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Abstract

A number of studies have focused on the capacity of urban trees and shrubs to serve as effi-

cient biological filters to mitigate air pollution. In this study, five different tree species were

assessed for this function. Kerria japonica, Sophora japonica, Philadelphus pekinensis, Gle-

ditsia sinensis, and Prunus persica ’Atropurpurea’ were tested in a deposition chamber

using (NH4)2SO4 particles. We quantified and compared the capability of all tested trees to

remove particles by assessing deposition velocity, a measure of the ability to remove parti-

cles. When placed in the deposition chamber, S. japonica had the greatest deposition veloc-

ity, followed by Philadelphus pekinensis, G. sinensis, Prunus persica ’Atropurpurea,’ and K.

japonica, in descending order. In addition, the comparison of deposition velocities among

these species suggested that certain leaf geometries and surface characteristics of broad-

leaf trees, such as trichomes and grooves, increased particle capture. However, these

results change under a different simulation condition using ambient air, suggesting that

some trees actually increase pollutant number concentrations more than reduce particle

concentration. This outcome can be explained by the aerodynamic effect of trees exceeding

the filtering capacity of vegetation under some conditions. This highlights the difficulty of

generalizing species selection criteria for practice use. Accordingly, our results indicate that

using vegetation to reduce particle pollution and improve the air quality is not a universally

advisable and viable solution.

Introduction

Since 2012, many cities in China have been experiencing severe and persistent haze pollution

events, affecting 1.3 million km2 and 800 million people [1]. Ash haze appears when air pollu-

tion intensifies, seriously affecting people’s lives and presenting elevated health concerns.

Acute pollution leads to many adverse physical reactions and diseases. For example, global

incidences of alveolar inflammation, respiratory-tract infections, and acute cardiovascular dis-

orders have significantly increased over the past few decades [2–5]. As society has become

more aware of the seriousness of these health risks, a number of measures have been taken to
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mitigate particulate air pollution. These include energy efficiency improvements, emission

reductions, cleaner energy sources, sustainable production, and biological control measures

[6]. The ability of vegetation to capture atmospheric particulate matter (PM) has also attracted

attention [7–9].

Many countries have plans to begin afforestation or tree-planting in order to reduce air par-

ticle pollution. Vegetation can serve as a sink for atmospheric PM and is an interface that can

absorb organic matter, chemicals, and heavy metals that adhere to PM [10]. The large total leaf

area, branches, and complex structures of trees capture air particles [11–13]. This occurs

mainly as turbulent air movements occur within the forest canopy and increase PM deposition

on leaves. Thus, plants effectively capture PM from the air, thereby improving urban environ-

mental quality.

The leaf, bark, and branch surfaces of trees and shrubs accumulate PM through dry deposi-

tion. Many studies have examined differences among plant species in the accumulation of PM

on leaves. For example, Sæbø et al. [14] examined PM accumulation by 47 woody species and

found that PM accumulation by conifers was greater than that by broadleaf species. Tallis et al.

[10] and Dzierżanowski et al. [15] also ranked conifers highest in accumulated PM on foliage.

This may be because long, narrow needles, even though they lack hairs or rough surfaces, are

more easily struck by airborne PM than are larger and flatter leaves with thicker boundary lay-

ers. Canopy area, species composition, forest porosity, and understory vegetation structure

and composition are important factors influencing PM interception effects at the forest-stand

level [16, 17]. For individual trees, foliage characteristics strongly influence surface particle

deposition [18–20]. Leaves with hairs act as filter screens, increasing the deposition of PM on

leaf surfaces compared to flat surfaces [21, 22]. The overall anatomical structure of leaves can

markedly affect particle interception by plants.

Considerable field sampling research has also been conducted. In this type of research,

leaves were sampled from trees grown in some specific regions or urban areas, and then filter-

ing and weighing methods were used to examine the distribution of particles or chemicals

deposited on the tree leaves in order to assess the ability of various plant species to accumulate

PM [14, 15]. There are several benefits of using sampled leaves to infer particle sources and

size distributions in the areas where the sampled leaves grew. This approach permits compari-

sons of the spread of particles and chemical element compositions among different sampling

regions, but this is an inappropriate method for measuring the capacity of plant species to

remove particles. Accordingly, some wind tunnel experiments have used deposition velocity

and capture efficiency to quantify the relative effectiveness of contrasting species in particle

uptake [11, 16–20]. In these studies, wind tunnels are powerful tools for studying fluid dynam-

ics of particles through trees and for investigating particle deposition on trees exposed to

omni-directional wind and particles.

The main objective of the present study was to quantitatively assess the capability of trees to

remove particles of different sizes. A deposition chamber was specially designed to test the par-

ticle deposition velocities of five tree species. Previous research has revealed deposition onto

the surfaces that surrounded trees or groups of trees (i.e., the wind tunnel floor, walls, and ceil-

ing) [17, 20]. Accordingly, we have modified the standard method for calculating deposition

velocity (Vd), and experimental conditions were improved to account for the various empirical

difficulties (e.g., wall loss) in our previous studies. Furthermore, the influence of several ana-

tomical leaf characteristics on Vd were studied. Five broadleaved species, Kerria japonica,

Sophora japonica, Philadelphus pekinensis, Gleditsia sinensis, and Prunus persica ’Atropurpurea’,

were selected as test species owing to their prevalence in north China.
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Materials and methods

Ethics statement

This study, which was conducted at and approved by Beijing Forestry University, did not

involve any endangered or protected species.

Plant material

Four-year-old saplings of Kerria japonica, Sophora japonica, Philadelphus pekinensis, Gleditsia
sinensis, and Prunus persica ’Atropurpurea’ were used as test specimens in this study. These

plants were carefully excavated from the Beijing Forestry University forestry farm in Jiufeng

National Forest Park (E 116˚280, N 39˚540) and transported to Beijing Forestry University. The

simulation experiments were conducted in the following way. First, all the plants were placed

outdoors, with regular watering. Second, after three weeks indoors, it was confirmed that the

outdoor plants had adapted to their environmental conditions and that their growth was satis-

factory. All the saplings were repotted after they had adapted to the outdoor ambient environ-

ment and were then individually replanted into and grown in 21-L plastic pots (30 cm in

height and 30 cm in diameter) filled with raw field soil. All the saplings were then moved inside

the greenhouse and watered to prevent drought. Saplings were maintained for four to six

weeks until being moved to growth chambers, where they were cultivated for one week before

the experiment started.

The growth chambers were adjusted to a standard relative humidity of 50%. Lights were

turned off from 23:00–02:00, after which the illumination level started to rise until 06:00, when

it reached a maximum PAR level of 365 μmol�m-2�s-1. This illumination level was maintained

until 18:00 and then decreased gradually until reaching complete darkness at 23:00. The cham-

ber temperature was 14˚C from 00:00 to 01:00, decreased to 11˚C from 00:00 to 04:00, and

then linearly increased to a maximum level of 25˚C by 10:00. The temperatures started to

decrease linearly towards 19˚C at 18:00. Light and temperature conditions simulated typical

conditions of May in Beijing.

