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A B S T R A C T   

In this work the leaf surface functional traits, potentially useful for air phytoremediation of particulate matter 
(PM) and polycyclic aromatic hydrocarbons (PAH), of 28 woody species have been characterized, and the role of 
these stomata, trichomes and cuticle traits in phytoremediation have been assessed looking at existing correla
tions with species-specific ability to sequester and retain airborne pollutants. Leaves were sampled in urban area 
in August and September and functional traits were measured using Scanning Electron Microscopy and Fourier- 
transform infrared spectroscopy. Pollutants were extracted by leaves and their concentrations and daily uptake 
rates were measured using gas chromatography. Significant differences were found between species in the 
arrangement of functional traits, concentrations and daily uptake of pollutants. Correlations between variables 
were studied by means of principal component analysis. The trichomes-related traits scaled positively with PM 
concentration daily uptake, whereas for PAH air phytoremediation, the cuticle physical and chemical features 
are relevant. Trichomes increase the leaf area several fold providing extra surfaces for PM retention, while cuticle 
thickness and esterification regulate the PAH retention and translocation in subcuticular tissues. Results provide 
novelty on the relationships between leaf surface functional traits and plant species phytoremediation potential, 
outlining an innovative way of measuring leaf surface functional traits. In addition to broadening the economic 
spectrum of functional traits, it is emphasized how important leaf surface functional traits are in the nature-based 
solutions definition and planning.   

1. Introduction 

The past decade has seen a consistent increase in studies on pollutant 
concentrations in urban areas, sources and effects on human health 
(Kampa and Castanas, 2008; Landrigan, 2017). Particulate matter (PM) 
is of particular concern for human health (Anderson et al., 2012; Losacco 
and Perillo, 2018). The peculiar composition of PM, coarse (PM10) or 
fine (PM2.5), makes it one of the most dangerous pollutants because it 
remains in suspension in the air for a long time leading the human 
population to chronic exposure causing cytotoxicity and genotoxicity 

manifesting in respiratory and cardiac disorders and diseases (Forbes 
et al., 2009; Hamanaka and Mutlu, 2018). PM composition depends on 
the origin of particles and ambient air chemistry, and the health risks of 
PM can be similar to polycyclic aromatic hydrocarbons (PAH) (Chen 
et al., 2021; Yang et al., 2021). PAH are known to play an important role 
as persistent and hazardous PM-related air contaminants (Brook et al., 
2010). Based on their molecular mass, PAH can be grouped as: low 
(LMM), medium (MMM) and high molecular mass (HMM) PAH with 
different physico-chemical properties and environmental hazard (Braz
kova & Krastanov, 2013; Mihankhah et al., 2020). 
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Urban forests are one of the main nature-based solutions (NBS) for 
reduction of PM and its impacts on human wellbeing (Marando et al., 
2016; Cariñanos et al., 2017). Canopies of urban trees and shrubs pro
vide regulation ecosystem services retaining pollutants on their leaf 
surfaces or incorporating them into their tissues (Nowak et al., 2014; 
Blanusa et al., 2015; Livesley et al., 2016; Łukowski et al., 2020). 

Although numerous studies have been conducted to identify the 
relationship between urban vegetation and air pollution mitigation, very 
few have focused on the specific removal capacity. Thus, it remains 
uncovered to which extent air pollutants removed by trees are related to 
the specific functional traits of leaf surface. Moreover, the number of 
modelling-based studies is far greater than direct empirical ones 
(Gómez-Moreno et al., 2019). A review on urban vegetation and air 
pollution by Janhall (2015) suggests that large experimental datasets are 
needed to upgrade existing models, including a detailed description of 
the parameters that influence the effects of vegetation on air pollution. 
Leaves provide a surface with chemical and microscopic features that 
vary from species to species, altering the capacity for pollutants removal 
(Terzaghi et al., 2013). Functional traits that can affect the pollutant 
retention capacity include all microscopic structures capable of 
providing adhesion and retention such as structural and 
physico-chemical traits of the cuticle, traits that increase surface area for 
uptake and adsorption such as trichomes, protruding epicuticular waxes, 
cell wall extrusions, and traits that scale with uptake into leaf interior 
including size, density and openness of stomata and cuticle permeability 
(Niinemets et al., 2014; Mukherjee and Agrawal, 2018; Gaglio et al., 
2022). Leaf cuticle thickness, hydrophobicity and porosity appear to be 
the main features involved in the phytoremediation of pollutants such as 
PM and organic molecules such us PAH (Jouraeva et al., 2003; Li et al., 
2017). The stomata play a dual role in phytoremediation. They provide 
an entry route for pollutants, but at the same time they provide dis
continuities on the leaf surface, whose shape, arrangement and surface 
can influence the phytoremediation capacity (Samson et al., 2017; 
Baraldi et al., 2019). Stomata can also have hydrophilic regions that 
could serve as sites of deposition of hydrophilic pollutants (Burkhardt, 
2010). Non-glandular trichomes provide complexity to the leaf surface 
and function as traps for particulate pollutants whose retention perfor
mance depends on density, size but also shape (Grote et al., 2016; Bar
aldi et al., 2019). Thus, the functional traits of leaves of individual 
species are expected to provide an integrated measure for the pollutant 
deposition capacity of the leaf surface, but there is stilllimited infor
mation about the interspecific variability in pollutants deposition ca
pacity and of how the deposition capacity depends on key leaf surface 
traits. In fact, traits like trichome surface area per leaf surface area and 
stomatal area and stomatal pore area per leaf area and cuticular traits 
have seldom been assessed and as the result, assessment of the vegeta
tion air remediation capacity is bound to large uncertainties. 

