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• Nature-based Solutions efficiency in air
quality mitigation depends on plant
species.

• PM load on twelve tree species is quan-
tified by SEM/EDX technique and V/F
method.

• PM loads are related to leaf micro and
macro morphological characteristics.

• A species-specific morphological-based
index for PM removal efficiency is
presented.
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Air pollution in the urban environment iswidely recognized as one of themost harmful threats for human health.
International organizations such as the UnitedNations and the European Commission are highlighting the poten-
tial role of nature inmitigating air pollution and are now funding the implementation of Nature-Based Solutions,
especially at the city level. Over the past fewdecades, the attention of the scientific community has grown around
the role of urban forest in air pollution mitigation. Nevertheless, the understanding on Particulate Matter (PM)
retention mechanisms by tree leaves is still limited. In this study, twelve tree species were sampled within an
urban park of an industrial city. Two techniqueswere used for leaf analysis: Vacuum/Filtration and Scanning Elec-
tronMicroscopy coupledwith EnergyDispersive X-ray spectroscopy, in order to obtain a quali-quantitative anal-
ysis of the different PM size fractions. Results showed that deposited PM loads vary significantly among species.
Different leaf traits, including micro and macromorphological characteristics, were observed, measured and
ranked, with the final aim to relate them with PM load. Even if no significant correlation between each single
leaf characteristic and PM deposition was observed (p N 0.05), multivariate analysis revealed relationships be-
tween clusters of leaf traits and deposited PM. Thus, by assigning a score to each trait, an Accumulation index
(Ai) was calculated, which was significantly related to the leaf deposited PM load (p ≤ 0.05).
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Fig. 1. Le Grazie park (green patch) and industrial area of the steel factory (red patch) in
the city of Terni (Italy). Inset: wind rose by mean wind speed values calculated over the
6months prior to sampling. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)
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1. Introduction

Many epidemiological studies evidenced the highly detrimental ef-
fects of Particulate Matter (PM) at different dimensional classes
(Englert, 2004). In Europe, as well in Asia or North America, there is a
growing attention to the associated high-mortality factor across PM
size, of which is showing no sign of decline in the near future
(Goldberg et al., 2013; Lu et al., 2015; Maté et al., 2010; Yorifuji et al.,
2016). Since 2015, the United Nations (UN) have been giving clear indi-
cations to enhance the environmental and human conditions, by draw-
ing up the 17 Sustainable Development Goals (SDGs) to be adopted
before 2030 (UN General Assembly, 2015). Unsurprisingly, a number
of these ambitious goals involves or is relevant to urban environments
and air pollution. To face this challenge, the European Commission
(EC) has been adopting strategies in the last decade, focused on sustain-
able actions able to mitigate the risks deriving from the exposure of dif-
ferent kinds of pollutants to human populations. A concrete approach is
represented by the implementation of Nature-based Solutions (NBS) in
urban environments (Raymond et al., 2017; Calfapietra and Cherubini,
2019; http://ec.europa.eu/environment). The direction given by the EC
is increasing the value and attention given to urban forests and urban
trees. The multiple ecosystem services provided by urban trees have
been widely described (Escobedo et al., 2011; Livesley et al., 2016). In
particular, urban green areas provide important mitigation systems of
PM and other air pollutants (Freiman et al., 2006; Liu et al., 2017), and
urban parks represent a significant tool, retaining huge amounts of par-
ticles upon leaves (Cohen et al., 2014; Fantozzi et al., 2013; Yin et al.,
2011). However, improvements in research, application andmonitoring
of these effective and low-cost solutions are still needed (Baró et al.,
2015).

In particular, deposition mechanism of PM on leaves is the object of
increasing interest to the international scientific community. In the last
few years, scientists have been investigating the differential PM deposi-
tion on leaves both in controlled environments (Freer-Smith et al.,
2005; Lin et al., 2012; Roupsard et al., 2013; Schaubroeck et al., 2014;
Xie et al., 2018), and in field conditions (Baldacchini et al., 2019; Chen
et al., 2016; Hofman et al., 2013; Mo et al., 2015). Eddy covariance
towers started tomeasure PM fluxes in urban parks, providing evidence
for the relationship between PM deposition and resuspension (Fares
et al., 2016; Guidolotti et al., 2017). Models have also been developed
to estimate PMdeposition on tree leaves and have so far been producing
reliable outputs through their implementation in a number of urban
case studies (Hirabayashi et al., 2015; Manes et al., 2016; Nowak et al.,
2008). Results obtained by this large number of typology of studies
vary considerably. Different environmental conditions, species and ex-
perimental assumptions strongly influence the quantitative analysis.
In order to provide better comparison, and therefore understanding, of
the experimental results, it is thus mandatory to investigate, and possi-
bly control, the factors affecting the PM capturing capability of different
tree species. To this aim, several recent studies have been focusing on
the complex relationship between PM deposition and leaves morpho-
logical variability at micro and macro scale, such as shape, margin and
surface structures (Chen et al., 2016; L. Chen et al., 2017; Chiam et al.,
2019; Tomasevic and Anicic, 2010; Weerakkody et al., 2018a).

In this research, leaves from different tree species were sampled in
an urban park. Quali-quantitative analysis of PM was performed
through two techniques (vacuum filtration: V/F; and scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy: SEM/
EDX). V/F is a widely used technique for quantitative analysis of PM de-
position on leaves in urban environments, while SEM/EDX is primarily
used for PMdensitymeasurements on the leaf surface and/or PM chem-
ical characterization (Dzierzanowski et al., 2011; Popek et al., 2013;
Wilkinson et al., 2013; Przybysz et al., 2014; Sgrigna et al., 2015;
Terzaghi et al., 2013; Shi et al., 2017; Zhang et al., 2017a). Recent re-
searches have been applying SEM/EDX technique also for quantitative
analysis of PM on leaves surface (Baldacchini et al., 2017, 2019).
Strengths and weaknesses of the two approaches have been discussed,
and the accuracy of SEM/EDX technique to study PM is confirmed
(Baldacchini et al., 2017, 2019; Shao et al., 2019; Weerakkody et al.,
2018b). Thereafter, leaf morphologies were assessed through both di-
rect macro-observations and SEM imaging magnifications, and classi-
fied according to the literature (J. Chen et al., 2017; Kardel et al., 2013;
Mo et al., 2015; Wang et al., 2013; Weerakkody et al., 2018b). A multi-
variate approach (by Principal Component Analysis: PCA) evidenced
the relationship among leaf traits and PM amounts. Finally, leaf traits
were ranked, depending on their influence on PM deposition, and com-
bined in the newly introduced Accumulation index (Ai), which is
species-specific and highly correlated with the PM deposition load.

The leaf PM load has been previously discussed in connection with
single leaf characteristic (Weerakkody et al., 2018a; Yang et al., 2014).
Nevertheless, as suggested by Leonard et al. (2016), the combination
of different leaf traits is a key factor to furthering the investigation
into PM deposition. Describing the Ai, or using similar approaches,
could be then considered a key tool for future assessment of PMmitiga-
tion strategies; providing stakeholders, such as policymakers and urban
planners with a valuable instrument in the evaluation, management
and/or design of NBS and Green Infrastructure.

2. Materials and methods

2.1. Study area and sampling

Anurbanparkwithin the industrial city of Terni (approx. 112,000 in-
habitants), located in theUmbria region in central Italy, has been chosen
as study area (Fig. 1). This site was selected since the city is themost in-
dustrialized in the region, characterized by high concentration levels of
PM with diameter lower than 10 μm and 2.5 μm (PM10 and PM2.5, re-
spectively) in the air (Sgrigna et al., 2015). In particular, based on the
data reported by the local environmental agency Arpaumbria (www.
arpaumbria.it), the 2017 annual average concentrations of PM10 and
PM2.5 recorded by the environmental control station closest to the
study area (named “Le Grazie”) were 34 μg/m3 and 24 μg/m3, respec-
tively, while the EU reference values for annual concentration are
40 μg/m3 for PM10 and 25 μg/m3 forPM2.5. Moreover, for 48 days in
the whole year, the daily average concentration of PM10 exceeded the
limit of 50 μg/m3, which is higher than the EU reference value of

http://ec.europa.eu/environment
http://www.arpaumbria.it
http://www.arpaumbria.it
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maximum 35 days per year (https://ec.europa.eu/environment/air/
quality/standards.htm).

The city is set in a valley, surrounded by two main mountain chains
along with a smaller one (Cattuto et al., 2002). It is hypothesized that
the presence of industrial hubs and urban activities within the valley
has been contributing to a large number of recorded exceedances of
air quality standards in PM concentration throughout the year, in partic-
ular over stable atmospheric conditions (i.e., duringwinter and summer
times [www.arpa.umbria.it]).

Among the industrial hubs included in the Terni urban area (Capelli
et al., 2011), we focused on the “Thyssen Krupp AST” (Acciai Speciali
Terni – Special Steels Terni) steel factory, located in the western part
of the city, occupying an area of approximately 158 ha (in red in
Fig. 1). Twelve tree species were sampled, located within an urban
park downwind to the steel factory (in green in Fig. 1). The selected spe-
cies, described in Table 1, are: Acer saccharinum L., Catalpa bignonioides
Walter, Cedrus atlantica (Endl.) Manetti ex Carrière, Celtis australis L.,
Magnolia grandiflora L., Platanus acerifolia (Aiton) Willd., Populus nigra
L., Populus tremula L., Prunus cerasifera Ehrh., Quercus pubescens Willd.,
Robinia pseudoacacia L. and Tilia cordata Mill.

For each species, three branches were collected from the same tree.
The branches were gathered from the exterior of the crown, at 6 m
height from the ground. Successively, leaves were separated for both
V/F and SEM/EDX analysis. All branches were collected at similar cardi-
nal direction, in order to select leaves under similarwind conditions, e.g.
influenced by the same pollution sources: east-north-east side of the
crown, which is the direction of major steel factory influence in “Le
Grazie” park (Sgrigna et al., 2016). Leaf sampling was conducted on
April 15th, May 15th and June 15th, in 2017. The most important rain
event preceding the final sampling occurred in May 20th, 2017, i.e.
25 day before the sampling, with a total amount of rain of 19 mm.
Due to the long time distance between this rain event and the sampling
date, it is expected to have no impact on the present study. Leaves form
the final sampling (June 2017) were used to perform the PM quali-
quantitative analysis and to characterize the leaf traits, while leaves
sampled inApril andMaywere used to assess leaf expansion (expressed
in terms of percentage of the mean single leaf area under expansion
compared with the totally expanded single leaf area).