Overall description of the experimental setup

Experiments were carried out in a deposition simulation chamber facility at Beijing Forestry

University. The deposition chamber was designed to simulate omnidirectional air flow around

the trees, and the experimental setup is shown in Fig 1. Five saplings for each of the five tree

species were individually exposed to dry (NH4)2SO4 aerosol particles with a 10-nm to 10-μm

mean diameter range in the deposition chamber (1 m × 1 m × 1 m, FEP Teflon, DuPont, Wil-

mington, DE, USA). Stainless-steel circular tubes were used as the inlet and outlet of the depo-

sition chamber, placed at the lower and upper parts of each side of the chamber. The inlet and

outlet tubes were positioned in such a way as to produce omnidirectional flow in the deposi-

tion chamber.

The aerosol particle range was produced by two polydisperse aerosol atomizers, a Six-Jet

Atomizer 9306 and a Large Particle Aerosol Atomizer 8108 (TSI, Shoreview, MN, USA). The

Six-Jet Atomizer 9306 is used to generate a polydisperse aerosol in high concentrations, pro-

ducing particle concentrations greater than 106 particles/cm3 with a particle size range of

0.01–2 μm. The Large Particle Aerosol Generator 8108 produces a highly concentrated aerosol

with a broad particle-size range, from 0.1 to 10 μm in diameter. Before use, the air in the inlet

of the aerosol atomizers was purified by an adsorption dryer (KEA 70; Zander Aufbereitung-

stechnik GmbH & Co. KG, Essen, Germany). The aerosol through the sampling inlet was

drawn into a mixing chamber by a fan. The polydisperse aerosol was classified by the DMA
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according to electric mobility of particles and diluted with clean air. This aerosol was measured

by a condensation particle counter upstream of the deposition chamber for 5 min and aver-

aged. The flowrates of the polydisperse aerosol mixtures were 2, 4, and 12 L�min-1, achieving

particle number concentrations of the diluted aerosol flow of about 4100 cm-3, 3000 cm-3, and

800 cm-3, respectively. After 10 min elapsed for stabilization, the particle number concentra-

tion downstream of the deposition chamber was measured for 3 min and averaged.

Additional air streams were conducted through a filter (Sol-Vent DCF; Gelman Sciences,

Ann Arbor, MI, USA) and introduced into the two simulation chambers. One airstream intro-

duced CO2, while the second controlled the relative humidity (RH). The filter was used to

remove background particles from the air before entering the chamber. The air flow used for

humidification (3.5 L�min-1) was controlled by mass flow controllers. By regulating the water

vapor, the photosynthetic photon flux density (PPFD)-dependent transpiration of the plants

was appropriately compensated for and RH was maintained at constant levels of around 60%.

The CO2 concentration in the two chambers was kept at levels of about 350 ppm. Halogen

lamps (100 W; Yaming, Shanghai, China) were setup outside of the deposition chambers and

used to simulate the solar light spectrum though the FEP Teflon roof in order to maintain opti-

mal photosynthesis. At full illumination and at typical mid-canopy heights, the PPFD was

450 μmol�m-2�s-1 inside the 1000-L chamber.

Fig 1. Schematic of the experimental setup.

https://doi.org/10.1371/journal.pone.0177539.g001
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Analysis of water-soluble inorganic ions

In order to investigate the total particle deposition on leaf surfaces, we quantitatively analyzed

the composition of the aerosol (NH4)2SO4 aerosol particles. The water-soluble inorganic NH4
+

and SO4
2- ions were used to determine the composition.

Leaves were placed into clean beakers, washed with 20 mL of deionized water, ultrasonically

extracted for 10 min, and mechanically oscillated for 20 min. Then the solution in the breaker

was transferred into a 20-mL PET vial. The samples were then stored in a freezer at -20˚C until

ionic analysis. A syringe was used to collect a sample of the washing water, which was run

through a Type 0.22-μm filter and extruded into a sample tube. The PTFE filters were used to

remove the insoluble particles and filter chips in the extraction prior to analysis by ion chro-

matography (DX-120, Dionex, Sunnyvale, CA, USA). NH4
+ and SO4

2- were analyzed; anions

were detected with an IonPac-ASll (4 × 250 mm) separation column (Dionex), while cations

were detected with an IonPac-CS12A (4 × 250 mm) separation column. The detection limits

for NH4
+ and SO4

2- were 0.01–1000 g/m3, and the correlation coefficients between the stan-

dard curves exceeded 99.9%. To decrease the measuring error further, four continuous

repeated measures of each sample were conducted, thereby achieving a relative standard devia-

tion of the measured insoluble inorganic ions of 0.35–1.41%.

Calculation of particle deposition velocity

Plants often have high particle capture efficiencies, but few studies have examined the particle

capture rates. In our study, we used an empirical formula to estimate the deposition velocity of

tree species and to infer differences among tree species. Leaves were scanned and projected

area (Ap) was determined with a scanner (HP Scanjet 4850, China Hewlett-Packard Co., Ltd.,

Beijing, China); then the leaf surface areas were calculated using Photoshop CS6 software

(Adobe, San Jose, CA, USA). As all tested saplings were broadleaf species, broadleaf total area

(At) was calculated by multiplying Ap by two, corresponding to the upper and lower blade sur-

faces of each leaf.

In order to evaluate particle loss in the sampling and deposition chamber, the collection

efficiency of the empty deposition chamber, χe, was estimated using the following formula for

all tested particle sizes and flowrates,

we ¼
Cin;empty � Cout;empty

Cin;empty
ð1Þ

where, Cin,empty and Cout,empty are the upstream and downstream particle number concentra-

tions, respectively.

