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Abstract

Autumn-season particulate matter (PM) deposition on urban vegetation remains
poorly understood, despite the influence of rainfall, wind variability, and leaf aging

on particle retention. This study quantified coarse (10-100 pm), fine (2.5-10 pm),

and ultrafine (0.2-2.5 um) PM fractions accumulated on leaves of three common urban
tree species on the Chikushi Campus of Kyushu University (Fukuoka, Japan): the decid-
uous Acer palmatum Thunb. and the evergreen Toxicodendron succedaneum (L.)
Kuntze and Cinnamomum camphora (L.) J.Presl. Leaves were collected during October
2022 in two sampling campaigns separated by 14 days. Deposited PM was extracted
by sequential washing (distilled water and 5% SDS) and quantified gravimetrically
through stepwise filtration, with deposition expressed per unit leaf area. Leaf surface
micro-topography was examined using a 3D laser measuring microscope to relate
deposition patterns to leaf traits, and visible stress symptoms were documented for A.
palmatum. Apparent species-specific differences were observed in both total PM load
and size-selective retention. T. succedaneum showed the greatest capacity to capture
health-relevant PM, with fine particles comprising 33% of the total load and ultrafine
particles 18%, whereas C. camphora consistently exhibited the lowest retention (fine
13%; ultrafine 6.9%). A. palmatum accumulated moderate total PM (89.9 ug cm™)
with dominance of the coarse fraction (41.4%), indicating stronger effectiveness

for dust-sized particles rather than the finest fractions. Temporal responses differed

by species: PM accumulation increased from the first to the second sampling event

in T. succedaneum, while C. camphora decreased, consistent with wash-off and resus-
pension under repeated wind and rainfall. For A. palmatum, proximity to pollution
sources did not predict higher deposition; near-road individuals accumulated less PM
than semi-sheltered trees, suggesting that microclimatic exposure (solar radiation,
turbulence, precipitation) can outweigh emission proximity during autumn. Leaf
surface roughness and grooves enhanced retention, while glossy or leathery sur-
faces were less efficient for fine and ultrafine particles; A. palmatum also exhibited
chlorosis and necrotic spotting, indicating PM-associated stress. Overall, species
identity governed PM size selectivity and sampling time reflected a dynamic balance
between deposition and removal, ranking mitigation potential as T. succedaneum > A.
palmatum > C. camphora. Beyond urban ecology, the results provide a trait-based,
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application-oriented framework for selecting woody plant species as functional bio-
logical materials for particulate pollution control in managed and engineered green
systems.

1 Introduction

Air pollution, particularly particulate matter (PM) and toxic gaseous pollutants, remains
a major environmental and public health challenge in densely populated urban areas.
Exposure to airborne particulate matter has been strongly associated with increased car-
diovascular and respiratory morbidity and mortality. It contributes to more than 2 mil-
lion premature deaths annually worldwide [2, 22, 23, 25, 33].

Particulate matter originates primarily from anthropogenic activities such as trans-
portation, industrial processes, and fuel combustion, although natural sources also
contribute [1, 5, 31]. PM is a heterogeneous mixture of solid and liquid particles with
aerodynamic diameters ranging from 0.001 to 100 pm. It includes dust, ash, black car-
bon, heavy metals, polycyclic aromatic hydrocarbons (PAHs), volatile organic com-
pounds (VOCs), and other persistent pollutants capable of long-range atmospheric
transport [8, 9].

Vegetation, particularly trees, plays a significant role as a natural sink for atmospheric
particulate matter and contributes to air quality improvement in urban environments.
PM deposition on plant surfaces occurs through multiple mechanisms, including gravi-
tational sedimentation, interception, impaction, and diffusion. These processes are influ-
enced by airflow dynamics and canopy structure [13, 18, 24, 27, 35, 36]. Due to their
large leaf surface area and complex canopy architecture, trees function as effective bio-
logical filters capable of reducing airborne particulate concentrations [4, 6, 30].

However, most existing studies have focused on PM deposition during the active
growing seasons, primarily spring and summer. During these periods, foliage is fully
developed and meteorological conditions are relatively stable [12, 14, 18, 29, 37]. In con-
trast, autumn remains relatively underexplored despite its distinctive environmental
characteristics. Autumn is typically associated with increased precipitation and variable
wind regimes. It is also characterized by leaf aging or senescence in deciduous species.
These factors may substantially influence PM deposition, retention, and resuspension
processes [15, 17, 33].

PM accumulation on plant surfaces is strongly species-dependent and influenced
by leaf morphological traits. Micromorphological features such as surface roughness,
grooves, and wax structures enhance particle retention by increasing surface complexity
and reducing resuspension. In contrast, smoother surfaces tend to exhibit lower reten-
tion efficiency, particularly for fine and ultrafine particles [28, 32, 34, 35] Prolonged
exposure to high PM concentrations can also induce environmental stress in plants. This
may lead to physiological and structural damage, including stomatal blockage, reduced
photosynthetic efficiency, chlorosis, and necrotic lesions [20, 28].

Despite growing interest in species-specific PM capture, few studies have integrated
seasonal context, leaf trait analysis, environmental exposure, and stress responses within
a single framework, particularly during autumn. Moreover, the relative importance of
leaf micromorphology compared with macro traits, as well as the influence of pollution
source proximity under autumnal conditions, remains insufficiently understood.
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The present study addresses these gaps by investigating autumn-season particulate
matter deposition on selected urban tree species in Fukuoka, Japan. This work quan-
tifies the deposition of coarse, fine, and ultrafine PM fractions on both deciduous and
evergreen trees. It compares species-specific accumulation patterns in relation to leaf
morphological traits, assesses the influence of environmental exposure and proxim-
ity to pollution sources under autumnal conditions, and evaluates visible plant stress
responses associated with PM accumulation.

From an applied perspective, vegetation used in managed landscapes represents a
functional biological resource whose performance depends on species traits. Trait-based
selection of woody plants can therefore be viewed as a form of bio-based environmen-
tal technology, where leaf surfaces act as passive particulate filters. Understanding how
seasonal conditions and leaf traits control particle capture is essential for optimizing the
performance of such plant-based systems.

Based on the influence of leaf morphological traits and seasonal environmental
variability on particulate matter (PM) dynamics, this study hypothesizes that: (i) PM
deposition on leaf surfaces differs among species due to variations in leaf micro- and
macro-morphological characteristics; (ii) evergreen species exhibit higher retention of
fine and ultrafine particles compared with deciduous species; and (iii) under autumnal
conditions, microclimatic exposure (e.g., turbulence, precipitation, and solar radiation)
can modulate PM accumulation to an extent that may outweigh proximity to pollution

sources.

2 Materials and methods

2.1 Study area and climatic conditions

The study was conducted on the Chikushi Campus of Kyushu University, located in
Fukuoka Prefecture, Japan (33.52°N, 130.47°E). The campus represents an urban envi-
ronment influenced by vehicular traffic, internal road networks, and mixed land use.
Sampling locations were selected to represent different degrees of environmental expo-
sure, including near-road and semi-sheltered sites, in order to evaluate the influence of
pollution source proximity on particulate matter (PM) deposition.

Meteorological conditions during the sampling period corresponded to the autumn
season (October 2022). According to data obtained from the Japan Meteorological
Agency (2022) (Fukuoka WMO station ID: 47807) [11], the study period was charac-
terized by warm and humid conditions with relatively high precipitation. Total monthly
rainfall reached 214.5 mm, and the mean daily air temperature ranged from 9.6 to
17.6 °C. These autumnal conditions are known to influence PM wash-off, resuspension,
and retention on leaf surfaces and were therefore considered critical for this investiga-
tion [10, 12, 33].