2.2. Vacuum filtration: quantification of leaf deposited PM

Between 300 and 700 cm2 of total leaf area per specieswere selected
from sampled branches; the procedure has been previously described
by Sgrigna et al. (2015). The number of leaves per each species varied
depending on the different peculiar dimensions (from b10 leaves for
C. bignonoides, up to N100 for C. atlantica). Leaves on each branch were
washed in 500ml of micro-distilled water, with the leaves being singu-
larly brushed by a synthetic paintbrush. The solution with the
suspended particles was then filtered by a plastic sieve (100 μm poros-
ity), in order to remove the coarsest material. Finally, the washing solu-
tion was forced through filters by a vacuum filtration system.
Table 1
Scientific and common names and main botanical characteristics of the sampled tree species. I

Tree species id code Common name Family Foliage

Acer saccharinum A. s. Silver maple Aceraceae DEC
Catalpa bignonioides C. b. Indian-bean-tree Bignoniaceae DEC
Cedrus atlantica C. a. Atlas cedar Pinaceae EVE
Celtis australis C. au. Mediterranean hackberry Ulmaceae DEC
Magnolia grandiflora M. g. Southern magnolia Magnoliaceae EVE
Platanus acerifolia P. a. Planetree Platanaceae DEC
Populus nigra P. n. Black poplar Salicaceae DEC
Populus tremula P. t. Aspen Salicaceae DEC
Prunus cerasifera P. c. Cherry plum Rosaceae DEC
Quercus pubescens Q. p. Downy oak Fagaceae DEC
Robinia pseudoacacia R. p. Black locust Fabaceae DEC
Tilia cordata T. c. Small-leaved lime Tiliaceae DEC
PM N 10 μmwas removed from the solution using filters with a porosity
between 10 and 13 μm (Anoia S.A., Barcelona, code 1250). Coarse PM
(between 2.5 and 10 μm) was collected on filters with a porosity be-
tween 2 and 4 μm(Anoia S.A. Barcelona, code: 1244); then fine PM frac-
tion (between 0.2 and 2.5 μm) was collected on nitrocellulose
membrane (0.2 μm porosity - Advanced Microdevices Pvt. Ltd. India).
All filters were dried in oven at 65 °C for 60 min, and then stabilized
in glass boxes for 30 min before weighing. Filters had been pre-
weighed through precision balance with four decimal places (Sartorius
– model r180d) and were re-weighed after drying. The arithmetic dif-
ference between the second and the first weight (expressed in μg) is
the PM deposition relative to the analyzed amount of leaves from each
branch. To obtain the normalized value expressed in μg/cm2 (the PM
load), PM mass was divided by the total leaf area of leaves from the
same branch. Leaf area, here, has been considered as double sided. Foliar
measurements for the average leaf area have been performed through
ImageJ, an open source software (Schneider et al., 2012), upon a direct
leaf scan. PM deposition values were then obtained per PM0.2–2.5 and
PM2.5–10 size fractions. The PM0.2–2.5 load was assumed to be repre-
sentative of the total PM2.5, while PM10 loads were obtained by sum-
ming the PM0.2–2.5 and PM2.5–10 size fraction loads.

2.3. Scanning electron microscopy imaging: characterization of leaf depos-
ited particulates and leaf surface micromorphology

SEM imaging was performed on three different leaves per species,
each leaf being selected froma different sampledbranch, randomly cho-
sen. For each leaf, two portions of 0.5 cm2 were cut in a comparable
blade specific portion, considering the varying shapes of leaves for dif-
ferent species: in the mid part of lamina area, close to the main rib,
and/or avoiding the presence of large veining. The two 0.5 cm2 portions
were used for the analysis of the abaxial and the adaxial leaf surface,
respectively.

A Phenom ProX (Phenom-World, The Netherlands) scanning elec-
tron microscope was used, equipped with X-ray analyzer and a
charge-reduction sample holder suited for biological samples. Leaf por-
tions were mounted within the sample holder by using double coated
carbon conductive PELCO Tabs (Ted Pella, Inc.) and then fluxed with
compressed air. SEM Imaging was performed in backscattered electron
configuration, with an incident electron energy of 5 keV, in order to
limit the surface charging. The sample surface was randomly imaged
by 150 μmwide scans (approximately 1800× magnification), at a reso-
lution of 1024 × 1024 pixels. These imaging conditions have been cho-
sen as the best compromise among a large scanning area (whichmeans
high number of observed particles per image) and a minimum particle
resolution of 0.2 μm, which is comparable with the cutoff of the filters
used in V/F. For each leaf portion, five images were acquired, resulting
in a total of 10 images per replicates (5 per leaf portion), and 30 images
per species.

Images acquired through SEM were used for particle counting and
measuring, and for observing leaf micromorphological traits. PM can
n the foliage description, “DEC” is for “deciduous” and “EVE” for “evergreen”.

Leaf macro-characteristics

Simple and palmately veined, with deep angular notches between the five lobes
Large and heart shaped, smooth margins
Needle-like, smooth margins, concentrated at the proximal end of the long shoots
Narrow and sharp-toothed, rugose above and tomentose below
Simple, broadly ovate, smooth margins, stiff, scurfy underneath with pubescence
Deeply lobed and palmate or maple-like
Diamond-shaped or triangular, slightly lobed margin
Nearly round, slightly wider than long, coarsely toothed margin
Ovate shape, serrate margins
Divided into pairs of deep or shallow blunt lobes, usually divided into few sublobes
Compound, odd pinnate, roughly paired leaflets, smooth margins
Ovate or cordate, serrate margin and soft texture

https://ec.europa.eu/environment/air/quality/standards.htm
https://ec.europa.eu/environment/air/quality/standards.htm
http://www.arpa.umbria.it
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be easily distinguished as bright particles on the leaf surface, since the
contrast of SEM images depends on the elemental composition of the
imaged object. Thus, by using Gwyddion v. 2.49, an open source soft-
ware program (Nečas and Klapetek, 2012), a color threshold was ap-
plied to each image, producing a rapid and repeatable selection of
particulates against the leaf surface background, obtaining the number
of particles per unit leaf area and their size distribution (Baldacchini
et al., 2019). The size of particulates was estimated by the equivalent
sphere diameter (deq), automatically calculated by the software grain
analysis, by averaging the minimum and maximum Feret diameters
(Merkus, 2009). SEM images further allow the direct observation of
leaf microstructural traits, with different patterns, typologies and abun-
dances. We focused on three micro-morphological characteristics that
have been reported to be important for PM leaf deposition: stomata, tri-
chomes and surface roughness. Stomata density has been quantified by
counting the number of stomata per unit leaf area in the SEM images.
Due to the complexity of the trichome layer, it was not possible to esti-
mate the surface density, as was done for stomata. Instead, the percent-
age of the leaf area covered by the trichome layer was estimated.
Trichome density has been evaluated by measuring the percentage of
the leaf area covered by the trichomes, by using the open source soft-
ware ImageJ (Schneider et al., 2012). The degree of the leaf surface
roughness has been further assessed by evaluating three parameters:
(a) the type of surface structures, which have been classified as smooth
(S), peaks (P), valleys (V), and presence of grooves (G); (b) the percent-
age of the leaf area covered by these surface structures; (c) the mean
width of the grooves (when present). The two latter quantities have
been evaluated from the SEM images by using ImageJ (Schneider
et al., 2012). Examples of these characteristics are reported in Fig. 2.

2.4. Accumulation index

In order to disclose the relationship between leaf morphology and
PM load,measurements and categorized characteristics have been com-
bined to create an index able to describe the combinations of different
morphological characteristics positively or negatively related to PM de-
position. Beyond the three previoulsy mentioned micromorphological
leaf characteristics (surface roughness, stomata density, trichomes den-
sity), two further macromorphological characteristic (leaf blade margin
complexity and leaf shape) and two macroscopic parameters (leaf
growth expansion, LGE, and foliage character) have been identified as
driving characteristics for PM capture, according to previous studies
(Cai et al., 2017; Liu et al., 2017; Mitchell et al., 2010; Mo et al., 2015;
Mori et al., 2018; Shi et al., 2017; Weerakkody et al., 2018a).

For each species, as shown in Fig. 2, the complexity grade of margins
has been described as smooth (SM), serrate (SER) or lobate (LOB),while
the leaf shape has been classified as elliptical (ELL), compound (COM),
acicular (ACI), or palmate (PAL). These characteristics has been merged
in one macromorphological characteristic called “Morphology”.

The LGE (referred to by relative percentages) at the sampling date
has been evaluated by comparing the mean leaf area of leaves used for
PM analysis with that of leaves collected, from the same tree, 30 days
and 60 days before the final sampling.

Finally, the selected leaf characteristics were ranked, and grading
criteria are reported in Table 2: grades ranged between 0 and 3, for
each selected characteristic. The higher the effect on the PM capture ca-
pability of the specific characteristic, the higher the associated score.
Also, values were linked to the variable abundance/morphology, or to
the presence/absence of specific characteristics. This is the first study
where all characteristics are considered and joined together to create
an index. It should be noted that in this study the same weight has
been associated to all characteristics. Specifically, high scores have
been associated with leaf surfaces with high percentages of rough area
(Zhang et al., 2017b), trichome covered area (Räsänen et al., 2013),
high stomata density (Liang et al., 2016), or small groove dimensions
(L. Chen et al., 2017). Therefore, leaves with serrate/lobate margin and
palmate shape were associated with higher scores (complex leaf
shape); leaves with smoothmargins and ellissoid shapes were assigned
lower scores (simple leaf shape) (Weerakkody et al., 2018b). Exposure
time of leaves to air during development, here described through LGE,
has also beens considered as an influencing factor in PM deposition:
high scores were associated with species with unripe development of
leaves. Similarly, evergreen species were differenciated from deciduous
ones with higher scores (Cai et al., 2017).

Scores corresponding to the different characteristics were summed
in order to obtain a cumulative value for each species, here defined as
Accumulation Index (Ai):

Ai ¼ Rtþ Raþ Gdþ Sdþ TdþMcþ Lsþ LGE þ Fð Þ

Where themicro characteristics are represented by: roughness type
(Rt), rough area (Ra), grooves dimension (Gd), stomata density (Sd)
and trichome covered area (Td); while the macro characteristics are
margin complexity (Mc), leaf shape (Ls), leaf growth expansion (LGE)
and foliage (F).