Generally, deposition velocity can describe the particle deposited on the underlying surface

and the degree of particle deposition on a surface, when the surface is exposed to an aerosol

flow. In other words, deposition velocity can represent the number of particles deposited per

unit surface area and per unit time. Therefore, the ability of tree leaves to remove particles was

estimated quantitatively in terms of deposition velocity (Vd), which is defined as follows [21,

22],

Vd ¼
Nde;leaves

Ade;leavesCut
ð2Þ

where Nde,leaves is the number of particles deposited on tree leaves, Ade,leaves is the total leaf sur-

face area, Cu is the particle number concentration deposited on the leaf surface, and t is the

time over which particle deposition occurred.
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The number of particles injected into the deposition chamber, i.e., Nin leaves, was calculated

as

Nin;leaves ¼ Cin;leavesQat ð3Þ

where Cin,leaves is the particle concentration measured upstream of the deposition chamber

and Qa is the aerosol flowrate of the deposition chamber. The particle number exiting the

deposition chamber, i.e. Nout,leaves, was obtained as

Nout;leaves ¼ Cout;leavesQat ð4Þ

where Cout,leaves is the number concentration of particles measured downstream of the deposi-

tion chamber. The aforementioned formulas assume that all the particles that did not exit the

chamber were deposited on the leaf surface, but that is inaccurate; the particles injected into

the deposition chamber were deposited not only on the tree leaves but also the walls of the

deposition chamber and sampling tubes. In order to more accurately compare the influence of

trees tested in the chamber, the number of particles deposited only on the tree leaves, i.e., Nde,

leaves was estimated as follows by considering χe,

Nde;leaves ¼ Nin;leavesð1 � weÞ � Nout;leaves ¼ ½Cin;leavesð1 � weÞ � Cout;leaves� � Qat: ð5Þ

It was assumed that particle number concentration around leaves was equal to the particle

number concentration upstream of the deposition chamber, namely, Cu = Cin,leaves. The depo-

sition velocity (Vd) can then be calculated by plugging Eq (5) into Eq (2) as follows

Vd ¼
Qa

Ade;leavesCin;leaves
Cin;leavesð1 � weÞ � Cout;leaves

� �
: ð6Þ

Analysis of leaf surface characteristics

To test the relationship between leaf microstructure and particle accumulation, samples from

each of the five species were imaged using a scanning electron microscope (S-3400NII, Hitachi

Japan Co., Ltd., Tokyo, Japan). Appropriate leaves were picked and immediately placed into a

plastic automatic sealing bag to protect them and minimize the destruction of leaf hairs. Sam-

ples were then cut from fresh leaves on both sides of the midrib; each piece was approximately

5-mm square. Each square was then fixed in a 2%-glutaraldehyde solution, rinsed with a phos-

phoric acid buffer solution (PBS) three times, and dehydrated using a series of ethanol solu-

tions across a gradient of four concentrations: 70%, 80%, 90%, 95%, and 100%. The samples

were then sputter coated with metal, and the scanning electron microscope was used to image

the leaf surface and select the appropriate ratio for photographs.

Comparative trial

All above experiments were only conducted under a certain set of fluid mechanics parameters,

and the underlying conclusion of the experiments may not be appropriate across all environ-

ments (i.e., ambient air). Accordingly, we also conducted a comparative test in the same

indoor chamber to determine whether plants can mitigate atmospheric particles and improve

air quality. In these trials, outdoor ambient air (about 20 L�min-1) was pumped through

10-mm diameter Teflon tubes into the chamber. To compare this with the interception effect

of plants, a blank chamber was used at the same time. Particle absorption was observed by

measuring aerosol particle number size distributions using a 1000XP Wide-range Particle

Spectrometer (MSP Corporation, Shoreview, MN, USA).

Differences among plant species in particulate matter capture
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Outdoor air was continually pumped into the chamber, and each set of plants was continu-

ously maintained in the chamber from approximately 8:00 to 20:00. By comparing the number

size distribution of the chambers with a plant and the chamber without a plant, we can deter-

mine whether trees are able to clean air by filtering out pollutants.

The simulation chambers were adjusted to maintain a standard relative humidity of 50%.

Lights were turned off from 23:00 to 02:00, after which the illumination level began to rise

until 06:00, when it reached a maximum PAR level of 365 μmol�m-2�s-1. This level was main-

tained until 18:00 and then decreased gradually until reaching total darkness at 23:00. The

chamber temperature was 14˚C from 00:00 to 01:00, decreased to 11˚C from 00:00 to 04:00,

and then linearly increased to a maximum temperature of 25˚C by 10:00. Temperatures began

to decrease linearly towards 19˚C at 18:00. Light and temperature conditions simulated typical

conditions for May in Beijing.

Statistical analysis

Statistical analyses were conducted with SPSS PASW 18.0 (SPSS Inc., Chicago, IL, USA). One-

way analysis of variance (ANOVA) was used to test for significant differences among the five

plant species in retention of size-fractionated particles.

Results

Variation in particle number concentration and mass deposited on

leaves

Fig 2 summarizes the variation in the number concentration of all particle size classes

upstream and downstream of the chamber. Deposition in the chamber increases as the

upstream to downstream difference in particle number concentration increases. There were

significant differences (P< 0.05) in particle number variation across all particle size classes

among the tested tree species. For the 10–20-nm particles, the chambers containing Prunus
persica ’Atropurpurea’ and Philadelphus pekinensis showed the highest particle deposition. The

upstream to downstream difference of 20–50-nm particles in chambers containing S. japonica,

Philadelphus pekinensis, and Prunus persica ’Atropurpurea’ were significantly higher than the

differences in chambers containing G. sinensis and K. japonica. This indicates that the former

species more strongly captured particles.

There were similar trends in particle number concentration in deposition chambers for

particles in the 50–100-nm, 100–200-nm and 200–500-nm size ranges. S. japonica, and G.

sinensis exhibited the highest deposition efficiencies, and thus there were higher number con-

centrations of particles in the 50–500-nm diameter size class within the plant chamber.

Considerable differences were observed in the 0.5–1-μm diameter size class among the

plant species. The particle number concentrations in the Philadelphus pekinensis chamber

were the lowest, while the concentrations in the G. sinensis chamber were the highest. The par-

ticle number concentrations in the 1–2.5-μm size class exhibited a statistically significant dif-

ference among the five test plant species; the concentration of particles in the Prunus persica
’Atropurpurea’ chamber samples were significantly higher than those in the others. S. japonica
and Philadelphus pekinensis showed a tendency toward deposition of larger particles (i.e.,

diameters larger than 10-μm) occurring more easily and quickly, while the other three species

chambers exhibited no obvious difference among PM size classes.

Fig 3 summarizes the variation in collection efficiency (χe) in the deposition chamber across

differently sized particle classes among the five tested species. The test plant chamber showed a

significant reduction in PM, though the collection efficiency of all the tested plants over the

Differences among plant species in particulate matter capture
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Fig 2. Variation in the difference between upstream and downstream measurements in particle number concentrations across all particle size

classes.

https://doi.org/10.1371/journal.pone.0177539.g002
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whole particle size range was lower than 40%. The loss of ultrafine PM (10–20 nm) in the Pru-
nus persica ’Atropurpurea’ and Philadelphus pekinensis deposition chamber was 39.86% and

35.64%, respectively. S. japonica, Philadelphus pekinensis, and Prunus persica ’Atropurpurea’

collected particles in the 20–50-nm size class more than other species did. The collection effi-

ciency of particles in the 50–100-nm and 100–200-nm diameter size classes were higher for S.

japonica and Philadelphus pekinensis, at 31.39% and 31.35%, respectively. There was a reduc-

tion of 12.81–32.36% in the 200–500-nm particle number concentration and 10.08–39.02% in

the 0.5–1-μm particle number concentration in the plant simulation chamber. For the largest

particle range, i.e., 2.5–10-μm, the particle number concentration throughout the monitoring

periods with plants showed average reductions of 33.12% and 34.59% with G. sinensis and S.

japonica in the chamber, respectively.