In addition, site-specific particulate matter concentrations (PM;, PM,;, PM,, and
PM,,) and meteorological parameters (temperature, relative humidity, and atmospheric
pressure) were continuously monitored using a Sensirion SPS30 optical particulate mat-
ter sensor installed within the sampling area. The sensor operates based on laser scat-
tering principles and provides real-time measurements of particle mass concentrations
across multiple size fractions. Data were recorded at regular time intervals throughout
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the study period and were used to characterize temporal variability in air quality and
environmental conditions influencing particulate matter deposition, retention, and
wash-off processes.

Descriptive statistics were used to summarize particulate matter deposition for each
species and particle-size fraction. Mean values were calculated and compared across
species, particle-size fractions, and sampling periods, and the results were evaluated
through graphical representation.

2.2 Plant species selection and leaf traits

Three urban tree species commonly used in Japanese landscapes were selected for
this study: one deciduous species, Acer palmatum Thunb. (Japanese maple), and two
evergreen species, Toxicodendron succedaneum (L.) Kuntze (Japanese hazenoki) and
Cinnamomum camphora (L.) ]. Presl (camphor tree). These species were selected to rep-
resent contrasting leaf habits, surface textures, and structural traits relevant to particu-
late matter (PM) deposition and retention.

Leaf samples were collected from cultivated trees located on the Chikushi Campus of
Kyushu University, Fukuoka, Japan (33.52°N, 130.47°E). Plant materials were taxonomi-
cally identified by the authors based on morphological characteristics, supported by
mobile plant identification applications (e.g., PlantNet, PictureThis), and further verified
using standard botanical references and campus vegetation records.

The collection of plant material complied with all relevant institutional, national, and
international guidelines and legislation governing plant research. Leaf sampling was con-
ducted on commonly cultivated ornamental tree species within a managed university
environment using a non-destructive approach. Institutional permission to conduct the
sampling was obtained through the supervising research authority at Kyushu University.

Voucher specimens were not prepared or deposited due to the non-destructive nature
of the sampling and the widespread availability of the studied species. The investigated
species are widely distributed and are not listed as threatened under the International
Union for Conservation of Nature (IUCN) Red List of Threatened Species, nor are they
regulated under the Convention on the Trade in Endangered Species of Wild Fauna and
Flora (CITES). Therefore, no additional permits or collection licenses were required.

Key morphological characteristics, including leaf type, shape, margin, surface texture,
and arrangement, are summarized in Table 1 (North Carolina State University Extension

Table 1 Morphological characteristics of the analyzed urban tree species, including leaf type, shape,
margin, surface texture, and arrangement, based on the North Carolina extension gardener plant

toolbox [16]
Common Scientific Leaf type  Leaf Leaf shape Leaf margin Leaf surface
name species name arrangement
Camphor tree  Cinnamomum  Simple Alternate Ovate to Entire Leathery, hair-
camphora (L) obovate less
J.Pres|
Japanese Toxicodendron  Compound Alternate Lanceolate Entire Glossy, leathery,
hazenokitree  succedaneum leaflets hairless
(L) Kuntze
Japanese Acer palmatum  Simple Opposite Palmasect Serrated Glossy

maple Thunb
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2023). The inclusion of both deciduous and evergreen species allowed assessment of
species-specific PM accumulation under autumnal conditions, when leaf aging, surface
chemistry, and meteorological variability can considerably influence particle deposition
[14, 33].

2.3 Sampling design and leaf collection

Leaf sampling was conducted within the lower accessible canopy to reduce variability
associated with vertical gradients in particulate matter (PM) concentration [3, 30]. For
Acer palmatum, leaves were collected at a consistent height of approximately 0.7 m
above ground level. For Toxicodendron succedaneum and Cinnamomum camphora,
leaves were collected between 0.5 and 3 m depending on tree architecture and accessi-
bility, following established approaches in PM biomonitoring studies [27, 30]. Although
sampling height varied slightly among species, all samples were taken from the outer
canopy under comparable exposure conditions (similar light, airflow, and proximity to
emission sources) to ensure consistency in environmental influence on PM deposition
(14, 17].

Two sampling campaigns were conducted during October 2022 with a 14-day interval.
In each campaign, 20 mature leaves per tree were randomly collected from the same
marked branches within the same canopy zone, consistent with established approaches
in particulate matter (PM) biomonitoring studies [19, 29]. This sampling strategy was
adopted to minimize variability associated with canopy position and environmental
exposure [3, 30]. Although the exact individual leaves differed between sampling events,
sampling from identical branches improves temporal comparability of PM accumulation
and reduces spatial sampling bias [14, 27].

Only mature and visually undamaged leaves were selected. In this study, “visually
undamaged” refers to leaves without visible mechanical damage, insect herbivory, fungal
infection, or severe senescence symptoms unrelated to particulate matter exposure, in
line with standard leaf selection criteria in biomonitoring studies [10, 12].

Immediately after collection, samples were placed in clean paper bags, sealed, labeled,
and stored at 4 °C for no longer than 24 h prior to analysis to minimize contamination or
particle loss [12, 19].

The sampled trees were cultivated ornamental individuals located within a managed
university campus environment. Detailed dendrometric parameters, including tree age,
diameter at breast height (DBH), and crown width, were not recorded during the field
campaign. However, all sampled trees were mature, well-established individuals with
stable canopy structures and no visible signs of severe decline. Tree health was assessed
qualitatively during sampling to ensure that leaves were collected from structurally
intact and physiologically functional individuals.

Sampling was conducted following a dry period of approximately five days after the
last rainfall event to minimize the influence of immediate wash-off and to allow for par-
ticulate matter re-accumulation on leaf surfaces.
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2.3.1 Microscopic morphology measurement

Leaf surface microstructure was examined using a LEXT OLS4000 3D laser scanning
microscope (Olympus, Japan). Prior to observation, leaf samples were air-dried at room
temperature, and small sections (approximately 1-2 cm?) were excised from the central
lamina region to ensure consistency across samples. Samples were mounted flat on the
microscope stage without additional coating or chemical treatment.

Microscopic observations were conducted at a magnification ofx100 to visualize
surface features relevant to particulate matter (PM) deposition, including trichomes,
cuticular structures, and surface irregularities. The microscope operates based on laser
scanning confocal principles, enabling high-resolution three-dimensional surface imag-
ing. Images were captured under consistent acquisition parameters, including laser
intensity, scanning speed, and focus settings, to ensure comparability among samples.

The analysis was primarily qualitative, focusing on morphological characteristics asso-
ciated with PM retention. Quantitative surface roughness parameters (e.g., Ra and Rq)
were not calculated, as the study aimed to provide descriptive support for observed dif-
ferences in PM accumulation among species. For each species, two representative sam-
ples were analyzed to ensure consistency of observed surface features.

2.4 Site mapping and documentation

The geographic locations of the sampling sites within the Kyushu University cam-
pus were documented through field observations and digital mapping tools. A sche-
matic representation of the study area, including the relative positions of roadways
and sampled trees, is presented in Fig. 1. The figure illustrates the spatial arrangement
of near-road and semi-sheltered sampling locations used to evaluate the influence of
environmental exposure and proximity to pollution sources on particulate matter (PM)
deposition.

2.5 Methodological integration

By applying a unified sampling strategy across all species, maintaining consistent storage
and handling conditions, and conducting sampling under the same autumnal meteoro-
logical context, this study enables direct comparison of PM deposition across species,
leaf traits, and environmental exposure conditions. This integrated approach supports
robust evaluation of autumn-season controls on particulate matter deposition in urban
tree species.