2.5. Energy-dispersive X-ray spectroscopy (EDX) for quali-quantitative PM
assessment

EDX was used to obtain the elemental composition of leaf surface
deposits. To provide particulate elemental analysis, five points of the
leaf surface under investigation were randomly selected. Then, for
each point, a high-resolution SEM image was acquired, at 50 μm lateral
size and 15 KeV of electron accelerating voltage. Ten particles were ran-
domly chosen for each image, resulting in 300 particles per sampled
species (50 particles per leaf side, for 2 sides and 3 replicate leaves).
The EDX spectrum of the selected particles was obtained by positioning
the laser beam in the particle center. The main elements identified in
the particles were C, N, O, F, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe,
Ni, Cu, Zn, Mo, Sn, Sb, Ba, W, Bi. Particles showing only C, N and O
were excluded from the analysis, due to the uncertainty of EDX in quan-
tifying those light elements, difficulties introduced by the use of leaves
as substrates, and the presence of other organic materials like cellulose
(Sgrigna et al., 2016;Wilkinson et al., 2013). A first estimation of the el-
emental composition of the total leaf deposited PM, per replicate, was
obtained by calculating the weighed volume percentage (W%x) occu-
pied by each element x over the selected particles, as previously de-
scribed by Baldacchini et al., 2017 and Sgrigna et al., 2016.

Then, for each replicate, the W%x obtained per each element x were
multiplied by the corresponding elemental atomic mass per volume
(also known as solid-state density, taken from https://www.
webelements.com/periodicity/density/) and by the particle volume
per unit leaf area. The sum of obtained quantities is an estimation of
the amount of leaf deposited PM per unit leaf area (Baldacchini et al.,
2019). PM deposition values were calculated for PM0.2–1, PM1–2.5
and PM2.5–10 size fractions. Total PM10 and PM2.5 loadswere then ob-
tained by summing the size fractions.

2.6. Statistical analysis

Statistica software, version 7 (TIBCO Software Inc., 2018) was used
for statistical analysis in this study. PM weight variability on different
species, for different PM sizes (PM10 and PM2.5 for V/F and PM10,
PM2.5 and PM1 for SEM/EDX), was analyzed using one-way ANOVA,
following confirmation of normality using the Shapiro-Wilk test. Signif-
icant differences, thus the identification of homogeneous groups, were
identified using a post-hoc test, namely a multiple comparison test,
which was used to determine the significant differences among the
twelve species in an analysis of variance setting. Fisher LSD – test re-
vealed the homogeneous groups, which are evidenced by letters: spe-
cies that share the same letter, thus the same group, do not present
significant differences (p b 0.05).

https://www.webelements.com/periodicity/density/)
https://www.webelements.com/periodicity/density/)


Fig. 2. Selected images of micro (surface roughness, stomata and trichomes) and macrostructural (margin complexity and leaf shape) characteristics of sampled leaves. For each
micromorphological trait, four examples are shown, corresponding to species with a different complexity degree of the specific characteristic. Per each macromorphological
characteristic, four examples are reported: margin complexity has been classified as smooth (SM), serrate (SER) and lobate (LOB); the observed leaf shapes have been classified as
acicular (ACI), elliptical (ELL) and palmate (PAL). According to the figure, the shown species (by following the order: roughness, stoma, trichomes, margin, and shape) are, from upper
to lower row: first row - P. c., C. au., M. g., Q. p., A. s.; second row - R. p., P. a., A. s., C. au., C. a.; third row - M. g., P. n., C. au., M. g., R. p.; fourth row - P. n., R. p., C. a., C. b., P. c. (species id
codes are reported in Table 1).

Table 2
Associated scores and criteria assignement corresponding to foliarmicro andmacromorphological characteristics. Stomata and trichomes densities are estimated as reported inMaterials
andMethods. The surface structures are classified as smooth (S), peaks (P), valleys (V), grooves (G). Themargin complexity are described as smooth (SM), serrate (SER) and lobate (LOB).
The leaf shape is classified as elliptical (ELL), compound (COM), acicular (ACI), palmate (PA). The leaf growth is quantified thorugh the estimation of the Leaf Growth Expansion (LGE, see
Materials and Methods). The foliage character can be either deciduos (DEC) or evergreen (EVE).

Micromorphology Macromorphology

Roughness Stomata Trichomes Morphology LGE Foliage

SCORE Type Area (%) Grooves (μm) Density (#/mm2) Covered area (%) Margin Shape % (days before sampling)

0 S b1 N2 b100 b 1 SM ELL b50% (30 days) DEC
1 P/V 1–33 1.5–2 100–250 1–33 SER LOB COM N50% (30 days) /
2 G/V 33–66 1–1.5 250–350 33–66 / ACI PAL N90% (30 days) /
3 G N66 b1 N350 N66 / / N70% (60 days) EVE

5G. Sgrigna et al. / Science of the Total Environment 718 (2020) 137310
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The comparison between deposition values (μg/cm2) obtained by
SEM/EDX and V/F was performed through regression analysis.

PCA was applied to associate specific morphological characteristics
with quality (in terms of PM size fraction) and quantity (in terms of per-
centages per dimensional class) of accumulated particles on leaves.

3. Results

3.1. Leaf deposited PM load

The average value (± standard error) of deposited PM10 and PM2.5,
as obtained by the two techniques over the twelve species, are quite
similar. Indeed, PM10 mean load from V/F is 3.1 ± 0.4 μg/cm2, while
for SEM/EDX is 5.2 ± 1.1 μg/cm2. The average value of PM2.5 from V/F
is 1.3 ± 0.2 μg/cm2, almost exactly the same as 1.3 ± 0.3 μg/cm2 ob-
tained by SEM/EDX.

The particle load for all species and PM fractions, measured with
both techniques are summarized in Table 3, grouped according to the
ANOVA results (see Materials and Methods).

The twelve species showed different PM deposition quantitites on
their leaves, and the two techniques showed comparable results for
six out of twelve species, but for the remaining species it is rather differ-
ent (or even opposite) when V/F and SEM/EDX results are compared. V/
F PM10 ranges from group “a” (which includes only P. tremula, with de-
position value of 0.89± 0.24 μg/cm2) to group “f” (which is represented
only by T. cordata that shows a PM10 deposition of 6.69± 0.32 μg/cm2).
Similarly, it is observed for PM2.5 deposition by V/F: P. tremula, with de-
position value of 0.33 ± 0.03 μg/cm2, represents the species with the
lowest load (group “a”), while species with the highest load (group
“e”) still includes T. cordata (having a PM2.5 deposition of 2.99 ±
0.19 μg/cm2). On the other hand, the species showing the maximum
and minimum SEM/EDX PM load are completely different: the lowest
SEM/EDX PM10 load (1.10 ± 0.25 μg/cm2) was obtained for T. cordata
(group “a”), while P. acerifolia and P. cerasifera (having PM10 load of
11.96±0.53 μg/cm2 and 11.49±1.92 μg/cm2, respectively) are the spe-
cies with the highest loads (group “e”).

However, for six out of the twelve species, the same ANOVA classifi-
cation was concluded at all PM size fractions with both techniques:
C. bignonoides, C. australis and Q. pubescens always show low PM values
(“a” and “b” classes), A. saccharinum andM. grandiflora always belong to
the intermediate classes (“c” and “d” classes), while P. cerasifera shows
always a high PM deposition (“e” or “d” class).

The average species-specific PM10 load values obtained by the two
techniques are compared in Fig. 3, through a scatterplot graph. When
data from the two techniques are related through regression analysis,
Table 3
Mean particulatematter (PM) loads on leaf surfaces with standard errors, at different size fractio
energy dispersed X-ray spectroscopy (SEM/EDX), for twelve trees species sampled in Le Grazie
test and are represented by the letters (a–f), being “a” the groupwith the lower PMdeposition, i
in Table 1.

Species PM load by V/F
(μg/cm2)

PM loa
(μg/cm

PM10 PM2.5 PM10

A. s. 2.76 ± 1.06 bcd 0.69 ± 0.15 ab 9.16 ±
C. b. 1.92 ± 0.94 ab 0.68 ± 0.09 ab 1.95 ±
C. a. 3.71 ± 0.38 cde 0.92 ± 0.05 abd 2.94 ±
C. au. 2.13 ± 0.76 abc 0.71 ± 0.33 ab 4.12 ±
M. g. 2.75 ± 0.57 bd 1.45 ± 0.26 cde 4.67 ±
P. a. 1.64 ± 0.24 ab 0.58 ± 0.22 ab 11.96 ±
P. n. 4.17 ± 0.38 de 1.79 ± 0.02 ce 1.93 ±
P. t. 0.89 ± 0.24 a 0.33 ± 0.03 a 7.69 ±
P. c. 5.08 ± 0.46 e 1.87 ± 0.55 ce 11.49 ±
Q. p. 1.94 ± 0.45 ab 1.26 ± 0.13 bcd 3.38 ±
R. p. 3.80 ± 0.96 de 1.98 ± 0.45 c 1.80 ±
T. c. 6.69 ± 0.32 f 2.99 ± 0.19 e 1.10 ±
no significant relationship is found. However, if the dataset is restricted
to the six species mentioned above (namely, A. saccharinum, C.
bignonoides, C. australis, M. grandiflora, P. cerasifera and Q. pubescens), a
significant relationship exists between the two techniques (r2 = 0.77,
regression line is shown in Fig. 3). On the contrary, two species
(P. tremula and P. acerfolia) show considerably lower PM10 loads
when measured by V/F than by SEM/EDX, while four species (specifi-
cally, C. atlantica, R. pseudoacacia, P. nigra and T. cordata) show the oppo-
site results.
3.2. Micro and macromorphological traits of leaves

Surface roughness, stomata, trichomes density and LGE results are
reported in Table 4, together with macromorphological traits of leaves
(leaf blade margin complexity, leaf shape and leaf foliage).

In the majority of observed species, the dominant surface structure
was Grooves. Groove covered area was measured as abundant (N 66%
of observed area) for four species: P. acerifolia, P. cerasifera and
P. tremula, while 50% of observed species showed absence or a very
low presence of rough area. The surface roughness was totally absent
in M.grandiflora and C. atlantica, and in two cases (P. nigra and
T. cordata) the measurement of this trait was impossible due to the
large quantity of honeydew on the leaf surface. Groove dimensions var-
ied from a minimum of 0.66 μm up to a maximum of 1.72 μm.