Fig 4 shows the variation in particle capture among the different particle modes. The high-

est average number concentration percentage across the five plant species collected was that of

Fig 3. Variation in collection efficiency of each of the different particle size classes.

https://doi.org/10.1371/journal.pone.0177539.g003
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nuclei or Aitken mode particles, reaching up to 25.85%. The average percentage reduction in

the number concentration for Aitken mode particles was about 21.89%. Philadelphus pekinen-
sis and K. japonica collected a substantially lower percentage of accumulation mode particles,

at 12.78% and 19.99%, respectively. S. japonica exhibited a higher accumulation of coarse

mode particles, at 32.26%, than the other plant species.

In order to further compare the capability of tree species to capture particles, we analyzed

the total mass of captured water-soluble inorganic ions in PM washed from leaf samples of each

sapling. Plant species differed in their retention of surface PM on foliage (Fig 5). There was a

significant difference among the washed leaves of the five tested trees (P< 0.05). S. japonica
exhibited the highest amounts of total SO4

2- (5.286 μg�cm-2) and NH4
+ (1.379 μg�cm-2) deposi-

tion on its leaf surfaces, and K. japonica had considerably lower total deposition of SO4
2- and

NH4
+ (1.714 μg�cm-2 and 0.234 μg�cm-2). The three remaining species showed intermediate lev-

els of PM accumulation.

Variation in particle deposition velocity

Fig 6A–6C compare the deposition velocity at a fixed aerosol flowrate among the five tree spe-

cies. Each of the deposition velocity curves were V-shaped. When the particle diameters were

smaller than 146 nm, deposition velocity decreased as dp increased owing to decreased particle

diffusivity. When dp was larger than 146 nm, deposition velocity increased with dp. For each

Fig 4. Variation in collection efficiency of each of the different particle modes captured by the five species.

https://doi.org/10.1371/journal.pone.0177539.g004
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tree species, deposition velocity also changed with the aerosol flowrate. The deposition velocity

at Qa = 12 L�min-1 was higher than those at Qa = 4 L�min-1 and Qa = 2 L�min-1. For all flowrates

(i.e., 2, 4, and 12 L�min-1), S. japonica and Philadelphus pekinensis showed the highest deposi-

tion velocities, namely the greatest ability to remove airborne particles. Interestingly, among

the five broadleaf trees, deposition velocity onto rough leaves was higher than that onto

smooth leaves. In an effort to further explain the differences in deposition velocity of all five

trees, we examined leaf surfaces by using microscopy to examine species-specific leaf traits.

The leaves of S. japonica (Fig 7C and 7D) are characterized by considerable grooves and hairs

on both the lower and upper sides; deep grooves can intercept more particles, decreasing the

probability that PM will be released from the leaf surface. In contrast, shallow grooves make

the leaf surface less rough, thereby capturing comparatively smaller amounts of particles.

Additionally, plants with trichomes appeared to exhibit a positive relationship between leaf

Fig 5. The amounts of water-soluble inorganic ions deposited on leaf surfaces.

https://doi.org/10.1371/journal.pone.0177539.g005
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Fig 6. Effects of different aerosol flowrates on the deposition velocity of each of the different tree

species in the deposition chamber: (a) 2 L�min-1; (b) 4 L�min-1; and (c) 12 L�min-1.

https://doi.org/10.1371/journal.pone.0177539.g006
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Fig 7. Scanning electron micrograph of particulate matter on leaves: (a) and (b) Kerria japonica; (c) and (d) Sophora

japonica; (e) and (f) Philadelphus pekinensis; (g) and (h) Gleditsia sinensis; (i) and (j) Prunus persica ’Atropurpurea.’ (a), (c), (g),

(e), and (i) show particles at a 20-μm scale, while (b), (d), (f), (h), and (j) show particles at a 100-μm scale.

https://doi.org/10.1371/journal.pone.0177539.g007
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hair density and particle capture. K. japonica (Fig 7A and 7B) differed the most from S. japon-
ica, exhibiting scarcely any tomentose pubescence and shallow grooves, consistent with the

lowest measured Vd of the species.

Variation in particle capture by plants from ambient air

The controlled experiments with artificial PM were only conducted within a defined set of

fluid mechanics parameters. Accordingly, the conclusions from the controlled experiments

may not necessarily be extrapolated to environments outside of this parameter space, such as

ambient air.

Fig 8 summarizes the average particle size distributions for G. sinensis, S. japonica, K. japon-
ica, Philadelphus pekinensis, and Prunus persica ’Atropurpurea’ at 08:00, 10:00, 12:00, 14:00,

16:00, 18:00, and 20:00. As shown in Fig 3 and Fig 8B–8D, the particle size distributions were

unimodal for G. sinensis, S. japonica, K. japonica chamber, with a distinct peak at approxi-

mately 85.8 nm at 08:00 and 10:00, 53.8 nm at 14:00 and 20:00, and 39.8 nm at 16:00. Over the

course of the whole day, the particle size of the peak particle number concentrations in the

simulation chambers containing plants decreased, indicating that trees do filter out PM. How-

ever, the figures also reveal that trees do not always lower the particle number concentration.

For example, the particle number concentration with G. sinensis in the chamber is higher than

that with the blank chamber at 8:00 (Fig 8B); similarly, the difference in particle concentration

between the chamber containing S. japonica and the blank chamber was not obvious at 8:00

and 10:00 (Fig 5), while the particle number concentration within the chamber containing Ker-
ria japonica was significantly higher than the blank chamber at 18:00 (Fig 8D). These findings

indicated that the aerodynamic effect of the plants in the system, rather than their filtering

capacities, affects the concentration variation of particles.

Discussion

This study determined Vd values for all tested tree species across a range of flowrates. These

estimates may be compared to our data from previous work, because Vd indicates the absolute

effectiveness of particle capture. Some studies have confirmed that the deposition velocity of

tree species differ with shoot structures. Several other research groups have examined deposi-

tion velocity (Vd) and particle capture efficiency (Cp) by measuring the relative deposition

velocities and trapping or capture efficiencies using wind tunnels [17, 19, 23, 24].