2.6 Experimental PM quantification (gravimetric analysis) and statistics

Particulate matter (PM) deposition on leaf surfaces was quantified using a gravimet-
ric method adapted from [10], which allows separation and quantification of different
PM size fractions deposited on plant leaves [10]. This method has been widely applied
in urban biomonitoring studies due to its reliability and reproducibility.

For each sampling campaign, 20 mature leaves per tree were used for PM extrac-
tion. Leaf samples were sequentially washed to detach deposited particles. Initially,
leaves were rinsed with 250 mL of distilled water for 60 s to remove loosely attached
particles. This was followed by washing with 150 mL of 5% sodium dodecyl sulfate



Hammad et al. Discover Environment (2026) 4:267 Page 7 of 21

300 40
@M PM2.5 @EEEBPM4 wmmmPMI0 Humidity (%) Temperature (C) ?
L35 o
250 3
o g
g r30g
: | £
£ 200 5
3 5 £
5 %
2 S
£ 150 20 2
- 3
2 15 €
8 100 j 2
= '“ 2
= ) rn' 10 .2
50 4 v"!l' | i °
M’ W 5 &

.

?

)
3

- - sk
—
IR ESES RS R ER Es s B s s s s B s Es B s s s Es s Es Es B Es B s B Es s Es Es B Es Es B B B B
Lo o I A O ot O O o ot o o o ot A o ot o o ot o o ot ot N o ot o Ao A o o O A o ot o o I o Ao
SO OO OO0 OO0 OCOOOCOOOOOOOOOOOOOOOOOCOOOCOODOCODO
AAFAPAFFAAAFAAAAFAAAAFIAAAAFAQAAFGAAQAAGF QAR Q
AN AN AR AR My A RN A A A AN A AT A A A=
NMOLOEET 0NN OO~ — ATV NOOTTX0XNRNOODOO =T NN OOS00RNDND
o [ I e I o B o\ B o\ B o\ o B o B o\ B\ I o B o IS Tl
Time & Date

Fig. 1 Temporal variation of particulate matter concentrations (PM,, PM, 5, PM,, and PM, ;) and
meteorological parameters (temperature and relative humidity) during the study period (September—
October 2022). The data illustrate short-term fluctuations in air quality and environmental conditions
influencing particulate matter deposition dynamics

(SDS; CH; (CH,);; OSO; Na; Merck, Germany) for 60 s to extract particles more
strongly adhered to the leaf surface. SDS was used as a substitute for chloroform due
to safety considerations and its demonstrated effectiveness as a strong anionic sur-
factant for deep washing of plant tissues in previous studies [10, 24].

The resulting washing solutions were subjected to sequential filtration to separate
PM into three size fractions: coarse (10—100 pm), fine (2.5-10 pm), and ultrafine
(0.2-2.5 pum). Filtration was performed using a vacuum filtration system equipped
with a 25 mm filter holder connected to a vacuum pump. The filtration sequence con-
sisted of:

(i) a 106 um polypropylene sieve (Itoh Seisakusho Manufacturing, Japan);

(i) a 10 um membrane filter (Omnipore, Merck Millipore Ltd., Ireland);

(iii) a 2.5 um membrane filter (Whatman, Cytiva, Japan); and

(iv) a 0.2 um PTFE membrane filter (Merck Millipore Ltd., Ireland).

All filters were dried at 60 °C for 30 min both before and after filtration, then sta-
bilized in a controlled weighing room for 60 min prior to weighing. Filter masses
were determined using an analytical electronic balance (HT124R, ViBRA, Japan) with
microgram precision.

Total leaf surface area was determined using Image]J software (U.S. National Insti-
tutes of Health, Bethesda, MD, USA). Leaf images were captured using a digital cam-
era with 12-megapixel resolution under controlled lighting conditions and consistent
positioning to ensure uniform image quality across all samples. Leaves were carefully
flattened during image acquisition to minimize distortion, and petioles were excluded
so that only the lamina area was analyzed. The measured area represents the pro-
jected one-sided leaf surface, in accordance with standard methodologies employed
in particulate matter (PM) deposition studies [10, 29]. Particulate matter deposi-

tion was expressed as mass per unit leaf area (ug-cm™2), allowing normalization of
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deposition values and facilitating comparison across species, particle-size fractions,
and sampling periods.
PM deposition was calculated using the following equation [10]:

Wripm — Wy

PM deposition (ug.cm™2) = A

where Wy pyr is the weight of the filter after PM filtration (ug), Wy is the weight of the
blank filter before filtration (ug), and A is the total leaf surface area (cm?).

Following gravimetric analysis, selected leaf samples were further examined using a
LEXT OLS4000 3D laser measuring microscope (Olympus, Japan) to investigate the rela-
tionship between leaf surface micro-morphological characteristics and PM deposition.

Because the study was based on a limited number of trees and focused on a single
autumn period, the results should be interpreted as indicative of relative trends rather
than statistically generalized differences. Future studies incorporating larger sample
sizes and formal inferential statistics across multiple seasons would further strengthen
these findings.

Descriptive statistics were used to summarize particulate matter (PM) deposition
for each species and particle-size fraction. Mean values were calculated and compared
across species, particle-size fractions, and sampling periods, and the results were eval-
uated through graphical representation. Formal inferential statistical analyses (e.g.,
ANOVA or t-tests) were not performed due to the limited sample size and the explora-
tory nature of the study; therefore, the results are interpreted as descriptive trends rather
than statistically confirmed differences.

3 Results and discussion
3.1 Quantitative analysis and accumulation of particulate matter on leaf surfaces
3.1.1 Environmental conditions and temporal variability
Temporal variation in particulate matter concentrations (PM;, PM, s, PM,, and PM,,)
and meteorological parameters (temperature and relative humidity) during the study
period is presented in Fig. 1. PM,, exhibited several episodic peaks, particularly in late
September, indicating short-term pollution events. These fluctuations were accompa-
nied by variations in temperature and humidity, suggesting dynamic environmental con-
ditions influencing particulate matter suspension and deposition processes.
Atmospheric pressure also showed notable temporal variability during the study
period (Fig. 2), including a pronounced decline in mid-September, which may indicate
unstable weather conditions. Such variations are associated with atmospheric mix-
ing processes and may influence particulate matter dispersion and removal from leaf
surfaces.

3.1.2 Overall capacity of trees to accumulate particulate matter

Plants, particularly trees, can influence particulate matter (PM) deposition through
their canopy structure and interaction with airflow. In the present study, all analyzed
species showed measurable PM accumulation; however, the magnitude and distribu-
tion of deposited particles varied considerably among species, particle size fractions, and
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Fig. 2 Temporal variation of atmospheric pressure (Pa) during the study period. The observed fluctuations
reflect changing atmospheric conditions that may influence particulate matter transport, deposition, and
resuspension processes

sampling conditions. These differences indicate that PM retention is not uniform across
vegetation types but is strongly controlled by species-specific traits and environmental
exposure. The integration of continuous environmental monitoring provides important
context for interpreting PM deposition patterns. Variations in humidity, temperature,
and atmospheric pressure likely influenced the balance between particle deposition and
removal processes. Periods of high humidity and precipitation promote particle wash-
off, whereas elevated PM concentrations enhance deposition. These findings indicate
that observed PM loads reflect a dynamic balance between accumulation and removal
rather than a static filtration effect. However, these patterns should be interpreted
in light of methodological constraints, particularly the absence of detailed tree struc-
tural measurements and the limited control of short-term micro-scale meteorological

variability.