The abaxial side of leaves showed a significant variability of stomata
and trichomes cover. Number of stomata per mm2 varied between 44
and 435. A. saccharinum showed the highest presence of these struc-
tures, followed by P. cerasifera (N350 per mm2). The lowest values re-
corded for this characteristic were observed in P. nigra and
R. pseudoacacia (97.2 and 44.5 stoma/mm2, respectively). Due to the
complexity of the trichome layer, it was not possible to estimate the sur-
face density, aswas done for stomata. Instead, the percentage of the leaf
area covered by the trichome layer was estimated. Trichomes varied
from being totally or nearly absent (P. acerifolia, C. atlantica, P. cerasifera,
C. australis, and P. nigra,) or very sparse (C. bignonoides, R. pseudoacaciaA.
saccharinum, Q. pubescens, and T. cordata) up to covering almost entirely
the leaf surface (P. tremula andM. grandiflora). Regarding LGE character-
istic, species like P. cerasifera, A. saccharinum, M. grandiflora and
C. atlantica showed higher than 70% leaf development at 60 days before
final sampling, therefore these leaves had been exposed to air pollutants
for longer time than others. On the other hand, species like P. tremula
and T. cordata showed a leaf development close to 60%, and in the
C. bignonoides case leaf expansion was b50%, at 30 days before final
sampling.
ns, as obtained by vacuumfiltration (V/F) and scanning electronmicroscopy coupledwith
park in the city of Terni (Italy). Homogeneous groupswere calculated through Fisher LSD –
n every size fraction. The id codes of the sampled tree species correspond to those reported

d by SEM/EDX
2)

PM2.5 PM1

3.49 de 2.47 ± 0.71 cd 0.67 ± 0.23 d
0.52 ab 0.49 ± 0.09 a 0.23 ± 0.06 abc
0.66 ab 1.21 ± 0.17 ab 0.47 ± 0.02 bcd
1.72 ab 0.80 ± 0.23 a 0.23 ± 0.05 abc
0.42 cb 1.97 ± 0.38 bc 0.65 ± 0.19 d
0.53 e 3.15 ± 0.27 d 0.51 ± 0.04 cd
0.39 ab 0.69 ± 0.05 a 0.28 ± 0.03 abc
2.24 dc 1.23 ± 0.04 ab 0.38 ± 0.02 abcd
1.92 e 2.69 ± 0.66 cd 0.67 ± 0.15 d
0.59 ab 0.65 ± 0.05 a 0.19 ± 0.02 ab
0.49 ab 0.42 ± 0.11 a 0.15 ± 0.03 a
0.25 a 0.64 ± 0.16 a 0.17 ± 0.03 a



Fig. 3. Scatterplot comparison of two PM10 quantitative analysis techniques: scanning
electronmicroscopy (SEM/EDX) and gravimetric analysis through vacuumfiltration (V/F).
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4. Discussion

4.1. Species-specific PM loads

Differences in PM deposition as a function of tree species has been
documented previously by many studies (L. Chen et al., 2017; Mo
et al., 2015; Shi et al., 2017; Weerakkody et al., 2017). However, we
have discovered here that the observed differences can be, in some
cases, also technical-dependent, otherwise different results are affected
by the different techniques.

Six over the twelve species belong to the same ANOVA classification,
at every PM size fraction and technique: C. bignonoides, C. australis and
Q. pubescens always show low PM values, A. saccharinum and
M. grandiflora always belong to the intermediate classes, while
P. cerasifera shows always a high PM load.
Table 4
Micro and macrostructural characteristics recorded during leaf surface observation. The selecte
type of surface structures described as smooth S, peaks P, valleys V, and grooves G; average perce
the average percentage of leaf surface area covered by trichomes. Macromorphological charact
lobate LOB), leaf shape (classified as elliptical ELL, compound COM, acicular ACI, palmate PAL),
sampling), and foliage character (either deciduous DEC or evergreen EVE). The id codes of the s
dard error).

Micromorphology

Roughness Stomata Trichomes

Species Type Area s.e. Grooves s.e. Density s.e. Covered area s

% μm #/m m2 %

A. s. G 59.9 22.5 0.66 0.03 453.5 18.5 12.6 1
C. b. G/V 65.2 15.1 1.46 0.06 174.3 20.6 6.6 1
C. a. S 0 / NR / NR / NR
C. au. G 4.5 1.4 1.72 0.06 334.4 28.1 0.4 0
M. g. S 0 / NR / 288.5 11.6 99.5 0
P. a. G 66.3 3.7 1.05 0.04 266.9 9.2 NR
P. n. NR 0 / NR / 97.2 7.4 0.9 0
P. t. G 73.9 21.5 0.93 0.03 211.3 7.9 83.3 2
P. c. G 84 9.6 0.79 0.03 351.9 11.9 0.9 0
Q. p. G 16 3.7 1.63 0.05 283.6 57.8 20.4 8
R. p. P/V 57 1.7 1.42 0.06 44.5 3.6 4.5 0
T. c. NR 0 / NR / 181.3 7 19.3 1
Popek et al. (2013) reported similar conclusions for C. bignonoides: a
relatively low capture efficencywas reported, with aminimum of 3.7±
0.2 μg/cm2. This value is further comparable with those we have ob-
tained s (2.6 ± 0.94 μg/cm2 and 2.67 ± 0.52 μg/cm2, for both V/F and
SEM/EDX, respectively), despite being observed in different background
environments. Similarly, Paoletti and Bardelli (2011) confirmed low
values of deposited PM by C. australis leaves. Nevertheless they sug-
gested Mediterranean hackberry as a suitable tree species for urban en-
vironments. Blanusa et al. (2015) reported medium-low values with
reference to Q. cerris, and related its capability in PM capture to the
sclerophyllous habitus of leaves, superficial roughness, presence of tri-
chomes, convex epidermal cells and presence of wax crystals.

The species A. saccharinum showed the highest variability among
replicates, with large standard errors in both techniques. Nevertheless,
based on the LSD post-hoc test, this species is partially related to the
group with higher capability in PM capture (Table 3, “ab” group). This
species has not been discussed in the literature, but many studies re-
ported results for other Acer genus species, mostly A. campestre
(Beckett et al., 2000; Dzierzanowski et al., 2011; Freer-Smith et al.,
2004). Most of these studies did not show significantly high PM deposi-
tion values for this genus, but Sæbø et al. (2012) evidenced the efficency
of A. campestre and A. pseudoplatanus as compared to other species.
M. grandiflora, one of the only two evergreen species included in this
study, showed intermidiate PM deposition values. The species has
been mostly described in studies from China (Liang et al., 2017; Yang
et al., 2014; Yin et al., 2011). Xie et al. (2018) described in detail its
PM capture as the worst in a comparative study of six tree species,
and related the low performance to a simple crown structure.

Finally, P. cerasifera is the species with high PM deposition values,
which also showed a correlation between V/F and SEM/EDX techniques.
In a comparative study among tree species, in contrast to present re-
sults, Shi et al. (2017) included cherry plum (P. cerasifera) in the
group of lower PM deposition group. However, from the same study,
the same species showed a major PM capture capability in a more pol-
luted environment. Mo et al. (2015) included P. cerasifera in the
intermidiate-high PM deposition group, while Li et al. (2019) also re-
ported relatively high values for this species.

On the other hand, for the remaining six species, the two techiniques
gave different results for the same species. The first possible explanation
is the variable but important honeydew presence on leaf surface (de-
tected by SEM images; data not shown): R. pseudoacacia, P. nigra and
T. cordata showed an abundant quantity of sticky organicmaterial prob-
ably produced by parasitic insects. As a result, PM is probably
d micromorphological characteristics are the abaxial surface roughness (which includes:
ntage of the leaf area covered by structures; groovemean size), themean stomata density,
eristic are also reported, such as margin complexity (described as smooth SM, serrate SER,
leaf growth expantion (LGE: percentage of leaf developed at 60 or 30 days before the final
ampled tree species correspond to those reported in Table 1. (NR: not recorded; s.e.: stan-

Macromorphology

Morphology LGE Foliage

.e. Margin Shape 60 days before s.e. 30 days before s.e.

% %

.3 SM PAL 77.9 15.2 100 / DEC

.2 SM ELL 0.6 0.2 49.8 19.5 DEC
/ SM ACI 75.7 4.6 96.3 4.4 EVE
.2 SER ELL 37.5 9.3 100 / DEC
.1 SM ELL 89.4 23.9 93.2 EVE
/ SM PAL 13.9 2.2 90.6 13 DEC
.5 LOB ELL 33.2 5.8 100 / DEC
.9 LOB ELL 28 4.2 64.7 7.3 DEC
.3 SER ELL 71.9 10.3 100 / DEC
.3 LOB ELL 35.3 7.4 100 / DEC
.4 SM COM 26 4.2 100 / DEC
.1 SER ELL 34.9 12.2 68.2 7.5 DEC
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overestimated by the V/F technique, since honeydew residuals have
been weighted, together with washed PM. Furthermore, it should also
be taken into account that honeydew could hinder PM particles from
being detected by SEM/EDX analysis.

PM deposition on T. cordata has been described by Dzierzanowski
et al. (2011) and Sæbø et al. (2012), and similar results were obtained
by both studies to the SEM/EDX results in this study. Dzierzanowski
et al. (2011) showed a PM2.5–10 value between 2 and 3 μg/cm2, more
comparable with our SEM/EDX results than V/F results. Also In a 22
tree species comparison, Sæbø et al. (2012) included T. cordata in the
less efficent species group in PM capture capability. The species
P. nigra has been observed by Beckett et al. (2000), which recorded
PM deposition rates in a controlled environment (wind tunnel). In
that study a remarkably fine PM retention capability for black poplar
was observed, similarly with our results, in which PM1 deposition rep-
resents a large part of the PM10 load for P. nigra. Sæbø et al. (2012) and
Muñoz et al. (2017) analyzed deposition on R. pseudoacacia; in both
cases the black locust was classified as relatively inefficent in PM
capture.

C. atlantica, the only coniferous species of our study, did not show
high PMdepositions. Howevermany studies reportedmajor PMcapture
capability by coniferous species if compared with broad-leaf trees
(Freer-Smith et al., 1997; Räsänen et al., 2013), due to the high Leaf
Area Index (LAI) of coniferous trees (Liang et al., 2016). Regarding
C. atlantica there are no published studies related to PM deposition on
leaves: Al-Alam et al. (2017) used Atlas ceddar as biomonitoring tree
in urban environment. The PM capture capability a different species
but same genus (C. deodara) was described by Wang et al. (2013),
which actually reported a significantly minor PM deposition quantity
if compared with P. acerifolia.