In this study, we measured the PM capture capacities of each tree species by examining

deposition velocity. Vd values changed with the aerosol flowrate; for each tree species, higher

flowrates achieved higher deposition velocities, confirming the trend of enhanced particle

deposition occurring at higher wind speeds, as reported by Ould-Dada et al. [16], Freer-Smith

et al. [17], and Beckett et al. [24]. These researchers all agreed that Vd increases markedly with

wind speed. Peter and Eiden [25] used a mathematical model to calculate Vd for particles

across a range of diameters, finding Vd values of 0.02 cm�s-1 at wind speeds of 0.5 m�s-1 for 1-

μm particles. Freer-Smith et al. [17] measured Cp and Vd values using similar empirical tech-

niques and wind speeds for three European broadleaved tree species and two conifers; the

deposition velocities ranged from 0.1 to 0.3 cm�s-1 at a wind speed of 3 m�s-1 to a maximum

value of 2.9 cm s-1 at a 9-m�s-1 wind speed. Both the Vd and Cp values were greater for the nee-

dles of conifers than the leaves of broadleaf species. However, the influence of wind speed on

Vd and Cp differed. Wind speed had a greater influence on Vd for both leaves and stems than

Cp; this was because Cp values are relatively small for stems and show a weaker relationship

with wind speed. Beckett et al. [24] conducted wind tunnel experiments with NaCl particles,

revealing a clear relationship between wind speed and deposition velocity, consistent with
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greater wind speed imparting larger particles with more inertia and, hence, more effective

impaction. Lin and Khlystov [19] conducted a study that focused on ultrafine particle deposi-

tion onto vegetative branches; ultrafine particle removal efficiency was found to increase with

particle size and wind speed, but decrease with packing density. Each of these studies were

based on the relationship of wind speed with Vg and Cp. The theoretical expectation was that a

number of particles directly strike an object rather than being diverted around it. Therefore,

the momentum of the particle increases with wind speed, which facilitates particles penetrating

Fig 8. Diurnal variation in number size distribution of particles captured by tree species in the simulation

chamber: (a) Prunus persica ’Atropurpurea.’;(b) Gleditsia sinensis; (c) Sophora japonica; (d) Kerria japonica; and

(e) Philadelphus pekinensis

https://doi.org/10.1371/journal.pone.0177539.g008
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the boundary layer more effectively and thereby increases the retention probability of

impacted particles.

However, higher wind speeds did not always increase particle deposition. Higher wind

speeds can lead to particles bouncing off or becoming resuspended. In field experiments,

McPherson et al. [26] found that 50% of particles captured by trees may be resuspended. How-

ever, in the wind tunnel simulation conducted by Beckett et al. [24], particles did not bounce

off at wind speeds of up to 9 m�s-1.

Another important factor with great influence on Vd and Cp was particle size. Our data

showed that Vd values were higher for ultrafine particles and decreased with size, reaching a

minimum at dp = 146 μm. The mechanism of particle movement differs with particle size. For

particles with a diameter of dp > 10 μm, sedimentation is the key deposition process. For parti-

cles with a diameter of dp < 10 μm, both deposition and acceleration caused by gravity were

generally decreased. Between 0.1-μm and 1-μm diameters, impaction and interception are the

main processes acting on particles in the air. Only diffusion is effective for particles with a

diameter of dp < 0.1 μm, but this still results in high deposition rates.

Above all, however, turbulent air flow and associated impaction are the main mechanisms

resulting in greater deposition on trees than on shorter vegetation. The inertia of particles trav-

elling in an air stream as it curves around an object, such as a leaf or stem, forces them through

the boundary layer and onto the object’s surface [27]. The deposition rate for submicron parti-

cles was 10–30 times higher on grass than a cement surface [28]. Ultrafine particles diffuse in

random directions owing to Brownian motion, and the deposition velocity can be represented

by the mean mass diffuse transfer coefficient, which is correlated with the Reynolds number, as

reported by some studies [29–31]. When flowrates increase, the flow velocity in the deposition

chamber increases, i.e., the Reynolds number becomes larger, resulting in a higher mean mass

transfer coefficient. In other words, for ultrafine particles, the deposition velocity increases with

flowrate, as has been shown by many studies [30, 32].

In the present study, when the particle diameters exceeded 146 nm, inertial deposition and

gravitational settling played an important role, and the Vd of particles in this size class increased

with size owing to increased impaction rates. However, some research has also reported that Vd

for submicron particles decreased with size [19, 33, 34]. Deposition velocities for 0.01–0.1-μm

diameter particles at wind speeds of 0.3–1.5 m�s-1 were assessed, and Cupressus leylandii and

Pinus sylvestris hedges were found to be effective filters of particles within this diameter range,

like pine needles [35]. These studies confirmed earlier findings that deposition velocity decreased

with size for submicron particles. In our study, more ultrafine particles were captured across the

five different plant species, indicating that ultrafine particles are more easily deposited on leaf sur-

faces and that the deposition velocities are large. Few studies have examined the number of parti-

cles on leaf surfaces of different plant species. However, available empirical estimates are of the

same order of magnitude as those in this study. For example, Freer-Smith et al. [17] found that

deposition velocities were higher for ultra-fine particles than for coarse and fine particles. Terza-

ghi et al. [36] observed that particle sizes deposited on leaf or needle surfaces ranged from 0.2 to

70.4 μm; fine particles dominated the distribution, representing between 70% (for Cornus mas)
and 88% (for Acer pseudoplatanus) of the total particle count. Ottelé et al. [37] and Teperet al.

[38] presented similar findings, concluding that particles with diameters larger than 10 μm were

scarce compared to particles with diameters<10 μm and that particles (with diameters less than

2.5 μm) dominated leaf or needle surfaces of different plant species. Indeed, the different size-

fractioned particles in the simulation chamber may have been transformed into different modes.

Submicron particles contribute substantially to particle number concentrations [39], and new

particle formation, associated with a rapid burst of nucleation mode particles, increases the total

number concentration of submicron particles [40]. The particle formation rates are significantly
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higher in different geographic regions and under different meteorological conditions; field obser-

vations have revealed that formation rates can reach up to 0.01–10 cm-3�s-1 in the boundary layer

and higher in urban areas and 104–105 cm-3�s-1 in coastal areas [41].

The properties of plant species and leaf surfaces have considerable impacts on deposition

velocity. Rough surfaces increase deposition compared to smooth surfaces, and most plants

have a high surface area per unit volume. Wind tunnel tests [24] have shown that capture effi-

ciency and deposition velocity of NaCl particles is significantly higher on certain conifers (e.g.,

pine and cypress) than deciduous trees (e.g., maple and poplar) as a result of the more complex

spatial structure of the former. The foliage structures of conifers are distributed into fine cylin-

ders, while those of broadleaf species represent broad, flat planes; because airflow is less turbu-

lent across a large plane than a fine cylinder, there are dramatic differences between conifers

and deciduous trees in their aerodynamic characteristics.

