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Abstract: Particulate matter (PM), one of the most important pollutants of traffic emission, threatens the health of urban ecosystems and
citizens. Roadside trees play an important role in trapping PM, and the foliar PM load is a useful indicator for air PM pollution in road
systems. To detect the relationships of foliar PM load with road structures, urbanization, and meteorology in road systems, we studied a
widely-planted tree Sophora japonica L. in 100 roads and 10 yards of Beijing, China, and found that the foliar PM loads increased with
the distances from the urban centre (DUC) linearly, while decreased with the road density. All-subsets regression analysis indicated that
DUC, average monthly relative humidity, average monthly wind speed, and mean annual wind speed were the most important factors in
predicting foliar PM load, rather than general situation of buildings and road cleanliness. The monthly relative humidity and monthly
wind speed had a negative correlation to foliar PM, while the annual relative humidity and annual wind speed had a positive correlation
to foliar PM. Suburban areas and these effective factors should be highlighted in PM control in Beijing.
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Introduction

Traffic emissions are the primary source of air pollution
in urban environments (Tallis et al., 2011). Particulate
matter (PM) is one of the most important components of
traffic emissions, which not only reduces air quality but
also harms the health of urban citizens (Jin et al., 2014).
Previous studies have shown that urban spatial configurations, land use patterns and road structures can affect
air particulate matter concentrations (Levy et al., 2003;
Weng and Yang, 2006; Wang et al., 2017); however,
those effects were often described by modelling or in-

terpolation (Wang et al., 2017), only a few studies
measured pollutant levels in field (Freer-Smith et al.,
2005; Yli-Pelkonen et al., 2017).
Plants can trap PM with their foliage (Nowak et al.,
2006). Given the height and complex structure, trees are
more efficient in PM retention than shrubs or grass
(Tallis et al., 2011). Approximately 772 t of PM10 were
removed by trees during one year in the main urban area
of Beijing, China (Yang et al., 2005). Roadside trees are
exposed to PM from the combustion of fossil fuels in
vehicles, road PM resuspension (Rai, 2013; Jin et al.,
2014), and additional traffic-related PM sources, such as
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the abrasion or wear of disk brakes and engine components (Lough et al., 2005; Hjortenkrans et al., 2006).
Therefore, the foliar PM load of roadside trees is considered as a useful biological indicator for evaluating
road-level air pollutions (Prusty et al., 2005; Prajapati
and Tripathi, 2008b; Chaturvedi et al., 2013; Bao et al.,
2016), and as a simple way to indicate the urban
distribution of PM pollution.
Previous studies often compare foliar PM loads on an
urban gradient but obtain different results. Prajapati and
Tripathi (2008b) and Przybysz et al. (2014) found that
the foliar PM loads on roadside plants were higher than
those of rural plants, while Simon et al. (2014) argued
that foliar PM loads did not differ significantly along the
urban gradient. While Freer-Smith et al. (1997) detected
that foliar PM load differences between urban and rural
sites varied according to particle sizes and seasons. And
Sæbø et al. (2012) found that foliar PM loads between
urban and rural sites differed with plant species. Therefore, it remains far from reaching a solid conclusion on
how foliar PM is distributed along an urban gradient and
how such patterns are formed.
Roadside trees are closely related to particle emissions from road traffic and road PM resuspension. Both
the grades of road and the road density influence PM2.5
concentrations (Wang et al., 2017). Therefore, the resultant foliar PM may be correlated to road characteristics,
such as grades, densities, and orientations. However,
relevant studies are rare and unclear. Foliar PM loads
were compared in roads of different grades (Dai et al.,
2012). Effects of road orientation on leaf saturation isothermal remnant magnetization (SIRM) were studied
(Hofman et al., 2013). Regarding road density, a few
studies have concentrated on road PM, urban soil, or dry
deposition but not on foliar PM load (Tang et al., 2013b;
Lewis et al., 2015; Zhang et al., 2015).
Rainfall can wash the particles on leaf surface effectively, and reduce the amount of PM in the air, as well as
solidify PM on the ground and other surfaces that may
be raised (Beckett et al., 1998; Schaubroeck et al., 2014;
Xu et al., 2017). The increase of relative humidity generally occurs after rainfall, and thus decrease the amount
of PM trapped on plant leaves. Meanwhile, with the rising humidity, particle sizes in the air become larger because of coagulating with each other or moisture absorption, which is conducive to deposition on leaf surfaces (Mohan, 2016). However, the increasd air humid-

