abaxial surface. Populus tomentosa, in Beijing botanical

garden e adaxial surface, f abaxial surface; in Chaoyang Park, g adaxial
surface, h abaxial surface. Ginkgo biloba, in Beijing botanical garden i
adaxial surface, j abaxial surface; in Chaoyang Park, k adaxial surface, l
abaxial surface
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Fig. 8 The stomatal length and
density on leaf surface for
different pollution level based on
scanning electron micrographs

Discussion
The dynamics of the amount of PM captured on
leaves
The ability of leaves from different tree species to capture PM
varied among the different growth periods. In a previous
study, the ability of 2-year-old Norway spruce (Picea abies)
to capture PM was found to be higher than that of 1-year-old
trees (Räsänen et al. 2014), and this has also been reported for
stone pine (Pinus pinea) (Terzaghi et al. 2013). Many more
particles have been reported to be deposited on the adaxial leaf
surfaces of various species, including S. japonica, in April
than in October (Wang et al. 2013). The results of these studies were consistent with the results reported here for TSP,
PM10, PM2.5, and PM1 particles captured by the three evergreen tree species, P. orientalis, P. tabuliformis, and
T. cuspidata var., which increased as the leaf age increased.
The ability of leaves to capture PM is related to leaf age,
while the pollution level and ability of the leaf surface to
capture PM2.5 have been shown to be positively correlated
(Lu et al. 2018). High concentrations of atmospheric PM resulted in the surface of Ligustrum compactum and Viburnum
odoratissinum leaves becoming saturated with PM after 4–
5 days (Wang et al. 2015a). Traffic flows and the distance
from a tree to the closest road have been shown to significantly influence the PM2.5 retention on the L. compactum leaf
Fig. 9 The roughness Rq and
stomatal index on leaf surface for
different pollution level based on
atomic force microscope

surface. A significant positive correlation has been reported
between leaf PM2.5 retention and traffic flow (Wang et al.
2014). For PM10 capturing, needle-leaved species showed
higher capacity under all traffic pressures except under the
low traffic pressure. For PM2.5 capturing, needle-leaved species accumulated more PM only under the high traffic pressure (He et al. 2020a). In the present study, the amounts of
TSP and PM10 captured by five tree species (P. orientalis,
P. tabuliformis, S. japonica, P. tomentosa, and G. biloba)
were higher in the heavily polluted area than in the clean area.
The amounts of PM2.5 and PM1 captured by P. orientalis,
P. tabuliformis, and G. biloba were higher in the heavily polluted area than in the clean area. This may be due to the
differing retention capacity of particles with different sizes,
which in addition to being affected by the concentration of
PM in the air, is also dependent on the influence of changes
in the microstructure of leaves at different particle concentrations. The greatest accumulation of air pollutants occurred on
the foliage of plants protected from the rain at a site exposed to
traffic-related pollution and the smallest accumulation at a
rural site (Przybysz et al. 2014).
Contrasts between evergreen and deciduous tree species
have been reported with regard to leaf PM accumulation.
Freer-Smith et al. (2004) observed that the leaf PM captured
by the needles of evergreen species was greater than that captured by the leaves of deciduous species, which was also reported by Moreno et al. (2003). He et al. (2020b) highlights
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the importance of evergreen roadside plants for PM pollution
management during winter. One-year-old needles of Cedrus
deodara did not have a greater ability to accumulate PM than
the leaves of the deciduous species S. japonica and Platanus
acerifolia during their lifespan. However, because atmospheric PM removal occurs principally during the in-leaf period,
evergreen species that grow throughout the year could contribute more to PM removal than deciduous species, with the
difference being particularly pronounced in winter (Wang
et al. 2013). In our study, it was found that the amount of
PM captured by mature leaves of P. tomentosa in the clean
area was higher than that of 1-year-old T. cuspidata var. and
P. tabuliformis, and the amount of PM on mature leaves of
G. biloba was also higher than that on 1-year-old
P. tabuliformis. Therefore, the influence of leaf age cannot
be ignored when evaluating the ability of evergreen leaves
to capture PM.