Finally, both P. tremula and P. acerifolia showed high SEM/EDX PM10
load values but very low V/F quantitative results. P. tremula was de-
scribed by Sæbø et al. (2012), and similarly to present study was classi-
fied in the group with average PM deposition capability. Furthermore
both studies showed its capacity in coarse PM capture. Different studies
reported P. acerifolia's efficency in PM capture (Baldacchini et al., 2017;
Gandolfi et al., 2017; Hofman et al., 2013) but they did not directly com-
pare different species, except for Liang et al. (2017) which compared
tree species in urban environment and describe their capability in
heavy metal removal from air pollution. A similar comparison among
species was presented by Muñoz et al. (2017), which reported
P. orientalis, a species with an analogous foliar morphological structure
of P. acerifolia, and ranked it as the best species in PM capture if com-
pared with A. negundo and R. pseudoacacia. These previous results are
consistent with our SEM/EDX quantification results, but not with our
V/F results. On the other hand, Dzierzanowski et al. (2011), which
used the V/F technique and described P. hispanica as the least effective
in PM capture. One possible explanation of such discrepancy is the pres-
ence of epicuticular waxes. As reported by other studies (Mori et al.,
2015; Przybysz et al., 2014; Sgrigna et al., 2015), PM of different size
fractions can be easily included in epicuticular waxes: the electron
beam used during the analysis (5 and 15 KeV), was probably able to
penetrate the wax layer and measure all PM, while V/F technique not
coupled with specific solvents (chloroform) cannot measure these par-
ticles. Thus, based on our results, and according with the literature
(Baldacchini et al., 2019), SEM/EDX appears to be more appropriate
than V/F for PM load analysis on leaves, since it allows to better distin-
guish either PM dimensional classes and its chemical content, and to
better evaluate the overall PM amount.
4.2. Correlation among leaf traits and PM capturing capability

Leaf characteristics observed in this study showed greatmorpholog-
ical diversity among the selected tree species, which, in turn, showed
variable PM capturing capability.
In order to identify the relative importance ofmorphological charac-
teristics to the three PM size fraction loads (PM0.2–1; PM1–2.5;
PM2.5–10), a PCAwas performed over the data collected for the twelve
tree species. Variables used as input for the PCA were: SEM/EDX PM
loads for the three size classes, expressed in relative percentages; nu-
merical values associated to measurable morphological characteristic
(namely, Rough Area, Stomata Density and Trichome covered area,
from Table 4); scores values as derived by the values in Table 4, accord-
ing to the scores described in Table 2, for Roughness Type, Groove size,
LGE and the input variable called “Morphololgy” obtained by the sum of
Margin complexity and Leaf shape scores. Foliage parameter was ex-
cluded from the PCA: it is characterized only by two possible values (0
or 3; respectively for DEC or EVE) and this would drive the whole spe-
cies discrimination. The multivariate analysis results in nine principal
components (PCs), where the cumulative eigenvalues for the first five
PCs and the first three PCs represent the 94.3% and the 80.0% of variance,
respectively. The factor coordinates and the factor scores of the two first
PCs are plotted in Fig. 4. The eigenvalues of the two PCs, measuring pro-
portion of variance, are at 49.5% and 17.5%, respectively for PC1 and PC2.

Based on factor coordinates (Fig. 4a), PC1 mainly describes the clus-
tering of species with higher proportional quantity of PM1–2.5 and
PM0.2–1, comparing to the other cluster of species with higher deposi-
tion of PM2.5–10; the latter is also related to the presence of roughness
characteristics. PC2, instead, differentiates species with high trichome
density from those with high stomata density, which is also associated
with a high LGE.

According to the above described PCs, tree species are grouped in
four different families (Fig. 4b). The species A. saccharinum, P. acerifolia
and P. cerasifera belong to the same group (red cluster), with positive
high values for both PCs. They present similar PM deposition at each
size fraction, and are characterized by high load of coarse particles (av-
erage percentages are: 74.4% ±1.9% for PM2.5–10; 19.7% ±2.2% for
PM1–2.5; and 5.8% ±1.5% for PM0.2–1) and low presence of trichomes.
The othermicro andmacromorphological characteristics arewell repre-
sented by these species: PM deposition is enhanced by the contribution
of Rough characteristics (Area, Type and Grooves dimensions), Stomata
density, Leaf Morphology and LGE. The influence of characteristics re-
lated to roughness on PMdeposition has been observed inmany studies
(Shao et al., 2019;Wang et al., 2015;Weerakkody et al., 2018a). Smaller
groove dimension and its connection with PM deposition is problably
related to higher level of roughness expressed by this characteristic:
smaller grooves are related to a higher number of ridges per unit area.
Similar conclusions are also drawn by Liang et al. (2016) and J. Chen
et al. (2017). There is still not a clear explanation to the correlation be-
tween high PM deposition and stomata density, probably because
higher number of stomata enhances the total roughness trait of leaf sur-
faces. The position in the first quarter (Fig. 4b), for the red cluster, de-
scribes also a quantitative equilibrium of two PM classes, PM2.5–10
and PM1–2.5, located on the fourth and second quarters of variables, re-
spectively (Fig. 4a).

On the opposite side the two species R. pseudoacacia and
C. bignonoides (green cluster), show a similar pattern for PM relative
percentages (75.7% ±1.1% for PM2.5–10; 14.2% ±1.4% for PM1–2.5;
and 10.1% ±2.5% for PM0.2–1) but, differently from species in the red
cluster, the two species showed general small contribution of all consid-
ered characteristics, except for Rough area micromorphological charac-
teristic and a slight presence of trichomes. PC2 evidenced the effect of
trichomes on PM capture, and a slight connection especially with
smaller particles retention. Nevertheless PM depostion mechanisms
linked to the abundance of trichomes and hairs are still unclear. Both
techniques (V/F and SEM/EDX) implemented in this case study have
limitation in identifying particles trapped within complex structures
of trichomes such as i.e.M. grandiflora or P. tremula: microscope images
at 5 KeV cannot penetrate inside the intricate mesh formed by everted
structure on the abaxial side, and vaccum filtration technique may not
be effective for PM resuspension in any solvent.



Fig. 4. Biplot of the factor coordinates of variables (a) and of factor scores (b) of the two first PCs obtained by correlation PCA of PM loads per size fraction (expressed as percentage of the
PM10 load), and morphological characteristics of leaves.
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The blue cluster (Fig. 4b) includes C. australis; Q. pubescens and
P. tremula. The three species are characterized by a dominant presence
of coarse particles (81.7% ±1.9% for PM2.5–10) and low levels of finer
PM classes (12.8% ±1.5% and 5.3% ±0.4% for PM1–2.5 and PM0.2–1 re-
spectively). As described for the red cluster, coarse particles abundance
is linked to Rough characteristics (Area, Type and Grooves dimension),
and is more evident for P. tremula than the other species. On the other
hand, C. australis and Q. pubescens showed a shorter expansion period
and a larger number of stomata (Table 4). This is in contrast to the yellow
cluster (Fig. 4b), where C. atlantica, M. grandiflora, T. cordata and P. nigra
are grouped. The four species in the yellow cluster show the smallest
amount in coarse PMdeposition (59.4%±3.4%) and the highest presence
offine particles (25.6%±3.5% and 14.9%±0.8% for PM1–2.5 and PM0.2–1
respectively). Finally, on Fig. 4b, we can observe that the only two ever-
green species are grouped in the second quarter (still pertaining to the
yellow cluster). A slight connection brought by PC2 between persistance
of leaves and medium particles is evidenced on Fig. 4a.

Finally, PCA showed the synergy among different leaf traits: the
more characteristics coupled in one species the more efficient that
Table 5
Single scores corresponding to themicro anmacromorphological characteristics, with respect to
the sampled tree species correspond to those reported in Table 1. Scoreswere derived from obse
the scores in Table 2.

MICROMORPHOLOGY

Roughness Stomata Tricho

Species Type Area Grooves Density Covere

A. s. 3 2 3 3 1
C. b. 2 2 2 1 1
C. a. 0 0 0 0 0
C. au. 3 1 1 2 0
M. g. 0 0 0 2 3
P. a. 3 3 2 2 0
P. n. 0 0 0 0 0
P. t. 3 3 3 1 3
P. c. 3 3 3 3 0
Q. p. 3 1 1 2 1
R. p. 1 2 2 0 1
T. c. 0 0 0 1 1
species is in capturing PM. The presence of only one or two leaf trait is
not a sufficent condition to achieve high efficiency for PM capture.
4.3. Particulate Accumulation index

The correlation highlighted by PCA among leaf morphological
characteristics and PM depostion can then be used to obtain a
morphology-based descriptive ranking of the PM capturing capa-
bility of the analyzed species, called the Accumulation index (Ai).
According to the criteria described on Table 2, the scores for each
species, shown in Table 5, include all the morphological character-
istics that contribute to Ai. Then Ai is calculated by summing all the
scores for each species (Table 5).

Awide range of Ai values are obtained, over the twelve selected spe-
cies, ranging from 3 (P. nigra) to 17 (A. saccharinum). By plotting the
PM10 load as a function of Ai (Fig. 5), the data fit well as an exponential
curve (corresponding formula: y = 0.72e0.16x) where r2 = 0.88, and
p b 0.05.
their effects on the leaf PM accumulation, for twelve tree selected species. The id codes of
rvation andmeasurement of the leaf characteristics, by combining the data in Table 4with

MACROMORPHOLOGY

mes Morphology Foliage LGE

d area Margin Shape Total Ai

0 2 0 3 17
0 0 0 0 8
0 2 3 3 8
1 0 0 2 10
0 0 3 3 11
0 2 0 2 14
1 0 0 2 3
1 0 0 1 15
1 0 0 3 16
1 0 0 2 11
0 1 0 2 9
1 0 0 1 4



Fig. 5. PM10 load (μg/cm2) from SEM/EDX analysis related to Accumulation index (Ai)
based on micro and macromorphologies observed and measured for twelve trees
species. The regression line is represented by an exponential curve (r2 = 0.88; p b 0.05).
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The Aiwas tested alsowith PM2.5 and PM1 loads as obtained by SEM/
EDX (Figures SM1 and SM2), funding that an exponential trend can be
observed, but with very low correlation coefficients. The low significance
of Ai when associated to fine PM classes is likely due to the fact that fine
particles aremore easily dispersed (and resuspended) in the atmosphere
with respect to coarser ones. Instead, when testing Ai with the PM loads
obtained by V/F, rather scattered plots, without any correlation, are ob-
tained (see SM3 and SM4); this further confirming that V/F is weaker
technique in studying leaf deposited PM with respect to SEM/EDX.

Thus, the newly introduced Ai appears as a good descriptive tool for
coarse PM accumulation capability of tree leaves. However, it is affected
by somedrawbacks that should be ameliorated by future studies. First of
all, the choice of assigning to each character the same scoring range is
arbitrary and should be refined, by weighting the score ranges. Also, a
more robust result could be obtained by incrementing the number of in-
cluded characteristics and of testing species.
5. Conclusions

Micro and macromorphology of leaves may have significant impact
on their ability of capturing and retaining all particle size fractions.
Some characteristics, such as trichomes density, is noteworthy but not
crucial in PM capture: their presence is a co-existing factor and if iso-
lated do not significantly contribute to PM deposition. The combination
of different traits is a key factor to enhance PM capture. Rough leaf, with
complex shapes, high stomata density and longer persistance with leaf
blade totally developed were the combined characteristics related to
the highest PM deposition values. The newly introduced Ai efficiently
describe the PM capturing capability of tree leaves, taking into account
a wide range of morpological characteristics.