It should also be noted that the differences in deposition velocity among all tested plant spe-

cies were impacted by leaf epidermis structure, i.e., the surface characteristics of tree leaves

such as hairs, grooves, veins, and other structures on the leaves shown in Fig 8A–8J. It has

been suggested that hairy and sticky leaves may capture more particles. The leaf surfaces of S.

japonica have been described as having pubescence and substantially more pronounced

grooves (Fig 7C and 7D), which induced the highest Vd values. Philadelphus pekinensis was

similar to S. japonica with respect to its substantial grooves, but it lacked trichomes (Fig 7E

and 7F); similarly, it had a higher Vd value. G. sinensis was the most unlike S. japonica, having

more wax and thicker leaves (Fig 7G and 7H). K. japonica had the smoothest leaf surfaces (Fig

7A and 7B). Prunus persica ’Atropurpurea’ has been described as having grooves but relatively

low coverage of hairs (Fig 7I and 7J). It should be noted that the unit leaf area of S. japonica
exceeded that of K. japonica, and its mean Vd value was 1.5–2 times higher.

However, leaf area was not proportional to particle capture for all species. Räsänen et al.

[20] demonstrated that smaller conifer needles increase particle capture efficiency. For broad-

leaved trees, this was not reflected in Cp, though pubescent birch and silver birch had leaves

that were two times smaller than those of lime. In the case of the broadleaf trees, therefore, leaf

traits (i.e., roughness, trichomes, grooves, and other structures) seemed to play an important

role in removing aerosol particles. Physiological characteristics of leaves, such as stomatal den-

sity, transpiration, stomatal conductance, and wettability, also have significant influence on

particle capture efficiency. In general, Cp was increased under low stomatal density, high sto-

matal conductance, high transpiration, and low wettability for broadleaved species [20]. In

addition to the above differences among species, deposition velocity and capture efficiency

also differ among parts of the same tree species, e.g., leaves and stems [17].

In addition to their impact on airstream turbulence and particle capture, plants may also be

sources of particle emission under certain conditions. For example, volatile organic compounds

(VOCs) emitted by plants are an important factor that can highly increase the abundance of sec-

ondary organic aerosol (SOA), which is an important gas precursor in the formation of atmo-

spheric particles. Plant species have specialized structures and organs that store and emit VOCs

(e.g., glandular trichomes and resin ducts) [42]. The main VOC components from plants con-

sist of isoprene, monoterpenes (such as α/β-pinene), and sesquiterpenes (such as β-caryophyl-

lene), all of which are oxidized by ozone and •OH radicals, thereby generating SOAs [43].

In our simulation experiment, the amounts and quality of accumulated PM by plants was

affected by biogenic VOCs. Only a few studies have examined the oxidation of VOCs and their

role in SOA formation under laboratory simulation conditions [44, 45]. In order to better under-

stand the effects of atmospheric ozone levels on plant monoterpene emissions and on SOA for-

mation, Pinto et al. [46] conducted an experiment in which monoterpenes were mixed with an

air-flow enriched with 100, 200, or 400 ppb by volume of ozone in a Teflon-coated simulation
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chamber. No new particles were formed, but clear SOA formation was observed at higher ozone

concentrations. The most common types of oxides are ozone and •OH radicals, so it is also

important to compare the relative importance of OH oxidation with ozonolysis of monoterpenes

in particle nucleation and growth. Some studies have shown the importance of ozonolysis in

new particle formation [47, 48], while others have emphasized the importance of OH oxidation

[49, 50]. However, some studies have found that growth rates for each particle size class did not

necessarily correlate with the reaction rate of monoterpenes with OH and ozone [51]. In future

work, these above factors should be considered in order to determine the factors and compounds

that contribute to particle growth; this will be the next focus of our research.

Although the previous deposition chamber trial found that plants in such systems can

absorb particle pollutants through their stomata, particles are also removed from the system by

deposition onto the leaves and branches at different deposition velocities that differ among

tree species. However, we also conducted these experiments under considerably different envi-

ronments, i.e., a plant chamber (and blank chamber) through which ambient air was pumped,

and we still found these trees make a difference. Some of the test trees did not continually

reduce the PM concentration in the system; this pattern is consistent with plants in the cham-

ber decelerating the flows in and out of the system, causing the particles to become highly con-

centrated in the system as there is less air flow available for dilution. This result therefore casts

doubt on whether trees can improve air quality. There are some studies that predict urban for-

ests can remove pollutants at the city scale [10, 52, 53]. This previous research is based on a

deposition model [54] with limited air quality improvement effects of forests (i.e., 1–2%) [10];

however, the lack of empirical evidence for these deposition models supports the simulation

finding bolstered by the current study that the air quality improvement of urban forests is

overestimated [55].

In this study, though particles from both the manipulated aerosol and ambient air were

deposited on to the leaf surfaces resulting in decreased concentrations at some point, but

under certain circumstances PM concentration actually increased. Similar studies [56, 57, 58]

have demonstrated that trees along urban streets obstruct wind flow thereby reducing the

exchange of air and leading to higher pollutant concentrations at ground level. Vos et al. [59]

found that roadside urban vegetation actually leads to increased pollutant concentrations

rather than improves air quality. Accordingly, we cannot precisely determine which tree spe-

cies are optimal for capturing dust and thus mitigating air pollution. In short, the negative

effect of vegetation on the local air quality should not be neglected, especially by policy

makers.

The initial goal of this study was to determine which tree species best captures and removes

particles and can therefore be used in afforestation to improve local air quality. This research

indicates that it is difficult to make recommendations, even though trees do absorb or capture

air pollutants in a way that is predictably affected by the structure of their organs. Complex

branching patterns and leaf structures also change and limit air flow that dilutes pollution at

ground level, thereby leading to the significantly higher PM concentrations. This aerodynamic

effect seems to outweigh the filtering capability of vegetation under some conditions. As such,

we still need some empirical evidence and field survey data to confirm the results of this and

similar previous research.

These results and conclusions must be considered in a broader context. While some trees

did not effectively reduce airborne PM in our research limited to indoor simulation chamber

conditions, this does not necessarily mean that trees in urban backyards, in parks, and along

streets have a similar effect. In addition, urban forests both have an important role as structures

in urban environments and provide social and ecosystem services to metropolitan areas. Over-

all, there are conflicting effects of trees in urban spaces with respect to reducing PM pollution.
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This poses a question that must be considered; which is more important in reducing the PM

concentration, the physical characteristics of vegetation or the air flow impacts of trees in urban

environments? If the physical characteristics of vegetation are more important, tree species with

complex leaf structures and a maximum of foliage should be selected. However, if impacts on

air flow are more important, urban spatial planting configurations should be selected that opti-

mize the dilution of pollution by assessing air flow at a micrometeorological scale.