Effect of the microstructure changes of leaves on the
amount of PM captured
There exist functional adaptations of plant surface structures
to environmental conditions (Koch et al. 2009). Differences in
leaf surface characteristics and roughness are important determinants of the ability of plants to capture PM (Lu et al. 2018).
The roughness on the leaf surface is determined by morphological parameters, such as cuticular ornamentations, raised
epidermal cell boundaries, stomatal ledges, trichomes, and
epicuticular and cuticular waxes (Pal et al. 2002; Nairn et al.
2011). With an increase in leaf age, the R q values of
T. cuspidata var., P. orientalis, and P. tabuliformis increased.
The number of particles on the leaf surface in the scanned
images of leaves and the measured amounts of fine PM on
the leaves both displayed an increasing trend. The contact
angles of water droplets on leaves decrease with leaf age
(Wang et al. 2013), and the ability to capture PM increases
with the decreased leaf contact angle. The increase in wettability, which is probably caused when epicuticular wax was
destroyed by mechanical and chemical abrasion, seems to be
the main factor leading to seasonal variations in leaf PM accumulation (Wang et al. 2013).
In the three coniferous tree species, compared with the new
leaves, the old leaves of T. cuspidata var. displayed the most
obvious increase in the amount of particles captured, with the
increase in the amount of PM captured by the leaves of
T. cuspidata var. being higher than that captured by
P. orientalis and P. tabuliformis. Some large particles on the
leaf surface were easily removed under the action of external
forces, such as rainfall and wind. The higher Rq values and
stomatal index on the leaf surface of T. cuspidata var. could
increase the strength of attachment of PM and prevent them
from being removed by external forces. In addition, the wax
layer on the adaxial surface of the old leaves of T. cuspidata

var. was more damaged than that of the new leaves. Due to the
increase in wettability of the damaged leaf wax layer, the
amount of particulate captured on the adaxial surface of the
old leaves increased significantly. With an increase in leaf age,
the roughness of the abaxial surface also increased. The
roughness of the adaxial and abaxial surfaces gradually became similar, which also improved the ability of leaves to
capture particles.
In addition to the variation of the microstructure of the leaf
surface with the growth of leaves, the influence of leaf age on
the surface microstructure of leaves is also important because
old leaves are affected by pollutants for a longer time than new
leaves. Environmental pollution will change the structure and
properties of leaf surface, and thus alter their ability to capture
PM. Compared with clean areas, the changes to the leaf surface microstructure in heavily polluted areas have been reported to result in a decrease of the stomatal index (Pourkhabbaz
et al. 2010), occlusion of stomata, degradation of the leaf wax
layer (Rai et al. 2009), and the coverage of the leaf surface
with more particles (Zhang et al. 2015a). The surface texture
of leaves of S. japonica and G. biloba has been reported to
become irregular, and the boundaries of the epidermal cells
also become more irregular (Pal et al. 2002; Zhang et al.
2015a). Additionally, the trichomes on the leaf surface become thinner (Rai et al. 2009; Zhang et al. 2015a), longer
(Pal et al. 2002; Zhang et al. 2015a), and harder. The results
of the present study were different from those of Zhang et al.
(2015a). More samples will be taken in future studies to determine the reasons for these variations. Most of the results in
our study were consistent with the results of the particle spray
experiments reported by Rai et al. (2009). It was also found
that seedling leaves sprayed with PM had smaller epidermal
cells and stomata (Rai et al. 2009), the leaf structure exposed
to the polluted environment changed significantly, and the
number of stomata doubled with the contraction of epidermal
cells (Pal et al. 2002). The results of leaf studies involving
both PM spraying and exposure to polluted environments
confirmed that pollutants also had a great impact on the leaf
surface microstructure. The Rq values were generally higher in
the heavily polluted area than in clean area, and the roughness
of the abaxial surface increased more obviously than that of
the adaxial surface. The main reason for this was that the
stomata are mainly distributed on the abaxial surface of the
leaf. On the abaxial surface of the leaves of P. tomentosa and
G. biloba, compared with the clean area, the number, shape,
size, and aperture of stomata of leaves in the heavily polluted
area changed greatly. Haines et al. (1985) found that the
higher the wettability of the leaf surface, the more vulnerable the epicuticular wax layer is to environmental
factors and air pollution, in particular. Mechanical damage and chemical corrosion of the adaxial surface have
been reported to be more obvious than those of the
abaxial surface (Burkhardt et al. 1995).
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Compared with the amounts of TSP and PM10 on leaf
surfaces in the clean area, the amounts on the leaves of each
tree species in the heavily polluted area were higher. In the
heavily polluted area, with its higher PM concentration,
changes in leaf microstructure were observed. This resulted
in an increase in leaf surface roughness, and with the increase
of roughness, the amount of PM captured on the leaf surface
increased. Therefore, after the leaves were dusted and their
growth and physiological characteristics were seriously affected, but the morphological adaptability of leaves surface microstructure could enhance their ability to capture particles to
a certain extent. However, the relationship between fine PM
(PM2.5 and PM1) and leaf surface roughness is complex,
mainly because the retention of fine particles depends more
on the adhesion conditions of the particles, such as stomatal
density, stomatal aperture, groove width, trichomes, epidermal cell contour, and leaf wax layer. Especially, leaves with
groove seem that there was sufficient room on the leaf to
capture PM (He et al. 2020b). Moreover, another important
reason was that the fine particles are usually further
transported from their long distance emission source.
Leaf traits including leaf form, leaf shape, leaf surface area,
leaf surface hydrophilicity, and leaf surface characteristics all
have notable effects on the PM capturing capacity of the roadside plant species (He et al. 2020c) Among the different tree
species, the amounts of TSP and PM10 captured in the clean
area followed the order of P. orientalis > P. tabuliformis >
P. tomentosa > G. biloba > S. japonica. The amount of TSP
captured in the heavily polluted areas varied from high to low
in the order of P. orientalis, P. tabuliformis, P. tomentosa,
S. japonica, and G. biloba, while for PM10, the amount captured varied from high to low in the order of P. orientalis,
P. tabuliformis, P. tomentosa, G. biloba, and S. japonica.
The main reason for this was that the Rq values of the leaves
of S. japonica in the heavily polluted area were much higher
than in the clean area, while there was little variation in the
roughness of G. biloba leaves between the heavily polluted
and clean areas. The scanned images of leaves showed that the
contours of epidermal cells on the adaxial surface of G. biloba
leaves became unclear, the stomatal guard cells on the abaxial
surface became irregular, and the epidermal convex cells
degenerated. The leaf roughness of P. tomentosa did not vary
much between the heavily polluted and clean areas, but the
irregular stomatal guard cells and leaf ridges of P. tomentosa
were more beneficial to the retention of PM. Therefore, due to
the high concentration of atmospheric PM in the heavily polluted area, the amount of PM on the leaf surfaces was higher
than in the clean area. However, the amounts of PM2.5 and
PM1 captured were not of the same order, which was similar
to the results of Zhang et al. (2015a), mainly due to more
complex factors affecting the adhesion conditions of fine particles such as PM2.5 and PM1. Needle-leaved plants were more
sensitive to the change of traffic pressures, its PM capturing