Since a concrete action against PMpollution in urban environment is
needed, we should focus not only on the reduction of emissions but also
on natural and low cost solutions, such as the new and science-based
urban greening approach. The results from this study can inform
practicioners, urbanmanagers and planners on the selection of tree spe-
cies so that air particle capture and retention can be maximized. The
presented Ai index can be a very useful tool for this purpose. It will be
possible to create a list of efficient PM capturing trees species, suitable
for specific latitudes or environments.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This research was supported by the following projects: “ICOS” – In-
tegrated carbon observation system, and “EUFORICC” – Establishing Ur-
ban Forest based solutions In Changing Cities (Prin 2017ERRN2S:
“Projects of National Interest”) both founded by the Italian Ministry of
Education, University and Research (MIUR). Z.Cheng acknowledges
RUDN Project “5-100” for support. We also acknowledge Dr. Marco
Ciolfi from IRET-CNR, Arianna Calabresi from Tuscia University and
Woody Clarke from Portsmouth University for their technical support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137310.

References

Al-Alam, J., Fajloun, Z., Chbani, A., Millet, M., 2017. The use of conifer needles as biomon-
itor candidates for the study of temporal air pollution variation in the Strasbourg re-
gion. Chemosphere 168, 1411–1421. https://doi.org/10.1016/j.
chemosphere.2016.11.103.

Baldacchini, C., Castanheiro, A., Maghakyan, N., Sgrigna, G., Verhelst, J., Alonso, R., Amorim,
J.H., Bellan, P., Bojović, D.D., Breuste, J., Bühler, O., Cântar, I.C., Cariñanos, P., Carriero,
G., Churkina, G., Dinca, L., Esposito, R., Gawroński, S.W., Kern, M., Le Thiec, D.,
Moretti, M., Ningal, T., Rantzoudi, E.C., Sinjur, I., Stojanova, B., Aničić Urošević, M.,
Velikova, V., Živojinović, I., Sahakyan, L., Calfapietra, C., Samson, R., 2017. How does
the amount and composition of PM deposited on Platanus acerifolia leaves change
across different cities in Europe? Environ. Sci. Technol. 51, 1147–1156. https://doi.
org/10.1021/acs.est.6b04052.

Baldacchini, C., Sgrigna, G., Clarke,W., Tallis, M., Calfapietra, C., 2019. An ultra-spatially re-
solved method to quali-quantitative monitor particulate matter in urban environ-
ment. Environ. Sci. Pollut. Res. 26, 18719–18729. https://doi.org/10.1007/s11356-
019-05160-8.

Baró, F., Haase, D., Gómez-Baggethun, E., Frantzeskaki, N., 2015. Mismatches between
ecosystem services supply and demand in urban areas: a quantitative assessment
in five European cities. Ecol. Indic. 55, 146–158. https://doi.org/10.1016/j.
ecolind.2015.03.013.

Beckett, K.P., Freer-Smith, P.H., Taylor, G., 2000. Particulate pollution capture by urban
trees: effect of species and windspeed. Glob. Chang. Biol. 6, 995–1003. https://doi.
org/10.1046/j.1365-2486.2000.00376.x.

Blanusa, T., Fantozzi, F., Monaci, F., Bargagli, R., 2015. Leaf trapping and retention of par-
ticles by holm oak and other common tree species in Mediterranean urban environ-
ments. Urban For. Urban Green. 14, 1095–1101. https://doi.org/10.1016/j.
ufug.2015.10.004.

Cai, M., Xin, Z., Yu, X., 2017. Spatio-temporal variations in PM leaf deposition: a meta-
analysis. Environ. Pollut. 231, 207–218. https://doi.org/10.1016/j.envpol.2017.07.105.

Calfapietra, C., Cherubini, L., 2019. Green Infrastructure: Nature-Based Solutions for sus-
tainable and resilient cities. Urban For. Urban Green. 37, 1–2. https://doi.org/
10.1016/j.ufug.2018.09.012.

Capelli, L., Sironi, S., Del Rosso, R., Céntola, P., Rossi, A., Austeri, C., 2011. Olfactometric ap-
proach for the evaluation of citizens’ exposure to industrial emissions in the city of
Terni, Italy. Sci. Total Environ. 409, 595–603. https://doi.org/10.1016/j.
scitotenv.2010.10.054.

Cattuto, C., Gregori, L., Melelli, L., Taramelli, a., Troiani, C., 2002. Paleogeographic evolution
of the Terni basin (Umbria, Italy). Boll. Soc. Ital. 1, 865–872.

Chen, L., Liu, C., Zou, R., Yang, M., Zhang, Z., 2016. Experimental examination of effective-
ness of vegetation as bio-filter of particulate matters in the urban environment. Envi-
ron. Pollut. 208, 198–208. https://doi.org/10.1016/j.envpol.2015.09.006.

Chen, L., Liu, C., Zhang, L., Zou, R., Zhang, Z., 2017a. Variation in tree species ability to cap-
ture and retain airborne fine particulate matter (PM2.5). Sci. Rep. 7, 1–11. https://doi.
org/10.1038/s41598-017-03360-1.

Chen, J., Yu, X., Bi, H., Fu, Y., 2017b. Indoor simulations reveal differences among plant spe-
cies in capturing particulate matter. PLoS One 12, 1–22. https://doi.org/10.1371/jour-
nal.pone.0177539.

Chiam, Z., Ping, X., Ran, H., Tiang, H., Tan, W., 2019. Science of the total environment par-
ticulate matter mitigation via plants: understanding complex relationships with leaf
traits. Sci. Total Environ. 688, 398–408. https://doi.org/10.1016/j.
scitotenv.2019.06.263.

https://doi.org/10.1016/j.scitotenv.2020.137310
https://doi.org/10.1016/j.scitotenv.2020.137310
https://doi.org/10.1016/j.chemosphere.2016.11.103
https://doi.org/10.1016/j.chemosphere.2016.11.103
https://doi.org/10.1021/acs.est.6b04052
https://doi.org/10.1021/acs.est.6b04052
https://doi.org/10.1007/s11356-019-05160-8
https://doi.org/10.1007/s11356-019-05160-8
https://doi.org/10.1016/j.ecolind.2015.03.013
https://doi.org/10.1016/j.ecolind.2015.03.013
https://doi.org/10.1046/j.1365-2486.2000.00376.x
https://doi.org/10.1046/j.1365-2486.2000.00376.x
https://doi.org/10.1016/j.ufug.2015.10.004
https://doi.org/10.1016/j.ufug.2015.10.004
https://doi.org/10.1016/j.envpol.2017.07.105
https://doi.org/10.1016/j.ufug.2018.09.012
https://doi.org/10.1016/j.ufug.2018.09.012
https://doi.org/10.1016/j.scitotenv.2010.10.054
https://doi.org/10.1016/j.scitotenv.2010.10.054
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0050
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0050
https://doi.org/10.1016/j.envpol.2015.09.006
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.1038/s41598-017-03360-1
https://doi.org/10.1371/journal.pone.0177539
https://doi.org/10.1371/journal.pone.0177539
https://doi.org/10.1016/j.scitotenv.2019.06.263
https://doi.org/10.1016/j.scitotenv.2019.06.263


11G. Sgrigna et al. / Science of the Total Environment 718 (2020) 137310
Cohen, P., Potchter, O., Schnell, I., 2014. The impact of an urban park on air pollution and
noise levels in the Mediterranean city of Tel-Aviv, Israel. Environ. Pollut. 195, 73–83.
https://doi.org/10.1016/j.envpol.2014.08.015.

Dzierzanowski, K., Popek, R., Gawrońska, H., Saebø, A., Gawroński, S.W., 2011. Deposition
of particulate matter of different size fractions on leaf surfaces and in waxes of urban
forest species. Int. J. Phytoremediation 13, 1037–1046. https://doi.org/10.1080/
15226514.2011.552929.

Englert, N., 2004. Fine particles and human health - a review of epidemiological studies.
Toxicol. Lett. 149, 235–242. https://doi.org/10.1016/j.toxlet.2003.12.035.

Escobedo, F.J., Kroeger, T., Wagner, J.E., 2011. Urban forests and pollution mitigation: an-
alyzing ecosystem services and disservices. Environ. Pollut. 159, 2078–2087. https://
doi.org/10.1016/j.envpol.2011.01.010.

Fantozzi, F., Monaci, F., Blanusa, T., Bargagli, R., 2013. Holm oak (Quercus ilex L.) canopy as
interceptor of airborne trace elements and their accumulation in the litter and top-
soil. Environ. Pollut. 183, 89–95. https://doi.org/10.1016/j.envpol.2012.11.037.

Fares, S., Savi, F., Fusaro, L., Conte, A., Salvatori, E., Aromolo, R., Manes, F., 2016. Particle de-
position in a peri-urban Mediterranean forest. Environ. Pollut. 218, 1278–1286.
https://doi.org/10.1016/j.envpol.2016.08.086.

Freer-Smith, P.H., Holloway, S., Goodman, A., 1997. The uptake of particulates by an urban
woodland: site description and particulate composition. Environ. Pollut. 95, 27–35.
https://doi.org/10.1016/S0269-7491(96)00119-4.

Freer-Smith, P., El-Khatib, A., Taylor, G., 2004. Capture of particulate pollution by trees: a
comparison of species typical of semi-arid areas Ficus Nitida and Eucalyptus Globulus
with European and North American species. Water Air Soil Pollut. 155, 173–187.
https://doi.org/10.1023/B:WATE.0000026521.99552.fd.

Freer-Smith, P.H., Beckett, K.P., Taylor, G., 2005. Deposition velocities to Sorbus aria, Acer
campestre, Populus deltoides X trichocarpa “Beaupré”, Pinus nigra and X
Cupressocyparis leylandii for coarse, fine and ultra-fine particles in the urban envi-
ronment. Environ. Pollut. 133, 157–167. https://doi.org/10.1016/j.
envpol.2004.03.031.

Freiman, M.T., Hirshel, N., Broday, D.M., 2006. Urban-scale variability of ambient particu-
late matter attributes. Atmos. Environ. 40, 5670–5684. https://doi.org/10.1016/j.
atmosenv.2006.04.060.

Gandolfi, I., Papacchini, M., Padoa Schioppa, E., Franzetti, A., Vangronsveld, J., Canedoli, C.,
Gkorezis, P., Tagliaferri, I., Imperato, V., Bestetti, G., 2017. Diversity and hydrocarbon-
degrading potential of epiphytic microbial communities on Platanus x acerifolia
leaves in an urban area. Environ. Pollut. 220, 650–658. https://doi.org/10.1016/j.
envpol.2016.10.022.