Conclusions

Five typical tree species common to north China were selected to investigate PM removal in a

deposition chamber. Deposition velocity onto trees was calculated for each tree species in

order to quantitatively compare the capability of tree leaves to remove particles of different

sizes. The deposition velocity onto S. japonica was highest. Thus, S. japonica showed the great-

est capability to remove particles, followed by Philadelphus pekinensis, G. sinensis, Prunus per-
sica ’Atropurpurea’, and K. japonica, in descending order. In broadleaf trees, the ability to

remove particles was strongly affected by leaf structures, i.e., rough leaf surfaces more easily

removed particles. However, under a different indoor simulation condition using ambient air,

this observed capability for capturing PM was not obvious. Species differences in removing

PM are clear, but these results do not necessarily predict the effects of these species in practical

application owing to the effects of specific habitat conditions. Accordingly, policy makers and

the public should reconsider their perspectives on local pollution problems; intuitively, trees

are sought as a means to alleviate air pollution problems, the counterintuitive negative effects

of vegetation on local air quality must also be considered. Hence, when selecting tree species to

efficiently reduce particle air pollution and improve air quality in urban environments, a key

question must be asked. How can trees be used without significantly deteriorating the local air

quality? In answering this question, the physical characteristics of individual tree leaf struc-

tures must be considered as well as appropriate designs for the configuration of planting pat-

terns in order to facilitate airflow to improve local air quality.

Supporting information

S1 File. Data used to analyze variation in average particle concentrations and PM captured

by different tree species. There are two related datasets in the XLSX file: (1) concentrations of

different particle sizes across the five tree species used in the simulation chamber and (2) accu-

mulations of the different sized particles on leaf surfaces and in the wax layer.

(XLSX)

Acknowledgments

This research project was supported by the Forestry Public Welfare Project of China (No.

201304301), the Graduate Training and Development Program of Beijing Municipal Commis-

sion of Education (No. BLCXY201617), Beijing collaborative innovation center for eco-envi-

ronmental improvement with forestry and fruit trees (PXM2016014207000038) and the

Special Foundation for Beijing Common Construction Project. The authors are grateful to our

program partners for their support and comments on the manuscript. We are also grateful to

the authorities at the Beijing Forestry University and JiuFeng National Forest Park for their

help and for providing access for us to conduct experiments.

Author Contributions

Conceptualization: JC HB.

Differences among plant species in particulate matter capture

PLOS ONE | https://doi.org/10.1371/journal.pone.0177539 May 16, 2017 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177539.s001
https://doi.org/10.1371/journal.pone.0177539


Data curation: JC YF.

Formal analysis: JC XY.

Funding acquisition: JC.

Investigation: JC YF.

Methodology: JC HB.

Project administration: JC.

Resources: JC XY.

Software: JC.

Supervision: JC YF.

Validation: JC HB.

Visualization: JC XY.

Writing – original draft: JC.

Writing – review & editing: JC.

References
1. Huang R J, Zhang Y, Bozzetti C, Ho K F, Cao J J, Han Y, et al. High secondary aerosol contribution to

particulate pollution during haze events in China. Nature. 2014; 514(7521): 218–222. https://doi.org/10.

1038/nature13774 PMID: 25231863

2. Gens A, Hurley J F, Tuomisto J T, Friedrich R. Health impacts due to personal exposure to fine particles

caused by insulation of residential buildings in Europe. ATMOS ENVIRON. 2014; 84: 213–221.

3. Lee H, Honda Y, Hashizume M, Guo Y L, Wu C F, Kan H, et al. Short-term exposure to fine and coarse

particles and mortality: A multicity time-series study in East Asia. ENVIRON POLLUT. 2015; 207: 43–

51. https://doi.org/10.1016/j.envpol.2015.08.036 PMID: 26340298

4. Song Y, Wang X, Maher B A, Li F, Xu C, Liu X, et al. The spatial-temporal characteristics and health

impacts of ambient fine particulate matter in China. J CLEAN PROD. 2016; 112: 1312–1318.

5. Keebaugh A J, Sioutas C, Pakbin P, Schauer J J, Mendez L B, Kleinman M T. Is atherosclerotic disease

associated with organic components of ambient fine particles? SCI TOTAL ENVIRON. 2015; 533: 69–

75. https://doi.org/10.1016/j.scitotenv.2015.06.048 PMID: 26151650

6. WHO. Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxideand Sulfur Dioxide. Global

Update 2005 World Health Organization, Copenhagen. 2006.

7. Blanusa T, Fantozzi F, Monaci F, Bargagli R. Leaf trapping and retention of particles by holm oak and

other common tree species in Mediterranean urban environments. URBAN FOR URBAN GREE. 2015;

14(4): 1095–1101.

8. Hofman J, Stokkaer I, Snauwaert L, Samson R. Spatial distribution assessment of particulate matter in

an urban street canyon using biomagnetic leaf monitoring of tree crown deposited particles. ENVIRON

POLLUT. 2013; 183: 123–132. https://doi.org/10.1016/j.envpol.2012.09.015 PMID: 23092704

9. Barima Y S S, Angaman D M, N’Gouran K P, Koffi N A, Kardel F, Cannière C D, et al. Assessing atmo-

spheric particulate matter distribution based on Saturation Isothermal Magnetization of herbaceous and

tree leaves in a tropical urban environment. SCI TOTAL ENVIRON. 2014; 470: 975–982. https://doi.

org/10.1016/j.scitotenv.2013.10.082 PMID: 24239818

10. Tallis M, Taylor G, Sinnett D, Smith P F.et al. Estimating the removal of atmospheric particulate pollution

by the urban tree canopy of London, under current and future environments. LANDSCAPE URBAN

PLAN. 2011; 103(2): 129–138.

11. Beckett K P, Freer Smith P H, Taylor G. Effective tree species for local air quality management. Journal

of Arboriculture. 2000a; 26(1): 12–19.

12. McDonald A G, Bealey W J, Fowler D, Dragosits U, Skiba U, Smith R I, et al. Quantifying the effect of

urban tree planting on concentrations and depositions of PM 10 in two UK conurbations. ATMOS ENVI-

RON. 2007; 41(38): 8455–8467.