ity and the transpiration of plants will also make the
leaves moister, thus improving the PM retention ability
of plants (Wang et al., 2015).
The amount of PM trapped in leaf surface of plants
also depends on the movement pattern and speeds of
particles in the air. Beckett et al. (2000) found that when
the wind speed was less than 8 m/s, the deposition velocity of PM and particle deposition on the leaf elevated
with wind speed, but a very high wind speed may lead
to a decline of the deposition rate. Freer-Smith et al.
(2004) found that PM retention and deposition velocity
in the wind at 9 m/s were higher than wind at 3 m/s
through a wind tunnel experiment. Ould-Dada and
Baghini (2001) found that when the wind speed was less
than 5 m/s, it could not affect the accumulation of particles on the leaf surface. Only in the appropriate wind
speeds, the PM retention function of plant is prominent;
if the wind speed is too high in a period of time, the PM
retention will be reduced (Wang et al., 2015), strong
wind could even clean PM on leaves and make it
possible for re-accumulation.
Beijing is a city with an extra high urbanization level.
In the process of urbanization, the road network expansion generates extensive and profound impacts on regional ecological systems (Wang et al., 2017). The road
network in Beijing has developed rapidly. The loop lines
have been built from the 2nd ring road to the 6th ring
road. Many expressways extend outward from the city,
connecting the loop line (Kuang, 2012; Wang et al.,
2017). The road system may have important influence
on PM pollution. Our study attempts to understand the
effects of the urbanization, road characteristics, and meteorological factors on the foliar PM load of roadside
trees by posing two questions: 1) how the foliar PM load
of roadside trees distributed in a city like Beijing? 2)
which factors determined the distribution? This study
highlights the potential impacts of road system as well
as urbanization and meteorology on PM pollution and
provides a new approach to estimate the foliar PM load
in urban areas.

2

Materials and Methods

2.1 Sampling sites and selected species
China’s capital Beijing (115°24'E–117°30'E, 39°28'N–
41°05'N) covers 16 410 km2. The altitude is approximately 20 m to 60 m above sea level, with a sub-humid,

BAO Le et al. Foliar Particulate Matter Distribution in Urban Road System of Beijing, China

warm, and temperate continental monsoon climate. Beijing has a mean annual temperature of approximately
14.0℃ and average annual precipitation of approximately 500 mm. The city has experienced rapid urban
homocentric expansion through a ring-road system
(Kuang, 2012). In 2014, Beijing’s population was 21.5
million, and the number of vehicles was 5.59 million.
Transportation demands have rapidly increased due to
urban expansions and population growth (BMBS,
SONBS, 2015).
Sophora japonica L. is a native and widely planted
broadleaf deciduous tree species in the city. S.japonica
accounts for 81% of Beijing’s urban roadside trees
(Zheng and Zhang, 2011). Thus, we chose this species
for the study. Leaf collecting was conducted within the
Sixth Ring Road of Beijing. The sample sites were arranged in a radial pattern, from the city centre (we took
Tiananmen Square as the central point of Beijing) to the
suburban areas in eight directions (N, NE, E, SE, S, SW,
W, and NW) at 3 km interval. Within a 1.5 km radius
from each point, we surveyed most roads for S. japonica, obtaining 100 leaf- sampling sites in total. Meanwhile, we collected 10 sites of yard trees (in parks or
residential districts) as control samples for the comparison in different regions (Fig. 1).
2.2 Sampling method and PM load measurements
Heavy rains beyond 15 mm could wash away the foliar
PM to make the leaves start a new retention period