3.1.3 Total PM accumulation and particle size distribution
The total PM accumulated on leaf surfaces showed observable differentiation among par-
ticle size fractions. Across all analyzed samples, the fine size fraction (2.5-10 yum) repre-
sented the largest proportion of accumulated PM, with a mean value of 231.3 pg-cm™2,
followed by the coarse fraction (10-100 pm) with 145.2 pg-cm™2 The ultra-fine fraction
(0.2-2.5 pm) exhibited the lowest accumulation, averaging 125.3 pg-cm™>

Figure 3a illustrates the total PM accumulation across the three size fractions, while
Fig. 3b presents total PM accumulation for each analyzed species. These results partially
contrast with earlier findings by [10, 29] who reported dominance of coarse particles,
but they highlight the strong influence of local pollution sources and meteorological

conditions on PM size distribution.

3.1.4 Species-specific differences in particulate matter accumulation

Noticable interspecific differences were observed in the capacity of the analyzed tree
species to retain particulate matter (PM) on their leaf surfaces. Toxicodendron suc-
cedaneum consistently exhibited higher PM accumulation across all particle-size
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deposition values, and error bars represent the standard error (SE) of the mean

fractions compared to Cinnamomum camphora. In T. succedaneum, the fine parti-
cle fraction (2.5-10 um) constituted 33% of the total accumulated PM, whereas it
accounted for only 13% of the total PM accumulated on C. camphora leaves (Fig. 4).
The proportion of fine particles in T. succedaneum (33%) observed in this study is
consistent with values reported by [29], who found fine particle contributions ranging
between 25 and 40% in urban tree species.

Similarly, the ultrafine fraction (0.2-2.5 pm) contributed 18% of the total PM load
in T. succedaneum, compared with only 6.9% in C. camphora. These results indicate
a higher apparent capacity of T. succedaneum to retain fine and ultrafine particles,
which are considered the most hazardous PM fractions due to their ability to pen-
etrate deeply into the human respiratory system and bloodstream.

Acer palmatum Thunb. also demonstrated substantial PM accumulation, with a
total PM load of 89.9 ug-cm™2, comparable to values reported by [7]. However, in con-
trast to T. succedaneum, PM deposition on A. palmatum leaves was dominated by the
coarse particle fraction (10-100 pm), which accounted for 37.2 pg-cm™2 (41.4%) of
the total accumulated PM. The ultrafine fraction represented 26.52 pg-cm™2 (29.5%),
while the fine fraction contributed 26.1 pg-cm™2 (29.1%) of the total PM load.
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This distribution pattern aligns with the findings of [30], who reported higher reten-
tion of coarse particles on broadleaf species, but contrasts with the observations of [10,
27], who reported a predominance of ultrafine particle deposition. The accumulation of
PM across the three particle-size fractions on A. palmatum leaves is illustrated in Fig. 5,
with error bars representing variability among samples.

3.1.5 Species-specific and temporal differences in PM accumulation capacity

Distinct interspecific differences were observed in both the magnitude and tempo-
ral dynamics of PM accumulation. Toxicodendron succedaneum exhibited the highest
overall PM retention capacity. Fine particles (2.5-10 um) accounted for 33% of its total
accumulated PM, which is approximately 2.5 times higher than that recorded for Cin-
namomum camphora (13%). Similarly, the ultrafine fraction (0.2-2.5 pm) contributed
18% of the total PM load in T. succedaneum, compared to 6.9% in C. camphora.

In addition, T. succedaneum showed an increase in PM accumulation in the second
sampling event compared with the first (Fig. 6). In contrast, C. camphora consistently
showed the lowest PM accumulation across all particle-size fractions and exhibited a
decline in PM retention during the second sampling event.

3.1.6 Spatial and temporal variation in PM accumulation in Acer palmatum Thunb.

Spatial variation in PM accumulation was evident between near-road and far-from-road
sampling locations. Near-road samples were dominated by fine particles (2.5-10 um),
which accounted for 12 pg-cm™ (40.9%) of the total PM. In contrast, individuals located
farther from the road exhibited a higher contribution of the coarse particle fraction (10—
100 pm), representing 29.2 pg-cm > (48.3%) of the total PM load [17].

Notable temporal differences were observed between the two sampling events at near-
road sites (Fig. 7). The second sampling event showed higher total PM accumulation
(16.8 pg-cm™) compared with the first (12.5 pug-cm™). In both samples, the fine parti-
cle fraction constituted the largest portion of accumulated PM, contributing 7.5 pg-cm™
(25.7%) in Sample 2 and 4.5 pg-cm ™ (15.1%) in Sample 1.

Trees located farther from the road exhibited higher total PM accumulation
(36.9 pg-cm™) than near-road trees (Fig. 7). The second sampling event showed higher
PM accumulation than the first. In the second sample, the coarse particle fraction
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Fig. 5 Total accumulation of particulate matter (ug-cm™) on leaves of Acer palmatum across coarse, fine, and
ultrafine particle fractions. Error bars represent the standard error (SE) of the mean
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Fig. 6 Particulate matter (PM) deposition (pg{m’z) on leaf surfaces of the evergreen tree species
Cinnamomum camphora and Toxicodendron succedaneum across three particle-size fractions (PM,,, PM, s, and
PM,) during two sampling campaigns (Sample 1 and Sample 2). Error bars represent the standard error (SE)
of the mean
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Fig. 7 Particulate matter accumulation (ug-cm™2) on leaves of the analyzed tree species at different locations:
a Toxicodendron succedaneum and b Cinnamomum camphora. Error bars represent the standard error (SE) of
the mean

accounted for 32.5% of the total PM load. In contrast, the first sample showed a higher
contribution of the ultrafine fraction, which reached 11.9 pug-cm™ (19.7%).

3.2 Differences among species and locations
Identifiable differences in particulate matter (PM) accumulation were observed among
the analyzed species, reflecting the combined effects of species-specific characteristics

and location relative to pollution sources.

3.2.1 Comparison between Toxicodendron succedaneum and Cinnamomum camphora

Marked differences in PM deposition were observed between Toxicodendron succeda-
neum and Cinnamomum camphora, which can largely be attributed to differences in
their locations, surrounding environments, and species-specific traits. 7. succedaneum
was located near internal campus roads with frequent transportation activity, whereas C.

camphora was situated close to a car parking area and surrounded by different types of



Hammad et al. Discover Environment (2026) 4:267 Page 13 of 21

vegetation. These contrasting site characteristics likely contributed to the observed vari-
ation in PM accumulation between the two species, as illustrated in Fig. 7.

The majority of particles deposited on T. succedaneum leaves belonged to the fine par-
ticle fraction, indicating strong exposure to traffic-related emissions. In contrast, PM
accumulation on C. camphora leaves showed a more balanced distribution, with coarse
and fine particles contributing nearly equally to the total deposited PM. Coarse particles
generally originate from natural sources and anthropogenic activities such as soil resus-
pension and mechanical abrasion, whereas fine particles are predominantly associated
with urban environments and are mainly emitted from transportation and industrial
activities, particularly through fossil fuel combustion [7, 9, 26].

The observed differences between Toxicodendron succedaneum and Cinnamomum
camphora can be attributed to the interaction between site-specific environmental
exposure and leaf structural characteristics. The higher proportion of fine particles on
T. succedaneum suggests stronger exposure to traffic-related emissions, whereas the
more balanced particle distribution on C. camphora reflects a mixed contribution from
both anthropogenic and natural sources. These patterns indicate that local environmen-
tal conditions play a key role in shaping particle size composition, while species-specific
leaf traits determine the efficiency of particle retention [10, 17, 29, 30].