capacity changed notably between different traffic pressures
because its leaf wax is more susceptible to be corroded. Leaf
surface contact angle was slightly affected by the change of
traffic pressure for broad-leaved species, but for needle-leaved
species, it changed greatly (He et al. 2020a). Therefore, further
studies are still required to fully explain how leaves capture
fine particles and what factors play a major role in the process.

Conclusions
The increase of roughness Rq value of the old leaves of
P. orientalis, P. tabuliformis, and T. cuspidata var. were the
main reason that led to the increase of the particle capture
capacity on leaves. The particle capture of mature leaves of
P. tomentosa was higher than that of T. cuspidata var. and
P. tabuliformis. The mature leaves of G. biloba were higher
than the new leaves of P. tabuliformis. When comparing the
particle capture capacity of evergreen and deciduous species,
the influence of old and new evergreen needle leaves should
not be ignored. Compared with the relatively clean area, in the
heavily polluted area, the stomatal index of leaves was reduced, the waxy layer was degraded, the surface texture and
cell boundary were more irregular, and the trichomes were
longer and harder. These changes in the microstructure of
the leaves surface made the roughness Rq value of the heavily
polluted area higher than that of the relatively clean area.
Moreover, the increase of the abaxial surface of the leaves
was more obvious than that of the adaxial surface; therefore,
the capture capacity of particulate matter on leaves was significantly enhanced in heavily polluted areas. After leaves
were dusty, before leaf growth and physiological characteristics were seriously affected, the morphological adaptability of
the surface microstructure could enhance their particle capture
capacity to some extent.
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