Fig. 1 Roadside tree and yard tree sites in Beijing City
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(Zhang et al., 1997). A heavy rain across the city lasted
from 30th August to 1st September in 2014. Especially
in September 1st, the average amount of precipitation in
13 monitoring stations reached 37 mm and all 13 values
were above 15 mm (Beijing Water Authority, http://
www.bjwater.gov.cn). Sampling was performed five
days after rain. Foliar PM of S. japonica could not reach
saturation in five days but would not influence the spatial pattern of foliar PM ( also surpported by previously
studies as Zhang et al., 1997; Wang and Li, 2006; Liu et
al., 2013). Three representative trees far from crossings
and bus stations were sampled for leaves per road. We
collected 100 g of mature healthy leaves at 3–4 m above
the ground from the two sides of each tree, i.e., the main
road side facing and the sidewalk side facing. Diameters
at breast height (DBH) of trees were also measured.
Leaves of total 50 g were washed in distilled water
with ultrasonically oscillator for three minutes. The
washings were sieved using a fine nylon screen (Φ=100
µm) to remove impurities and then vacuum-filtered
through a pre-weighed filter (Φ=0.45 µm) (Freer-Smith
et al., 1997). The filters (EMD Millipore Corp., Billerica, Massachusetts, USA) were weighed before and after
PM filtration using a balance (BT125D, Sartorius Co.,
Ltd., Beijing, China) sensitive to 0.00001 g. To eliminate static electricity during the filtration, the filters
were passed through a deionizer gate (AP-BC2451,
AP&T, Shanghai, China). The balance and a humidity
controller (WHD48-11, ACREL Co., Ltd., Jiangsu,
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China) were placed in a polytetrafluoroethylene (PTFE)
balancing box (80 cm × 80 cm × 80 cm). The filters
were placed in the balancing box under a constant humidity (40%) and temperature (25℃) for 24 hours before weighing.
After drying, the areas of the washed leaves were
measured using image scanning and WinFOLIA Basic
2004a (REGENT Instruments Inc., Canada). In each
sampling site, six collections (three samples facing the
main road and three samples facing the sidewalk) were
averaged.
2.3 Calculation of the impact factors
2.3.1 Buffers along the urban gradient
We adopted Tiananmen Square as the centre of Beijing,
the urban gradient was determined by the distance from
this urban centre (DUC). A total of 10 concentric annulus buffers were constructed at 3 km interval along the
DUC, and the land use patterns in Beijing were shown
(Fig. 2). Land use data for 2010 were obtained from the
Centre for Earth System Science, Tsinghua University
(Data are available from http://data.ess.tsinghua.
edu.cn/). Five land use categories such as cropland,
vegetation, water body, impervious area, and bare land
were classified. The buffers were constructed using
ArcGIS 9.3. The DUC linearly correlated with the rate
of impervious area (Fig. 3), is asuitable indicator for

Fig. 2

Land use patterns of concentric annulus buffers

Fig. 3 Relationship between distance from urban centre (DUC)
and rate of impervious area

urbanization. The rate of impervious area was calculated
using Fragstats4.1 (Wu et al., 2015).
Considering the balance of field sites between the
north and the south of the city, we only chose 85 sites
(DUC≤15km, approximately within the 5th Ring Road)
to examine the foliar PM load distribution along the urban gradient (Fig. 4). In fact, we investigated 25 sites,
i.e. each for five sites, along the five main roads outward Beijing, numbered as A1-A5 (Airport Expressway), B1-B5 (Beijing-Tibet Expressway), C1-C5 (Jingtong Expresswa), D1-D5 (Litang Road), and E1-E5
(Fuxing Road, Shijingshan Road) respectively. We excluded 15 sites of which outside the 5th Ring Road in
the above calculation, and additionally calculated the
correlation of all the 25 sites with the DUC.
2.3.2 Definition of road width
We recorded the number of lanes (NL) on each road to
express the road width. The NL of the yard sites was set
to zero. All 100 road sites and 10 yard sites were involved in the analysis.
2.3.3 Calculation of road density
Road density is often expressed by road length/area (RLA)
(Jung et al., 2015; Shekarrizfard et al., 2015; Ding et al.,
2016). At each site, a buffer that covered a 1.5 km radius
(as in the field survey) was constructed using ArcGIS 9.3.
The road length of each buffer was calculated and divided
by the area of the buffer to obtain the road density. The density for road sites were between 1.56 and 18.43 km/km2.
Totally 100 sites were included in the analysis.
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2 medium dense; 3 medium sparse ; 4 sparse); road
clearance (cleanliness) of the site was recorded in three
categories (1 good; 2 medium, 3 bad ).
2.4 Statistical analyses
Buffers were created using ArcGIS 9.3. Curve fitting was
down using Origin 9.0. Spearman rank correlation
analysis was performed using SPSS 15.0. All-subsets
regression and partial RDA analysis were conducted in
the R base version 3.4.0 (R Core Team, 2017, https://
www.R-project.org) by using ‘regsubsets’ function in the
package leaps (Thomas Lumley based on Fortran code
by Alan Miller, 2017, https:// CRAN.R-project.org/
package=leaps).