Goldberg, M.S., Burnett, R.T., Stieb, D.M., Brophy, J.M., Brook, J.R., Daskalopoulou, S.S.,
Valois, M.-F., 2013. Associations between ambient air pollution and daily mortality
among elderly persons in Montreal, Quebec. Sci. Total Environ. 463–464, 931–942.
https://doi.org/10.1016/j.scitotenv.2013.06.095.

Guidolotti, G., Calfapietra, C., Pallozzi, E., De Simoni, G., Esposito, R., Mattioni, M., Nicolini,
G., Matteucci, G., Brugnoli, E., 2017. Promoting the potential of flux-measuring sta-
tions in urban parks: an innovative case study in Naples, Italy. Agric. For. Meteorol.
233, 153–162. https://doi.org/10.1016/j.agrformet.2016.11.004.

Hirabayashi, S., Kroll, C.N., Nowak, D.J., 2015. i-Tree Eco Dry Deposition Model Descrip-
tions. p. 35.

Hofman, J., Stokkaer, I., Snauwaert, L., Samson, R., 2013. Spatial distribution assessment of
particulate matter in an urban street canyon using biomagnetic leaf monitoring of
tree crown deposited particles. Environ. Pollut. 183, 123–132. https://doi.org/
10.1016/j.envpol.2012.09.015.

Kardel, F., Wuyts, K., Khavaninzhadeh, A.R., Wuytack, T., Babanezhad, M., Samson, R.,
2013. Comparison of leaf saturation isothermal remanent magnetisation (SIRM)
with anatomical, morphological and physiological tree leaf characteristics for
assessing urban habitat quality. Environ. Pollut. 183, 96–103. https://doi.org/
10.1016/j.envpol.2012.11.030.

Leonard, R.J., McArthur, C., Hochuli, D.F., 2016. Particulate matter deposition on roadside
plants and the importance of leaf trait combinations. Urban For. Urban Green. 20,
249–253. https://doi.org/10.1016/j.ufug.2016.09.008.

Li, Y., Wang, S., Chen, Q., 2019. Potential of thirteen urban greening plants to capture par-
ticulate matter on leaf surfaces across three levels of ambient atmospheric pollution.
Int. J. Environ. Res. Public Health 16. https://doi.org/10.3390/ijerph16030402.

Liang, D., Ma, C., Wang, Yun qi, Wang, Yu jie, Chen-xi, Z., 2016. Quantifying PM2.5capture
capability of greening trees based on leaf factors analyzing. Environ. Sci. Pollut. Res.
23, 21176–21186. https://doi.org/10.1007/s11356-016-7687-9.

Liang, J., Fang, H.L., Zhang, T.L., Wang, X.X., Liu, Y.D., 2017. Heavymetal in leaves of twelve
plant species from seven different areas in Shanghai, China. Urban For. Urban Green.
27, 390–398. https://doi.org/10.1016/j.ufug.2017.03.006.

Lin, M., Khlystov, A., Lin, M., Khlystov, A., 2012. Investigation of Ultrafine Particle Deposi-
tion to Vegetation Branches in a Wind Tunnel Investigation of Ultrafine Particle De-
position to Vegetation Branches in a Wind Tunnel 6826. https://doi.org/10.1080/
02786826.2011.638346.

Liu, H., Zhang, S., Duan, J., Xi, B., Jia, Z., Liu, J., Hai, X., Wang, S., Zou, S., Cao, Z., Yan, G.,
2017. An investigation of the leaf retention capacity, efficiency and mechanism
for atmospheric particulate matter of five greening tree species in Beijing,
China. Sci. Total Environ. 616–617, 417–426. https://doi.org/10.1016/j.
scitotenv.2017.10.314.

Livesley, S.J., McPherson, E.G., Calfapietra, C., 2016. The Urban Forest and Ecosys-
tem Services: Impacts on Urban Water, Heat, and Pollution Cycles at the
Tree, Street, and City Scale. J. Environ. Qual. 45, 119–124. https://doi.org/
10.2134/jeq2015.11.0567.

Lu, S., Liu, D., Zhang, W., Liu, P., Fei, Y., Gu, Y., Wu, M., Yu, S., Yonemochi, S., Wang, X.,
Wang, Q., 2015. Physico-chemical characterization of PM2.5 in the microenviron-
ment of Shanghai subway. Atmos. Res. 153, 543–552. https://doi.org/10.1016/j.
atmosres.2014.10.006.
Manes, F., Marando, F., Capotorti, G., Blasi, C., Salvatori, E., Fusaro, L., Ciancarella, L., Mircea,
M., Marchetti, M., Chirici, G., Munafò, M., 2016. Regulating ecosystem services of for-
ests in ten Italian metropolitan cities: air quality improvement by PM10 and O3 re-
moval. Ecol. Indic. 67, 425–440. https://doi.org/10.1016/j.ecolind.2016.03.009.

Maté, T., Guaita, R., Pichiule, M., Linares, C., Díaz, J., 2010. Short-term effect of fine partic-
ulate matter (PM2.5) on daily mortality due to diseases of the circulatory system in
Madrid (Spain). Sci. Total Environ. 408, 5750–5757. https://doi.org/10.1016/j.
scitotenv.2010.07.083.

Merkus, H.G., 2009. Particle size measurements. In: Springer, S. (Ed.), Particle Technology.
Mitchell, R., Maher, B.A., Kinnersley, R., 2010. Rates of particulate pollution deposition

onto leaf surfaces: temporal and inter-species magnetic analyses. Environ. Pollut.
158, 1472–1478. https://doi.org/10.1016/j.envpol.2009.12.029.

Mo, L., Ma, Z., Xu, Y., Sun, F., Lun, X., Liu, X., Chen, J., Yu, X., 2015. Assessing the capacity of
plant species to accumulate particulate matter in Beijing, China. PLoS One 10, 1–18.
https://doi.org/10.1371/journal.pone.0140664.

Mori, J., Hanslin, H.M., Burchi, G., Sæbø, A., 2015. Particulate matter and element accumu-
lation on coniferous trees at different distances from a highway. Urban For. Urban
Green. 14, 170–177. https://doi.org/10.1016/j.ufug.2014.09.005.

Mori, J., Massa, D., Ginepro, M., Burchi, G., Fini, A., Galimberti, M., Ferrini, F., 2018. Air pol-
lution deposition on a roadside vegetation barrier in a Mediterranean environment:
combined effect of evergreen shrub species and planting density. Sci. Total Environ.
643, 725–737. https://doi.org/10.1016/j.scitotenv.2018.06.217.

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

Nečas, D., Klapetek, P., 2012. Gwyddion: an open-source software for SPM data analysis.
Open Phys 10, 181–188. https://doi.org/10.2478/s11534-011-0096-2.

Nowak, D.J., Crane, D.E., Stevens, J.C., Hoehn, R.E., Walton, J.T., 2008. A Ground-Based
Method of Assessing Urban Forest Structure and Ecosystem Services. 34 pp. 347–358.

Paoletti, E., Bardelli, T., 2011. Air quality impact of an urban park over time. Procedia En-
viron. 37, 72–77. https://doi.org/10.1016/j.amepre.2009.03.014.

Popek, R., Gawrońska, H., Wrochna, M., Gawroński, S.W., Sæbø, A., 2013. Particulate mat-
ter on foliage of 13 woody species: deposition on surfaces and phytostabilisation in
waxes – a 3-year study. Int. J. Phytoremediation 15, 245–256. https://doi.org/
10.1080/15226514.2012.694498.

Przybysz, A., Sæbø, A., Hanslin, H.M., Gawroński, S.W., 2014. Accumulation of particulate
matter and trace elements on vegetation as affected by pollution level, rainfall and
the passage of time. Sci. Total Environ. 481, 360–369. https://doi.org/10.1016/j.
scitotenv.2014.02.072.

Räsänen, J.V., Holopainen, T., Joutsensaari, J., Ndam, C., Pasanen, P., Rinnan, Å.,
Kivimäenpää, M., 2013. Effects of species-specific leaf characteristics and reduced
water availability on fine particle capture efficiency of trees. Environ. Pollut. 183,
64–70. https://doi.org/10.1016/j.envpol.2013.05.015.

Raymond, C.M., Berry, P., Breil, M., Nita, M.R., Kabisch, N., de Bel, M., Enzi, V., Frantzeskaki,
N., Geneletti, D., Cardinaletti, M., Lovinger, L., Basnou, C., Monteiro, A., Robrecht, H.,
Sgrigna, G., Munari, L., Calfapietra, C., 2017. An Impact Evaluation Framework to Sup-
port Planning and Evaluation of Nature-Based Solutions Projects. https://doi.org/
10.13140/RG.2.2.18682.08643.

Roupsard, P., Amielh, M., Maro, D., Coppalle, A., Branger, H., Connan, O., Laguionie,
P., Hebert, D., Talbaut, M., 2013. Measurement in a wind tunnel of dry deposi-
tion velocities of submicron aerosol with associated turbulence onto rough
and smooth urban surfaces. J. Aerosol Sci. 55, 12–24. https://doi.org/10.1016/
j.jaerosci.2012.07.006.

Sæbø, A., Popek, R., Nawrot, B., Hanslin, H.M., Gawronska, H., Gawronski, S.W., 2012. Plant
species differences in particulate matter accumulation on leaf surfaces. Sci. Total En-
viron. 427–428, 347–354. https://doi.org/10.1016/j.scitotenv.2012.03.084.

Schaubroeck, T., Deckmyn, G., Neirynck, J., Staelens, J., Adriaenssens, S., Dewulf, J., Muys,
B., Verheyen, K., 2014. Multilayered modeling of particulate matter removal by a
growing forest over time, from plant surface deposition to washoff via rainfall. Envi-
ron. Sci. Technol. 48, 10785–10794. https://doi.org/10.1021/es5019724.

Schneider, C.A., Rasband,W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671–675. https://doi.org/10.1038/nmeth.2089.

Sgrigna, G., Sæbø, A., Gawronski, S., Popek, R., Calfapietra, C., 2015. Particulate matter de-
position on Quercus ilex leaves in an industrial city of central Italy. Environ. Pollut.
197, 187–194. https://doi.org/10.1016/j.envpol.2014.11.030.

Sgrigna, G., Baldacchini, C., Esposito, R., Calandrelli, R., Tiwary, a., Calfapietra, C., 2016.
Characterization of leaf-level particulate matter for an industrial city using electron
microscopy and X-ray microanalysis. Sci. Total Environ. 548–549, 91–99. https://
doi.org/10.1016/j.scitotenv.2016.01.057.