Differences among plant species in particulate matter capture

PLOS ONE | https://doi.org/10.1371/journal.pone.0177539 May 16, 2017 20 / 22

https://doi.org/10.1038/nature13774
https://doi.org/10.1038/nature13774
http://www.ncbi.nlm.nih.gov/pubmed/25231863
https://doi.org/10.1016/j.envpol.2015.08.036
http://www.ncbi.nlm.nih.gov/pubmed/26340298
https://doi.org/10.1016/j.scitotenv.2015.06.048
http://www.ncbi.nlm.nih.gov/pubmed/26151650
https://doi.org/10.1016/j.envpol.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23092704
https://doi.org/10.1016/j.scitotenv.2013.10.082
https://doi.org/10.1016/j.scitotenv.2013.10.082
http://www.ncbi.nlm.nih.gov/pubmed/24239818
https://doi.org/10.1371/journal.pone.0177539


13. Mitchell R, Maher B A, Kinnersley R. Rates of particulate pollution deposition onto leaf surfaces: tempo-

ral and inter-species magnetic analyses. ENVIRON POLLUT. 2010; 158(5): 1472–1478. https://doi.

org/10.1016/j.envpol.2009.12.029 PMID: 20116149

14. SæbøA, Popek R, Nawrot B, Hanslin H M, Gawronska H, Gawronski. Plant species differences in par-

ticulate matter accumulation on leaf surfaces. SCI TOTAL ENVIRON. 2012; 427: 347–354. https://doi.

org/10.1016/j.scitotenv.2012.03.084 PMID: 22554531

15. Dzierżanowski K, Popek R, Gawrońska H, SæbøA, Gawroński S W. Deposition of particulate matter of

different size fractions on leaf surfaces and in waxes of urban forest species. INT J PHYTOREMEDIAT.

2011; 13(10): 1037–1046.

16. Ould-Dada Z, Baghini N M. Resuspension of small particles from tree surfaces. ATMOS ENVIRON.

2001; 35(22): 3799–3809.

17. Freer-Smith P H, El-Khatib A A, Taylor G. Capture of particulate pollution by trees: a comparison of spe-

cies typical of semi-arid areas (Ficusnitida and Eucalyptus globulus) with European and North American

species. Water, Air, and Soil Pollution. 2004; 155(1–4): 173–187.

18. Burri K, Gromke C, Lehning M, et al. Aeolian sediment transport over vegetation canopies: A wind tun-

nel study with live plants. AEOLIAN RES, 2011; 3(2): 205–213.

19. Lin M Y, Khlystov A. Investigation of ultrafine particle deposition to vegetation branches in a wind tunnel.

AEROSOL SCI TECH, 2012; 46(4): 465–472.

20. Räsänen J V, Holopainen T, Joutsensaari J, Ndam C, Pasanen P, Rinnan Ȃ, et al. Effects of species-

specific leaf characteristics and reduced water availability on fine particle capture efficiency of trees.

ENVIRON POLLUT. 2013; 183: 64–70. https://doi.org/10.1016/j.envpol.2013.05.015 PMID: 23735814

21. Ye Y, Pui D Y H, Liu B Y H, Opiolka S, Blumhorst S, Fissan H. Thermophoretic effect of particle deposi-

tion on a free standing semiconductor wafer in a clean room. J AEROSOL SCI, 1991; 22(1): 63–72.

22. Yook S J, Fissan H, Asbach C, Kim J H, Wang J, Yan P Y, et al. Evaluation of protection schemes for

extreme ultraviolet lithography (EUVL) masks against top–down aerosol flow. J AEROSOL SCI, 2007;

38(2): 211–227.

23. Hwang H J, Yook S J, Ahn K H. Experimental investigation of submicron and ultrafine soot particle

removal by tree leaves. ATMOS ENVIRON. 2011; 45(38): 6987–6994.

24. Beckett K P, Freer-Smith P H, Taylor G. Particulate pollution capture by urban trees: effect of species

and windspeed. GLOBAL CHANGE BIOL. 2000b; 6(8): 995–1003.

25. Peters K, Eiden R. Modelling the dry deposition velocity of aerosol particles to a spruce forest. ATMOS

ENVIRON. Part A. General Topics, 1992; 26(14): 2555–2564.

26. McPherson G E, Nowak D J, Rowntree R A. Chicago’s urban forest ecosystem: results of the Chicago

Urban Forest Climate Project. USDA General Technical Report NE-186. 1994.

27. Gregory P H. The microbiology of the atmosphere. The microbiology of the atmosphere., 1973; (Ed. 2).

28. Roupsard P, Amielh M, Maro D, Coppalle A, Branger H. Measurement in a wind tunnel of dry deposition

velocities of submicron aerosol with associated turbulence onto rough and smooth urban surfaces. J.

Aerosol Sci.2013; 55(1), 12–24.

29. Yook S J, Ahn K H. Gaussian diffusion sphere model to predict mass transfer due to diffusional particle

deposition on a flat surface in laminar flow regime. APPL PHYS LETT, 2009; 94(19): 191909.

30. Yook S J, Asbach C, Ahn K H. Particle deposition velocity onto a face-up flat surface in a parallel flow

considering Brownian diffusion and gravitational settling. J AEROSOL SCI, 2010; 41(10):911–920.

31. Zhao Y, Wang F, Zhao J. Size-Resolved Ultrafine Particle Deposition and Brownian Coagulation from

Gasoline Vehicle Exhaust in an Environmental Test Chamber. ENVIRON SCI TECHNOL, 2015; 49

(20): 12153–12160. https://doi.org/10.1021/acs.est.5b02455 PMID: 26402743

32. Lee H, Yook S J. Deposition velocity of particles in charge equilibrium onto a flat plate in parallel airflow

under the influence of simultaneous electrophoresis and thermophoresis. J AEROSOL SCI, 2014; 67:

166–176.

33. Litschke T, Kuttler W. On the reduction of urban particle concentration by vegetation–a review.

METEOROL Z, 2008; 17(3): 229–240.

34. Petroff A, Mailliat A, Amielh M, Anselmet F. Aerosol dry deposition on vegetative canopies. Part I:

review of present knowledge. ATMOS ENVIRON, 2008; 42(16): 3625–3653.

35. Lin M, Katul G G, Khlystov A. A branch scale analytical model for predicting the vegetation collection

efficiency of ultrafine particles. ATMOS ENVIRON, 2012; 51: 293–302.

36. Terzaghi E, Wild E, Zacchello G, Cerabolini E L, Jones K C, Guardo A D. Forest filter effect: Role of

leaves in capturing/releasing air particulate matter and its associated PAHs. ATMOS ENVIEON. 2013;

74: 378–384.

Differences among plant species in particulate matter capture

PLOS ONE | https://doi.org/10.1371/journal.pone.0177539 May 16, 2017 21 / 22

https://doi.org/10.1016/j.envpol.2009.12.029
https://doi.org/10.1016/j.envpol.2009.12.029
http://www.ncbi.nlm.nih.gov/pubmed/20116149
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1016/j.scitotenv.2012.03.084
http://www.ncbi.nlm.nih.gov/pubmed/22554531
https://doi.org/10.1016/j.envpol.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23735814
https://doi.org/10.1021/acs.est.5b02455
http://www.ncbi.nlm.nih.gov/pubmed/26402743
https://doi.org/10.1371/journal.pone.0177539
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