3

Fig. 4

Concentric annulus buffers and sampling sites

2.3.4 Meteorological factors and environmental factors
Annual meteorological data (1981–2010) of 18 stations
in Beijing was downloaded from China Meteorological
Data Service Centre (http://data.cma.cn/). Average September relative humidity (humidityAM), average September wind speed (windAM), maximum September
wind speed (windmaxM), maximum daily wind speed
above 5.0m/s days in September (daywind5), average
annual relative humidity (humidityAY), average annual
wind speed (windAY), annual PM storms days (daysand), annual foggy days (dayhaze) and pressure sensor
altitude (altitude) were analyzed. Our sample sites were
distributed in the administrative regions represented by
the nine of those stations (Shunyi, Haidian, Tongzhou,
Chaoyang, Changping, Beijing, Shijingshan, Fengtai,
and Daxing), thus we used the meteorological data of
each station to represent each site according to their administrative belongings.
Several environmental factors of the 100 road sites
were investigated in 2014. We chose three of them to
represent the environmental factors in this research.
According to a general situation, height of buildings
around the site (height B) was recorded in three categories (1 represents 1–3 layers; 2 represents 4–10 layers; 3
represents ≥ 11 layers); density of buildings around the
site (density B) was recorded in four categories (1 dense;

Results

3.1 Foliar PM load distribution along urban gradient
The foliar PM load of roadside trees increased linearly
(P < 0.01) with the DUC within the 5th Ring Road
(Fig. 5). For those sites on expressways from urban to
rural directions (Fig. 6), the foliar PM load of roadside
trees also increased with DUC, especially on those sites
outside the 5th Ring Road (sites 4 and 5). Therefore, the
foliar PM load of roadside trees increased with the DUC
as a whole.
3.2 Foliar PM load relation with road structure
With the increase of lane numbers, foliar PM load increased slowly in a power function (P < 0.001, R2 =
0.072) (Fig. 7).

Fig. 5 Foliar PM loads in sites (within 15 km from urban centre) of different urban gradients
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Fig. 6 Foliar PM loads in sites on the same roads with increasing distance from urban centre

Discussion

4.1 Urbanization negatively impacts on foliar PM
loads
Our important finding is that urbanization negatively impacts on foliar PM loads in Beijing as indicated in 3.1 and
All-subsets regression analysis. In previous studies, most
research found foliar PM load increased with urban gradient as we mentioned in the introduction part, only seldom study found not. The foliar PM on roadside plants is
higher than on those on rural plants (Przybysz et al.,
2014), and leaf magnetization indicates the PM content
was higher in trees near highways than trees near the rural roads (Prajapati and Tripathi, 2008a). Some studies
did not find significant differences along the urban gradient (Sæbø et al., 2012; Simon et al., 2014).

With the increase of road length/area, foliar PM load
declined in a power function (P < 0.001, R2 = 0.215)
(Fig. 8). Sites with low road density exhibited a wider
range of foliar PM loads.
3.3 Impact factors of foliar PM load
All-subsets regression analysis described interactions
among three spatial factors (DUC, NL, RLA), three
environmental factors (heightB, densityB, cleanliness),
and nine meteorological factors (humidityAM, windAM, windmaxM, daywind5, humidityAY, windAY,
daysand, dayhaze and altitude) to the foliar PM load as
shown in Fig. 9. Black colour, means the best model for
regression with highest adjusted R2, indicating that
DUC, humidityAM, windAM, windmaxM, humidityAY,
windAY, and dayhaze were better for a regression function (R2 = 0.378, P < 0.001): PM=12.532+0.047DUC0.364humidityAM-5.218windAM-0.047windmaxM+
0.184humidityAY+0.503windAY+0.010dayhaze. Where
DUC, humidityAY, windAY, and dayhaze correlated
with foliar PM positively. HumidityAM, windAM, and
windmaxM had a negative correlation with foliar PM.
Meanwhile, a partial RDA analysis based on the results of all-subsets regression showed the contribution
of DUC, humidityAM, windAM, windAY to the foliar
PM load (Fig. 10), where WindAM and DUC explained
17% of the variation of foliar PM load, while DUC explained 11%, and humidity AM explained 10%. the
Those four factors explained 32% totally.