Shao, F., Wang, L., Sun, F., Li, G., Yu, L., Wang, Y., Zeng, X., Yan, H., Dong, L., Bao, Z., 2019.
Study on different particulate matter retention capacities of the leaf surfaces of
eight common garden plants in Hangzhou, China. Sci. Total Environ. 652, 939–951.
https://doi.org/10.1016/j.scitotenv.2018.10.182.

Shi, J., Zhang, G., An, H., Yin, W., Xia, X., 2017. Quantifying the particulate matter accumu-
lation on leaf surfaces of urban plants in Beijing, China. Atmos. Pollut. Res. 8, 836–842.
https://doi.org/10.1016/j.apr.2017.01.011.

Terzaghi, E., Wild, E., Zacchello, G., Cerabolini, B.E.L., Jones, K.C., Di Guardo, A., 2013. Forest
filter effect: role of leaves in capturing/releasing air particulate matter and its associ-
ated PAHs. Atmos. Environ. 74, 378–384. https://doi.org/10.1016/j.
atmosenv.2013.04.013.

Tomasevic, M., Anicic, M., 2010. Trace element content in urban tree leaves and SEM-
EDAX characterization of deposited particles. Facta Univ. - Ser. Physics, Chem.
Technol. 8, 1–13. https://doi.org/10.2298/FUPCT1001001T.

UN General Assembly, 2015. Transforming our World: The 2030 Agenda for Sustainable
Development.

https://doi.org/10.1016/j.envpol.2014.08.015
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1016/j.toxlet.2003.12.035
https://doi.org/10.1016/j.envpol.2011.01.010
https://doi.org/10.1016/j.envpol.2011.01.010
https://doi.org/10.1016/j.envpol.2012.11.037
https://doi.org/10.1016/j.envpol.2016.08.086
https://doi.org/10.1016/S0269-7491(96)00119-4
https://doi.org/10.1023/B:WATE.0000026521.99552.fd
https://doi.org/10.1016/j.envpol.2004.03.031
https://doi.org/10.1016/j.envpol.2004.03.031
https://doi.org/10.1016/j.atmosenv.2006.04.060
https://doi.org/10.1016/j.atmosenv.2006.04.060
https://doi.org/10.1016/j.envpol.2016.10.022
https://doi.org/10.1016/j.envpol.2016.10.022
https://doi.org/10.1016/j.scitotenv.2013.06.095
https://doi.org/10.1016/j.agrformet.2016.11.004
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0140
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0140
https://doi.org/10.1016/j.envpol.2012.09.015
https://doi.org/10.1016/j.envpol.2012.09.015
https://doi.org/10.1016/j.envpol.2012.11.030
https://doi.org/10.1016/j.envpol.2012.11.030
https://doi.org/10.1016/j.ufug.2016.09.008
https://doi.org/10.3390/ijerph16030402
https://doi.org/10.1007/s11356-016-7687-9
https://doi.org/10.1016/j.ufug.2017.03.006
https://doi.org/10.1080/02786826.2011.638346
https://doi.org/10.1080/02786826.2011.638346
https://doi.org/10.1016/j.scitotenv.2017.10.314
https://doi.org/10.1016/j.scitotenv.2017.10.314
https://doi.org/10.2134/jeq2015.11.0567
https://doi.org/10.2134/jeq2015.11.0567
https://doi.org/10.1016/j.atmosres.2014.10.006
https://doi.org/10.1016/j.atmosres.2014.10.006
https://doi.org/10.1016/j.ecolind.2016.03.009
https://doi.org/10.1016/j.scitotenv.2010.07.083
https://doi.org/10.1016/j.scitotenv.2010.07.083
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0190
https://doi.org/10.1016/j.envpol.2009.12.029
https://doi.org/10.1371/journal.pone.0140664
https://doi.org/10.1016/j.ufug.2014.09.005
https://doi.org/10.1016/j.scitotenv.2018.06.217
https://doi.org/10.1016/j.atmosenv.2016.12.047
https://doi.org/10.1016/j.atmosenv.2016.12.047
https://doi.org/10.2478/s11534-011-0096-2
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0225
https://doi.org/10.1016/j.amepre.2009.03.014
https://doi.org/10.1080/15226514.2012.694498
https://doi.org/10.1080/15226514.2012.694498
https://doi.org/10.1016/j.scitotenv.2014.02.072
https://doi.org/10.1016/j.scitotenv.2014.02.072
https://doi.org/10.1016/j.envpol.2013.05.015
https://doi.org/10.13140/RG.2.2.18682.08643
https://doi.org/10.13140/RG.2.2.18682.08643
https://doi.org/10.1016/j.jaerosci.2012.07.006
https://doi.org/10.1016/j.jaerosci.2012.07.006
https://doi.org/10.1016/j.scitotenv.2012.03.084
https://doi.org/10.1021/es5019724
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.envpol.2014.11.030
https://doi.org/10.1016/j.scitotenv.2016.01.057
https://doi.org/10.1016/j.scitotenv.2016.01.057
https://doi.org/10.1016/j.scitotenv.2018.10.182
https://doi.org/10.1016/j.apr.2017.01.011
https://doi.org/10.1016/j.atmosenv.2013.04.013
https://doi.org/10.1016/j.atmosenv.2013.04.013
https://doi.org/10.2298/FUPCT1001001T
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0305
http://refhub.elsevier.com/S0048-9697(20)30820-2/rf0305


12 G. Sgrigna et al. / Science of the Total Environment 718 (2020) 137310
Wang, H., Shi, H., Li, Y., Yu, Y., Zhang, J., 2013. Seasonal variations in leaf capturing of par-
ticulate matter, surfacewettability andmicromorphology in urban tree species. Front.
Environ. Sci. Technol. 7, 1–10. https://doi.org/10.1007/s11783-013-0524-1.

Wang, L., Gong, H., Liao, W., Wang, Z., 2015. Accumulation of particles on the surface of
leaves during leaf expansion. Sci. Total Environ. 532, 420–434. https://doi.org/
10.1016/j.scitotenv.2015.06.014.

Weerakkody, U., Dover, J.W., Mitchell, P., Reiling, K., 2017. Particulate matter pollution
capture by leaves of seventeen living wall species with special reference to rail-
traffic at a metropolitan station. Urban For. Urban Green. 27, 173–186. https://doi.
org/10.1016/j.ufug.2017.07.005.

Weerakkody, U., Dover, J.W., Mitchell, P., Reiling, K., 2018a. Quantification of the traffic-
generated particulate matter capture by plant species in a living wall and evaluation
of the important leaf characteristics. Sci. Total Environ. 635, 1012–1024. https://doi.
org/10.1016/j.scitotenv.2018.04.106.

Weerakkody, U., Dover, J.W., Mitchell, P., Reiling, K., 2018b. Evaluating the impact of indi-
vidual leaf traits on atmospheric particulate matter accumulation using natural and
synthetic leaves. Urban For. Urban Green. 30, 98–107. https://doi.org/10.1016/j.
ufug.2018.01.001.

Wilkinson, K.E., Lundkvist, J., Netrval, J., Eriksson, M., Seisenbaeva, G., Kessler, V.G., 2013.
Space and time resolved monitoring of airborne particulate matter in proximity of a
traffic roundabout in Sweden. Environ. Pollut. 182, 364–370. https://doi.org/10.1016/
j.envpol.2013.07.043.
Xie, C., Kan, L., Guo, J., Jin, S., Li, Z., Chen, D., Li, X., Che, S., 2018. A dynamic processes study
of PM retention by trees under different wind conditions. Environ. Pollut. 233,
315–322. https://doi.org/10.1016/j.envpol.2017.10.073.

Yang, J., Chang, Y., Yan, P., 2014. Ranking the suitability of common urban tree species for
controlling PM 2.5 pollution. Atmos. Pollut. Res. 6, 267–277. https://doi.org/10.5094/
apr.2015.031.

Yin, S., Shen, Z., Zhou, P., Zou, X., Che, S., Wang, W., 2011. Quantifying air pollution atten-
uation within urban parks: an experimental approach in Shanghai, China. Environ.
Pollut. 159, 2155–2163. https://doi.org/10.1016/j.envpol.2011.03.009.

Yorifuji, T., Kashima, S., Doi, H., 2016. Associations of acute exposure to fine and coarse
particulate matter and mortality among older people in Tokyo, Japan. Sci. Total Envi-
ron. 542, 354–359. https://doi.org/10.1016/j.scitotenv.2015.10.113.

Zhang, Z., Liu, J., Wu, Y., Yan, G., Zhu, L., Yu, X., 2017a. Multi-scale comparison of the fine
particle removal capacity of urban forests and wetlands. Sci. Rep. 7, 0–13. https://doi.
org/10.1038/srep46214.

Zhang, W., Wang, B., Niu, X., 2017b. Relationship between leaf surface characteristics and
particle capturing capacities of different tree species in Beijing. Forests 8, 1–12.
https://doi.org/10.3390/f8030092.

https://doi.org/10.1007/s11783-013-0524-1
https://doi.org/10.1016/j.scitotenv.2015.06.014
https://doi.org/10.1016/j.scitotenv.2015.06.014
https://doi.org/10.1016/j.ufug.2017.07.005
https://doi.org/10.1016/j.ufug.2017.07.005
https://doi.org/10.1016/j.scitotenv.2018.04.106
https://doi.org/10.1016/j.scitotenv.2018.04.106
https://doi.org/10.1016/j.ufug.2018.01.001
https://doi.org/10.1016/j.ufug.2018.01.001
https://doi.org/10.1016/j.envpol.2013.07.043
https://doi.org/10.1016/j.envpol.2013.07.043
https://doi.org/10.1016/j.envpol.2017.10.073
https://doi.org/10.5094/apr.2015.031
https://doi.org/10.5094/apr.2015.031
https://doi.org/10.1016/j.envpol.2011.03.009
https://doi.org/10.1016/j.scitotenv.2015.10.113
https://doi.org/10.1038/srep46214
https://doi.org/10.1038/srep46214
https://doi.org/10.3390/f8030092

	Relationships between air particulate matter capture efficiency and leaf traits in twelve tree species from an Italian urba...
	1. Introduction
	2. Materials and methods
	2.1. Study area and sampling
	2.2. Vacuum filtration: quantification of leaf deposited PM
	2.3. Scanning electron microscopy imaging: characterization of leaf deposited particulates and leaf surface micromorphology
	2.4. Accumulation index
	2.5. Energy-dispersive X-ray spectroscopy (EDX) for quali-quantitative PM assessment
	2.6. Statistical analysis

	3. Results
	3.1. Leaf deposited PM load
	3.2. Micro and macromorphological traits of leaves

	4. Discussion
	4.1. Species-specific PM loads
	4.2. Correlation among leaf traits and PM capturing capability
	4.3. Particulate Accumulation index

	5. Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