3.2.2 Location effect on PM accumulation in Acer palmatum

Previous studies have reported a positive relationship between traffic density and PM
accumulation on plant leaves. Muiioz et al. (21), for example, demonstrated a correla-
tion between PM deposition on Platanus orientalis leaves and traffic flow, indicating
that vegetation located close to emission sources can function as an effective particle
scavenger. Accordingly, trees growing near pollution sources are generally expected to
accumulate higher PM loads than those located farther away.

However, for Acer palmatum, the present study revealed an inverse pattern. Individu-
als located near the pollution source accumulated a lower total PM load (29.3 pg-cm™2)
compared with those situated farther from the road, which accumulated 60.5 pg-cm™>
(Fig. 8). This finding indicates that, for A. palmatum, proximity to the pollution source
alone does not necessarily translate into higher PM retention on leaf surfaces.

The reduced particulate matter (PM) accumulation observed in near-road Acer palma-
tum individuals, despite their proximity to emission sources, can be explained by local
microenvironmental and aerodynamic conditions. Trees located close to the road are
typically exposed to higher wind speeds, enhanced turbulence, and stronger mechanical
air mixing generated by vehicular movement. These factors reduce deposition efficiency
and increase particle resuspension, particularly for fine and ultrafine particles that are
more sensitive to turbulent transport [17, 27]. In addition, wind and precipitation events
can enhance wash-off processes, limiting the net accumulation of particles on exposed
leaf surfaces [10, 33]. Increased solar radiation and surface heating in exposed roadside
environments may further promote thermal convection and boundary-layer instabil-
ity, enhancing particle removal. Solar radiation may also alter the chemical composition
of deposited particles by degrading organic compounds such as volatile organic com-
pounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs), facilitating their volatili-
zation and removal from the leaf surface.
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Fig. 8 Differences in total particulate matter accumulation (ug-cm™2) on leaves of Acer palmatum according
to location relative to the pollution source (near-road vs far-from-road). Error bars represent the standard error
(SE) of the mean

In contrast, A. palmatum individuals located farther from the road were generally
more sheltered from direct environmental stressors, resulting in lower turbulence inten-
sity and reduced resuspension, which allowed particles to persist longer and accumu-
late over time. Similar patterns have been reported in previous studies, where vegetation
in sheltered environments exhibited higher PM retention than highly exposed roadside
vegetation [14, 15].

Overall, these findings demonstrate that PM accumulation is governed by a dynamic
balance between deposition, adhesion, and removal processes, and that under autum-
nal conditions, microclimatic exposure can outweigh the effect of proximity to pollution
sources in controlling PM retention. This highlights the importance of site-specific envi-
ronmental conditions when evaluating the effectiveness of tree species for particulate

pollution mitigation.

3.3 Species leaf traits and PM accumulation

3.3.1 Leaftraits influencing PM accumulation in Acer palmatum

Particulate matter (PM) accumulation on leaf surfaces is controlled by a combination of
environmental conditions and species-specific leaf traits. Micromorphological charac-
teristics can either enhance PM capture or reduce particle resuspension during meteor-
ological disturbances. For example, the presence of surface hairs and other hydrophobic
features has been linked to improved PM capture through electrostatic attraction of
charged particles [20]. In addition, leaf margin characteristics can limit PM loss during
rainfall and wind events.

Figure S2 illustrates the main leaf traits of Acer palmatum that influence PM accumu-
lation. The species is characterized by a serrated (toothed) leaf margin, which may play
an important role in preventing particulate matter from being washed off the relatively
glossy leaf surface. Unlike some other species, A. palmatum lacks pronounced surface
features such as hairs, grooves, or trichomes; therefore, the serrated margin appears to
be the primary structural trait contributing to PM retention by reducing particle dis-
placement during precipitation and air turbulence.
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Leaf shape and surface area showed no direct relationship with PM accumulation in
A. palmatum. Notably, leaves of near-road individuals had a larger average surface area
(51.3 cm? per leaf) than those of far-from-road individuals (17.9 cm? per leaf), yet PM
accumulation was lower at the near-road site. This indicates that leaf surface area alone
is not a reliable predictor of PM deposition for this species.

However, stem characteristics may indirectly influence PM retention. [4, 24, 27]
reported that plants with thicker stems capture PM more effectively than those with nar-
row stems, potentially due to reduced air turbulence around the foliage. This mechanism
may partly explain the observed PM accumulation on A. palmatum leaves, as reduced
turbulence can limit particle resuspension and promote longer PM residence time on

leaf surfaces.

3.3.2 Leafsurface characteristics and PM accumulation in Toxicodendron succedaneum and
Cinnamomum camphora

Leaf surface morphology has been identified as a critical factor governing PM accumula-
tion efficiency [12, 29, 35, 36]. From a physical perspective, surface roughness modifies
the leaf boundary layer by reducing airflow velocity near the surface, thereby increasing
particle residence time and enhancing deposition probability. In contrast, smoother sur-
faces promote airflow continuity, which facilitates particle removal and limits retention,
particularly for fine and ultrafine particles. The higher PM retention observed in T. suc-
cedaneum is consistent with its rough and grooved leaf surface, which enhances parti-
cle interception and reduces resuspension. In contrast, the smoother, leathery surface
of C. camphora provides fewer microscale trapping sites, leading to lower retention of
fine and ultrafine particles. Fine and ultrafine particles are more susceptible to removal
through wash-off and resuspension processes, whereas coarse particles tend to reaccu-
mulate more readily under changing environmental conditions.

In the present study, apparent differences in surface morphology were observed
between Toxicodendron succedaneum and Cinnamomum camphora (Fig. 9). T suc-
cedaneum exhibited a rough leaf surface with pronounced grooves, whereas C. cam-
phora showed a smooth, leathery surface. These contrasting surface characteristics help
explain the differences in PM deposition observed between the two species. Grooved
and rough surfaces increase the contact angle (8) between rain droplets and the leaf sur-
face, thereby reducing PM wash-off and limiting particle resuspension during precipita-
tion events. In contrast, the leathery surface of C. camphora favors retention of coarse
particles but appears less effective in capturing fine and ultrafine PM fractions.

In addition to surface roughness, leaf shape and arrangement further influenced PM
accumulation. The lanceolate leaves of T. succedaneum enhanced PM capture efficiency,
consistent with [17], who reported that lanceolate leaf forms are more effective in accu-
mulating PM than other leaf structures. Conversely, the simple leaf arrangement of C.
camphora likely reduced air turbulence around the leaf surface, thereby limiting PM
interception and resulting in lower overall PM deposition [27].

Leaf surface area did not show a positive relationship with PM accumulation. Despite
having smaller leaves (6.5 cm? per leaf), T. succedaneum accumulated more PM than C.
camphora, which had larger leaves (13.4 cm? per leaf). This supports previous findings
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Cinnamomum camphora and b Toxicodendron succedaneum

that smaller leaves may be more resistant to climatic disturbances such as wind and rain,
leading to improved PM retention under variable environmental conditions [14, 17].

The enhanced PM retention observed on rough and grooved leaf surfaces can be
explained by fundamental principles of particle—surface interaction and boundary-layer
aerodynamics. Increased surface roughness promotes turbulence at the microscale,
reducing airflow velocity near the leaf surface and increasing the probability of parti-
cle interception and impaction [27]. Rough surfaces also create micro-depressions and
sheltering zones that trap particles and protect them from shear forces, thereby reducing
resuspension.