Fig. 7

Fig. 8

Foliar PM loads in sites of different road widths

Foliar PM loads in sites of different road densities
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Fig. 9 All-subsets regression analysis for foliar PM load and all factors. NL (number of lanes); RLA (road length/area); DUC (distance from urban centre); HeightB (height of buildings around the site); DensityB (density of buildings around thesite); Cleanliness(road
clearance) ; HumidityAM (Average September relative humidity); WindAM (average September wind speed); WindmaxM (maximum
September wind speed); Daywind5 (maximum daily wind speedabove 5.0m/s days in September); HumidityAY (averageannual relative
humidity); WindAY (average annual wind speed); Daysand (annual PM storms days); Dayhaze (annual foggy days); Altitude (pressure
sensor altitude)

Fig. 10 Variance decomposition of foliar PM load into four
main environmental factors

affected by the urbanization level. Height of buildings
around the road decreased with DUC (Correlation coefficient of Spearman’rho = -0.259, P < 0.01). Density of
buildings around the road became sparser with DUC
(Correlation coefficient of Spearman’rho = 0.404, P <
0.01). Level of road cleanliness declined with DUC
(Correlation coefficient of Spearman’rho = 0.287, P <
0.01), probably because the frequency of road cleaning
became lower with DUC, which might also affect the
quantity of road PM and thus improved foliar PM loads.

This mechanism might be complex, particularly in
developing regions. On the one hand, suburban and rural
areas are in the process of developing their land uses
more complicated than in urban areas. The number of
PM sources should increase outward that construction
and farmland may contribute more to foliar PM than
traffic as the urbanization rate decreases. On the other
hand, road structures change along the urban gradient.
In our research, RLA was negatively correlated with
DUC (Correlation coefficient of Spearman’rho =
-0.838, P < 0.01). Which means urban roads are always
denser than those in the suburban and rural areas. Although road density remains lower in the suburban and
rural areas, some roads there (expressway) may undertake a higher traffic volume.
Height of buildings around the road, density of
buildings around the road, and road cleanliness were all

4.2 Effects of road structure on foliar PM load
Road structures had different impacts on foliar PM load.
The foliar PM load of roadside trees displayed a slow
increasing trend when roads became wider. This outcome was similar to a previous study, which found that
the foliar PM load was increased with road grades:
foliar PM load of collector roads, minor arteries, major
arteries, and freeways, with a ratio of 75:75:84:100 (Dai
et al., 2012). As for air PM, Wang et al. (2017) found the
grade proportion of urban roads impacts the rationality
of the road patterns, and a high percentage of branch
roads and secondary roads could decrease PM2.5 concentrations (Wang et al., 2017). Street geometry is important for pollutant dispersion. Narrower street canyons
with a higher continuity of buildings have a higher pollutant load than wider street canyons with a lower
building continuity (Luria et al., 1990). With similar
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canyon depths, wider roads tend to exhibit lower pollutant loads. However, wider streets receive more traffic
volume and thus produce more pollutants. Therefore, the
foliar PM load of different street widths exhibit a
trade-off between traffic volume and the height/width
ratio of the street canyon, which may explain the nonobvious trend between local and main roads in Beijing.
The local roads with fewer than six lanes are normally
lined with high buildings, while the main roads with more
than six lanes are normally elevated and more open.
Regarding road density, sites with low road density
tended to exhibit a higher foliar PM load in Beijing.
Under the same traffic carrying capacity, the high-grade
road network, with a low density, will be more likely to
increase PM concentrations than the low-grade road
network, that has a high density(Wang et al., 2017),
which was similar to our results. When the roads were
too sparse for population, these roads may be very busy
and faced with higher PM pollution. In our common
sense, the foliar PM is probably higher in high-density
areas, where the higher number of traffic crossings results in more frequent road traffic acceleration and deceleration and subsequent higher particle emissions.
Road density has been positively correlated with pollutants for road PM (Tang et al., 2013a) and for urban
soil (Tang et al., 2013a; Zhang et al., 2015), while the
dry deposition of ammonium-N, nitrate-N, and inorganic N increases with the density of major roads
(Lewis et al., 2015). But studies on the effects of road
density on the foliar PM load are rare. The explanation
for such phenomena might be that low road density areas
often locate in the suburban areas of Beijing that with
complicated PM sources (construction) and low frequency of road cleaning. These circumstances also imply
a difference in pollution distributions between air and soil
as well as between developed and developing areas.
4.3 Joint effects of all factors on foliar PM
Although the foliar PM load distribution in urban road
system is complicated, we can still find some factors
which are more effective. Besides the DUC, all-subsets
regression analysis also found meteorological factors are
important, such as relative humidity and wind speed.
Monthly (short-term) and annual (long-term) meteorological factors were considered in our research, and they
showed opposite effects, which is different to the former
research. Due to the trade-off of PM retention and shed-