From a surface science perspective, roughness increases the effective contact area
between particles and the leaf surface, enhancing adhesion through van der Waals
forces and electrostatic interactions. In contrast, smooth or waxy surfaces exhibit lower
friction and weaker particle adhesion, making deposited particles more susceptible to
removal by wind or rainfall [12, 29]. These mechanisms collectively explain the higher

PM retention efficiency observed in species with complex surface morphology.

3.4 Environmental stress effects on Acer palmatum

Environmental stress can induce pronounced physiological and structural alterations in
plants, many of which are directly observable in leaf tissues [8]. In the present study,
Acer palmatum exhibited clear and progressive stress symptoms associated with expo-
sure to airborne particulate matter (PM), particularly under conditions of elevated pollu-
tion levels and prolonged exposure. Consistent with previous reports, plant responses to
environmental stressors vary according to species-specific tolerance thresholds and the
intensity of stress exposure [20].

The deposition of fine and ultrafine PM on A. palmatum leaf surfaces adversely
affected key physiological processes. Fine particles are capable of obstructing stomatal
apertures, which play a critical role in gas exchange, light utilization, and overall met-
abolic activity. Such obstruction can limit CO, diffusion, reduce photosynthetic effi-
ciency, and ultimately result in decreased chlorophyll content [8, 20, 28]. In this study,
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chlorophyll degradation was visually manifested as chlorosis, characterized by yellowing
and brown discoloration of leaf tissues, particularly toward the end of the growing sea-
son [20].

In addition to pigment loss, PM-associated toxic constituents, including nitrates, sul-
fates, organic compounds, and trace elements, can cause both physical and chemical
injury to leaf tissues. In Acer palmatum, this damage was evident in the form of necrotic
spots, defined as localized dead or discolored regions on the leaf surface, indicating cel-
lular damage and tissue necrosis [20]. Moreover, under elevated PM exposure, stressed
leaves exhibited a noticeable reduction in size compared with healthy, fully developed
leaves (Fig. 10), suggesting inhibited growth and disrupted developmental processes [20,
28].

These responses reflect the adverse physiological effects of particulate pollution,
including impaired photosynthesis, cellular damage, and reduced metabolic activity [8,
28]. Overall, these findings demonstrate that PM exposure not only promotes particle
accumulation on Acer palmatum leaves but also compromises leaf physiological integ-
rity and overall plant health. Consequently, when considering A. palmatum for urban
green infrastructure or air-purification applications, its sensitivity to particulate pollu-
tion and the manifestation of associated stress symptoms should be carefully evaluated,
particularly in environments characterized by elevated PM concentrations [20].

3.5 Implications for functional plant selection and managed green systems

Although this study was conducted in an urban setting, the findings have broader rel-
evance for the selection of woody plant species as functional components of managed
green systems. Leaf surfaces can be considered passive biointerfaces whose structural
traits determine their efficiency in capturing airborne particles. From this perspective,
species such as Toxicodendron succedaneum represent high-performance biological
materials for fine and ultrafine particulate interception, whereas Acer palmatum may be
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Fig. 10 Differences among Acer palmatum Thunb. leaves under environmental stress: a and b chlorotic
patches, ¢ necrotic spots associated with particulate matter injury, and d healthy leaf structure
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more suitable for controlling coarse dust fractions. The accumulation characteristics and
mitigation roles of the analyzed species are summarized in (Table 2).

Trait-based selection of plant species offers a scalable and low-energy approach to
air quality management that can complement engineered filtration technologies. The
autumnal dynamics observed in this study further highlight the importance of seasonal
performance when evaluating plant-based systems intended for long-term deployment.
These insights support the development of evidence-based frameworks for select-
ing woody plants as functional components of nature-based solutions for air pollution
mitigation.

3.6 Study limitations

This study has several limitations that define the scope of the findings. First, the analy-
sis was restricted to a single autumn sampling period, and therefore seasonal variability
beyond autumn was not assessed. Second, detailed tree structural parameters (e.g., age,
diameter at breast height, and crown width) were not quantified, and sampling height
varied slightly among species due to differences in tree architecture, although efforts
were made to ensure comparable environmental exposure. Third, the number of sampled
trees per species was limited, which may constrain representation of intraspecific vari-
ability. In addition, leaves were collected from the same branches, but individual leaves
were not tracked, introducing potential variability at the leaf scale. Plant stress assess-
ment was based on visible symptoms without quantitative physiological or biochemical
measurements. Furthermore, formal inferential statistical analyses were not performed
due to the exploratory nature of the study and sample size constraints; therefore, the
results should be interpreted as indicative of relative trends rather than statistically gen-
eralized differences. Finally, although environmental monitoring was conducted, short-
term micro-scale meteorological variability was not fully controlled; however, sampling
was performed after a dry period of approximately five days following rainfall events
to minimize immediate wash-off effects. Despite these constraints, the study provides
consistent comparative insights into species-specific PM deposition under autumn
conditions. Future studies incorporating multi-season sampling, larger sample sizes,
and quantitative physiological and statistical analyses would further strengthen these
findings.

Table 2 Summary of particulate matter (PM) accumulation characteristics and mitigation roles of
the analyzed urban tree species, showing total PM retention, dominant particle-size fraction, relative
contributions of fine and ultrafine PM, and their functional role in urban air pollution control

Species Total PM  Dominant fraction Fine PM (%) Ultrafine PM (%) PM control role
T.succedaneum  High Fine 33% 18% Best for health protection
C. camphora Low Coarse 13% 6.9% Least effective

A. palmatum Moderate  Coarse 29.1% 29.5% Dust control
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4 Conclusions

This study evaluated autumn-season particulate matter (PM) deposition on three com-
mon urban tree species on the Chikushi Campus of Kyushu University (Fukuoka, Japan)
by quantifying coarse (10-100 pum), fine (2.5-10 pm), and ultrafine (0.2-2.5 um) parti-
cle fractions on leaf surfaces. The results demonstrate that autumn is a dynamic period
for PM capture, during which fluctuating meteorological conditions, including rainfall,
wind, and exposure, strongly influence deposition, wash-off, and resuspension pro-
cesses, in some cases overriding the expected effects of proximity to pollution sources.

In Acer palmatum, near-road individuals accumulated lower total PM than semi-
sheltered individuals, indicating that increased turbulence, solar radiation, and pre-
cipitation exposure can reduce net PM retention despite higher emission intensity. Leaf
surface morphology contributed to interspecific differences in PM capture, with rough
and grooved surfaces enhancing particle retention, while smooth or leathery surfaces
showed lower efficiency, particularly for fine and ultrafine fractions. In addition, A. pal-
matum exhibited visible stress symptoms (chlorosis, necrotic spots, and reduced leaf
size), suggesting that PM exposure during autumn may affect leaf physiological condi-
tion and should be considered alongside capture efficiency in species selection.

Overall, PM accumulation reflects a balance between deposition, removal, and re-
accumulation processes under variable environmental conditions. Based on both total
PM retention and fine and ultrafine particle capture, the species ranked in PM mitiga-
tion potential as: T. succedaneum > A. palmatum > C. camphora. Among the studied spe-
cies, T. succedaneum appears to be the most suitable candidate for mitigating fine and
ultrafine particulate pollution in urban environments, while A. palmatum may be more
effective for controlling coarse particles.

Acknowledgements

The authors gratefully acknowledge Kyushu University for providing access to the Chikushi Campus and laboratory facili-
ties used in this study. The authors also thank colleagues at the Department of Advanced Environmental Science and
Engineering for their technical assistance and valuable discussions during sample analysis and data interpretation.

Authors’ contributions

Duha S. Hammad: Conceptualization, Methodology, Investigation, Formal analysis, Visualization, Writing—original draft.
Kyaw Thu: Supervision, Validation, Writing-review and editing. Takahiko Miyazaki: Supervision, Validation, Writing-review
and editing.

Funding
This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Declarations

Ethics approval and consent to participate

The collection of plant material complied with all relevant institutional, national, and international guidelines and
legislation governing plant research. Leaf samples of Acer palmatum Thunb., Toxicodendron succedaneum (L) Kuntze,
and Cinnamomum camphora (L.) J. Pres| were collected from cultivated trees located on the Chikushi Campus of
Kyushu University, Fukuoka, Japan.Sampling was conducted within the premises of Kyushu University on cultivated
trees, with institutional permission obtained through the supervising research authority at Kyushu University. Due to
the non-destructive nature of sampling, no formal collection permits or licenses were required.The sampling involved
non-destructive collection of leaves from commonly cultivated urban tree species within a managed environment. No
endangered or protected species were involved in this study. The investigated species are not listed under the Interna-
tional Union for Conservation of Nature (IUCN) Red List of Threatened Species and are not regulated under the Conven-
tion on the Trade in Endangered Species of Wild Fauna and Flora (CITES). Therefore, no additional collection permits or
licenses were required.



Hammad et al. Discover Environment (2026) 4:267 Page 20 of 21

Consent for publication
Not applicable. This manuscript does not contain any individual person’s data in any form.

Competing interests
The authors declare no competing interests.

Received: 2 March 2026 Accepted: 4 June 2026
Published online: 09 June 2026

References

1.

2.

20.

21.

22.

23.

24.

Air Quality Expert Group. Particulate matter in the UK: Summary. Department for the Environment: Food and Rural
Affairs; 2005. p. 29-39.

Atkinson RW, Anderson HR, Sunyer J, Ayres J, Baccini M, Vonk JM, et al. Acute effects of particulate air pollution on
respiratory admissions: Results from the APHEA-2 project. Am J Respir Crit Care Med. 2001;164:1860-6. https://doi.
org/10.1164/ajrccm.164.10.2106065.

Bealey WJ, McDonald AG, Nemitz E, Donovan R, Dragosits U, Duffy TR, et al. Estimating the reduction of urban PM;o
concentrations by trees within an environmental information system for planners. J Environ Manage. 2007,85:44-58.
https://doi.org/10.1016/jjenvman.2006.07.007.

Beckett KP, Freer-Smith PH, Taylor G. Particulate pollution capture by urban trees: Effect of species and windspeed.
Glob Change Biol. 2000;6:995-1003. https://doi.org/10.1046/j.1365-2486.2000.00376 x.

Bosko ML, Varrica D, Dongarra G. Inorganic pollutants associated with particulate matter from an area near a petro-
chemical plant. Environ Res. 2005;99:18-30. https://doi.org/10.1016/j.envres.2004.08.006.

Brack CL. Pollution mitigation and carbon sequestration by an urban forest. Environ Pollut. 2002;116:5195-200.
https://doi.org/10.1016/50269-7491(01)00251-2.

Bui TT, Lee KB, Lee SH, Kim SH. Particulate matter accumulation and leaf traits of ten woody species growing with
different air pollution conditions in Cheongju City South Korea. Atmosphere. 2021;12:1061. https://doi.org/10.3390/
atmos12081061.

Cape IN. Plants as accumulators of atmospheric emissions. Develop Environ Sci. 2009;9:61-98.

Chow JC, Watson JG, Mauderly JL, Costa DL, Wyzga RE, Vedal S, et al. Health effects of fine particulate air pollution:
Lines that connect. J Air Waste Manag Assoc. 2006;56:1368-80. https://doi.org/10.1080/10473289.2006.10464545.
Dzierzanowski K, Popek R, Gawronska H, Seeba A, Gawroniski SW. Deposition of particulate matter of different size
fractions on leaf surfaces and in waxes of urban forest species. Int J Phytorem. 2011;13:1037-46. https://doi.org/10.
1080/15226514.2011.552929.

. Endo H. Long-term precipitation changes in the Baiu and Akisame seasons in Japan over the 120 past years

(1901-2020). J Meteorol Soc Japan Ser. 2023;101(4):309-22.

Ferndndez V, Sancho-Knapik D, Guzman P, Peguero-Pina J, Gil L, Karabourniotis G, et al. Wettability, polarity and
water absorption of holm oak leaves: Effect of leaf side and age. Plant Physiol. 2014;166:168-80. https://doi.org/10.
1104/pp.114.242040.

Fowler D, Cape JN, Unsworth MH. Deposition of atmospheric pollutants on forests. Philos Trans R Soc B.
1989;324:247-65. https://doi.org/10.1098/rstb.1989.0047.

Freer-Smith PH, Beckett KP, Taylor G. Deposition velocities to Sorbus aria, Acer campestre, Populus spp., Pinus nigra
and xCupressocyparis leylandii for coarse, fine and ultrafine particles in the urban environment. Environ Pollut.
2005;133:157-67. https://doi.org/10.1016/j.envpol.2004.03.031.

Kardel F, Wuyts K, Babanezhad M, Vitharana UWA, Wuytack T, Potters G, et al. Assessing urban habitat quality based
on specific leaf area and stomatal characteristics of Plantago lanceolata. Environ Pollut. 2010;158:788-94. https://doi.
0rg/10.1016/j.envpol.2009.10.013.

Kirk-Ballard H, Lang KM, McGinnis E, Smith K, Bradley L. Dynamic volunteer engagement and impactful educa-
tional outreach taking us into the next 50 years of the extension master gardener program. HortTechnology.
2024;34(1):8-12.

Leonard RJ, McArthur C, Hochuli DF. Particulate matter deposition on roadside plants and the importance of leaf
trait combinations. Urban Forestry & Urban Greening. 2016;20:249-53. https://doi.org/10.1016/j.ufug.2016.09.008.
Liu L, Guan D, Pei L, Wang Y. Urban vegetation and particulate matter removal: a review of mechanisms and influ-
encing factors. Sci Total Environ. 2022;806:150522. https://doi.org/10.1016/j.scitotenv.2021.150522.

McDonald AG, Bealey WJ, Fowler D, Dragosits U, Skiba U, Smith Rl, et al. Quantifying the effect of urban tree planting
on concentrations and depositions of PM;, in two UK conurbations. Atmos Environ. 2007;41:8455-67. https://doi.
org/10.1016/j.atmosenv.2007.07.025.

Moradi A, Abkenar KT, Mohammadian MA, Shabanian N. Effects of dust on forest tree health in Zagros oak forests.
Environ Monit Assess. 2017;189:1. https://doi.org/10.1007/5s10661-017-5790-9.

Mufoz D, Aguilar B, Fuentealba R, Préndez M. Environmental studies in two communes of Santiago de Chile by the
analysis of magnetic properties of particulate matter deposited on leaves of roadside trees. Atmospheric Environ-
ment. 2017;152:617-627. https://doi.org/10.1016/j.atmosenv.2016.12.047

Nawrot TS, Perez L, Kiinzli N, Munters E, Nemery B. Public health importance of triggers of myocardial infarction: a
comparative risk assessment. Lancet. 2011;377:732-40. https://doi.org/10.1016/S0140-6736(10)62296-9.

Newby DE, Mannucci PM, Tell GS, Baccarelli AA, Brook RD, Donaldson K, ESC Working Group on Environmental
Exposure and Cardiovascular Disease. Expert position paper on air pollution and cardiovascular disease. Eur Heart J.
2015;36:83-93. https://doi.org/10.1093/eurheartj/ehu458.