ding on the leaf surface of plants, the humidity and wind
can increase or decrease the PM retention on the leaf
surface (Wang et al., 2015). Higher relative humidity
raises the foliar PM retention due to hygroscopic growth
sometimes (Mohan, 2016); while higher relative humidity can also decline the foliar PM because of rainfall
erosion (Wang et al., 2015). The deposition velocity and
PM load on leaf increase with wind speed, but a very
high wind speed may lead to a decrease of the deposition rate (Beckett et al., 2000; Ould-Dada and Baghini,
2001; Freer-Smith et al., 2004). It means the contribution of humidity and wind could change dynamically.
Average September relative humidity had a negative
effect on foliar PM load in our research, because the PM
shedding processes are more important than PM retention in this period. The short-term humidity can be
strongly affected by recent rainfall, especially in the
rainy season. For example, the rainstorm on September
1st before our collection may greatly raise average relative humidity of September. Those sites with heavier
rainfall can be washed away more foliar PM, and thus
obtain a lower foliar PM load.
As for the long-term impact of meteorological factors
on foliar PM load, it might be different, because of the
heritage of previous status from both sides. In our study,
mean annual relative humidity had a positive effect on
foliar PM load. The long-term humidity represents average humidity of the whole year. In Beijing, the rainy
season is much shorter than the dry season, so humidity
AY may depend more on relative humidity of dry season. Those sites with higher relative humidity in dry
season may detain more foliar PM, and therefore had a
higher foliar PM load because of the high PM retention
and low shedding condition.
Similarly, average September wind speed had a negative effect on foliar PM load in our study. It is probably
because the PM shedding is higher than retention in this
rainy season. The short-term high wind speed in rainy
season can remove the foliar PM more easily than that
in dry season, because of the higher moisture content in
air. If the sampling site has a higher wind speed in September, it may blow away more PM on leaf surface,
leading to lower foliar PM load. So wind AM is negatively correlated with the foliar PM.
Nevertheless, mean annual wind speed had a positive
effect on foliar PM load. The annual average wind speed
is high, indicating that the long-term wind speed is rela-
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tively high. High wind speeds in dry season may cause
greater deposition rates of PM on leaf. In addition, the
PM on the leaf surface, road surface and ground are difficult to be eliminated by rain, but are more likely to be
raised into air by wind in the dry season. Therefore, the
annual wind speed, especially in the dry season, is positively correlated with leaf PM.

5

Conclusions

In the urban road system of Beijing, foliar PM loads
increased with the distances from the urban centre
(DUC) linearly, while decreased with the road density.
All-subsets regression analysis indicated that DUC, average monthly relative humidity, average monthly wind
speed, and mean annual wind speed were the most important factors in predicting foliar PM load, rather than
general situation of buildings and road cleanliness. The
monthly relative humidity and monthly wind speed had
a negative correlation to foliar PM, while the annual
relative humidity and annual wind speed had a positive
correlation to foliar PM. Therefore, foliar PM load was
more influenced by urbanization and meteorology than
road structures. Air humidity and wind speed have impacts on foliar PM load, but in opposite ways of
short-term or long-term. PM pollution in suburban areas
should be paid more attention.
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