Nowak DJ, Crane DE, Stevens JC. Air pollution removal by urban trees and shrubs in the United States. Urban For-
estry Urban Greening. 2006;4:115-23. https://doi.org/10.1016/j.ufug.2006.01.007.


https://doi.org/10.1164/ajrccm.164.10.2106065
https://doi.org/10.1164/ajrccm.164.10.2106065
https://doi.org/10.1016/j.jenvman.2006.07.007
https://doi.org/10.1046/j.1365-2486.2000.00376.x
https://doi.org/10.1016/j.envres.2004.08.006
https://doi.org/10.1016/S0269-7491(01)00251-2
https://doi.org/10.3390/atmos12081061
https://doi.org/10.3390/atmos12081061
https://doi.org/10.1080/10473289.2006.10464545
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1104/pp.114.242040
https://doi.org/10.1104/pp.114.242040
https://doi.org/10.1098/rstb.1989.0047
https://doi.org/10.1016/j.envpol.2004.03.031
https://doi.org/10.1016/j.envpol.2009.10.013
https://doi.org/10.1016/j.envpol.2009.10.013
https://doi.org/10.1016/j.ufug.2016.09.008
https://doi.org/10.1016/j.scitotenv.2021.150522
https://doi.org/10.1016/j.atmosenv.2007.07.025
https://doi.org/10.1016/j.atmosenv.2007.07.025
https://doi.org/10.1007/s10661-017-5790-9
https://doi.org/10.1016/j.atmosenv.2016.12.047
https://doi.org/10.1016/S0140-6736(10)62296-9
https://doi.org/10.1093/eurheartj/ehu458
https://doi.org/10.1016/j.ufug.2006.01.007

Hammad et al. Discover Environment (2026) 4:267 Page 21 of 21

25. PaiSJ, Carter TS, Heald CL, Kroll JH. Updated World Health Organization air quality guidelines highlight the impor-
tance of non-anthropogenic PM2. 5. Environ Sci Technol Letter. 2022,9(6):501-6.

26. Perrone MG, Gualtieri M, ConsonniV, Ferrero L, Sangiorgi G, Longhin E, et al. Particle size, chemical composition,
seasonality and source as determinants of particulate matter toxicity. Environ Pollut. 2013;176:215-27. https://doi.
0rg/10.1016/j.envpol.2013.01.042.

27. Petroff A, Mailliat A, Amielh M, Anselmet F. Aerosol dry deposition on vegetative canopies. Part I: Review of present
knowledge. Atmos Environ. 2008;42:3625-53. https://doi.org/10.1016/j.atmosenv.2007.09.043.

28. Popek R, Przybysz A, Gawronska H, Klamkowski K, Gawronski SW. Impact of particulate matter accumulation on
the photosynthetic apparatus of roadside woody plants growing in urban conditions. Ecotoxicol Environ Saf.
2018;163:56-62. https://doi.org/10.1016/j.ecoenv.2018.07.061.

29. Przybysz A, Popek R, Gawronska H, Grab K, toskot K, Wrochna M, et al. Accumulation of particulate matter and trace
elements on vegetation. Sci Total Environ. 2014;481:360-9. https://doi.org/10.1016/j.scitotenv.2014.02.072.

30. Saebg A, Popek R, Nawrot B, Hanslin HM, Gawronska H, Gawronski SW. Plant species differences in particulate matter
accumulation on leaf surfaces. Sci Total Environ. 2012;427-428:347-54. https://doi.org/10.1016/j.scitotenv.2012.03.
084.

31. SuzukiK. Characterisation of airborne particulates deposited on tree bark. Atmos Environ. 2006;40:2626-34. https://
doi.org/10.1016/j.atmosenv.2005.12.031.

32. Takagi M, Gyokusen K. Light and atmospheric pollution affect photosynthesis of street trees. Urban Forestry Urban
Greening. 2004;2:167-71. https://doi.org/10.1016/j.ufug.2004.09.001.

33. Terzaghi E, Wild E, Zacchello G, Cerabolini BEL, Jones KC, Di Guardo A. Forest filter effect: Role of leaves in capturing
particulate matter. Atmos Environ. 2013;74:378-84. https://doi.org/10.1016/j.atmosenv.2013.04.013.

34. Vardaka E, Cook CM, Lanaras T, Sgardelis SP, Pantis JD. Effect of dust on evergreen photosynthesis. Bull Environ
Contam Toxicol. 1995;54:414-21. https://doi.org/10.1007/BF00201601.

35. Wang H, Shi H, LiY, Wang Y. Influence of leaf traits on particulate matter capture and retention in urban environ-
ments. Urban Forestry & Urban Greening. 2023;80:127839. https://doi.org/10.1016/j.ufug.2023.127839.

36. XingY, Brimblecombe P. Role of vegetation in particulate matter deposition and urban air quality improvement.
Environ Pollut. 2021;268:115860. https://doi.org/10.1016/j.envpol.2020.115860.

37. Zhang W, Wang B, Niu X. Relationship between leaf surface characteristics and particulate matter deposition. Atmos
Environ. 2020;223:117241. https://doi.org/10.1016/j.atmosenv.2019.117241.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.envpol.2013.01.042
https://doi.org/10.1016/j.envpol.2013.01.042
https://doi.org/10.1016/j.atmosenv.2007.09.043
https://doi.org/10.1016/j.ecoenv.2018.07.061
https://doi.org/10.1016/j.scitotenv.2014.02.072
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1016/j.atmosenv.2005.12.031
https://doi.org/10.1016/j.atmosenv.2005.12.031
https://doi.org/10.1016/j.ufug.2004.09.001
https://doi.org/10.1016/j.atmosenv.2013.04.013
https://doi.org/10.1007/BF00201601
https://doi.org/10.1016/j.ufug.2023.127839
https://doi.org/10.1016/j.envpol.2020.115860
https://doi.org/10.1016/j.atmosenv.2019.117241

	Autumnal particulate matter deposition on woody plant leaves reveals trait-based species selection for air pollution mitigation
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Study area and climatic conditions
	2.2 Plant species selection and leaf traits
	2.3 Sampling design and leaf collection
	2.3.1 Microscopic morphology measurement

	2.4 Site mapping and documentation
	2.5 Methodological integration
	2.6 Experimental PM quantification (gravimetric analysis) and statistics

	3 Results and discussion
	3.1 Quantitative analysis and accumulation of particulate matter on leaf surfaces
	3.1.1 Environmental conditions and temporal variability
	3.1.2 Overall capacity of trees to accumulate particulate matter
	3.1.3 Total PM accumulation and particle size distribution
	3.1.4 Species-specific differences in particulate matter accumulation
	3.1.5 Species-specific and temporal differences in PM accumulation capacity
	3.1.6 Spatial and temporal variation in PM accumulation in Acer palmatum Thunb.

	3.2 Differences among species and locations
	3.2.1 Comparison between Toxicodendron succedaneum and Cinnamomum camphora
	3.2.2 Location effect on PM accumulation in Acer palmatum

	3.3 Species leaf traits and PM accumulation
	3.3.1 Leaf traits influencing PM accumulation in Acer palmatum
	3.3.2 Leaf surface characteristics and PM accumulation in Toxicodendron succedaneum and Cinnamomum camphora

	3.4 Environmental stress effects on Acer palmatum
	3.5 Implications for functional plant selection and managed green systems
	3.6 Study limitations

	4 Conclusions
	Acknowledgements
	References