Based on these considerations, we believe that expanding informa
tion on the relationship between leaves plant functional traits and air 
pollutant mitigation is critical to improving numerical modeling related 
to air phytoremediation. In this study, we focused on Mediterranean 
ecosystem which is very specific due to the extensive summer drought, 
extension of the growing season due to moderately low winter temper
atures and abundant rainfall. Hence, in Mediterranean ecosystemthe 
plants adapted e often show evergreen sclerophyllous leaves with 
peculiar traits which role in retention of pollutants is of interest and is 
worthy of further exploration (Yadav et al., 2004; Niinemets, 2010; 
Niinemets and Keenan, 2014; La Riva et al., 2018). 

The specific aims of this study were: (i) characterization of leaf 
surface functional traits of tree species commonly used for ornamental 
purpose in Mediterranean urban forests; (ii) exploration of the re
lationships of leaf concentrations and daily uptake rate of PM and PAH 
with leaf surface functional traits in the observed species with con
trasting leaf characteristics. 

We hypothesized that adsorption of different pollutants scales posi
tively with trichome surface area, adsorption and cuticular uptake of 

more hydrophobic pollutants with surface hydrophobicity and cuticle 
thickness. To test these hypotheses, we related plant pollutants (PM10, 
PM2.5 and PAH) accumulation with leaf surface features (the stomatal 
and trichome surface areas and numbers per leaf area, the degree of 
cuticle esterification, and cuticle thickness) for 28 widespread woody 
species widely used for ornamental purposes in Mediterranean cities. 

2. Materials and methods 

2.1. Sampling sites 

A double sampling campaign was carried out in the city center of 
Naples (Southern Italy) to investigate the capacity of plant species to 
accumulate air pollutants (PM10, PM2.5 and PAH) from urban air by 
leaves of 28 widespread ornamental woody species in the area (Fig. 1, 
Table S1 in SM). The chosen sampling areas (40◦50′ N 14◦15′ E, 17 m.a.s. 
l.) has a Köppen subtype Csa climate (Kottek et al., 2006) and is char
acterized by high anthropogenic air pollutant emissions (Fortelli et al., 
2016). Sampling sites were selected considering their proximity to the 
main and busiest squares and streets in the city center, and their prox
imity to meteorological and air quality monitoring stations of the 
Campania Regional Agency for Environmental Protection (ARPAC) 
(Fellet et al., 2016, Fig. 1). Sampling was performed on August 1st, 2019 
(D0) and on September 1st, 2019 (D1). During the two campaigns, leaf 
tissue from the 28 investigated tree species was collected. A minimum of 
three to a maximum of ten individuals per species were chosen 
depending on the plants availability at the sampling points. From each 
tree, up to 15 leaves were randomly selected at least three different 
branches facing the street, at a maximum height of 2 m above the 
ground. Leaves from individuals of the same species, sampled at the 
same sampling point, were mixed to reduce intraspecific variability. 
Sub-samples were extracted from each pool for triplicate analysis. 

2.2. Characterization of leaf functional traits 

The leaf surface functional traits investigated were the physical and 
chemical characteristics of trichomes, cuticle and stomata as defined 
with the corresponding acronyms in Table S2 in SM. Three leaves of each 
species were randomly selected from the sub-samples and analyzed. 
Number of stomata and trichomes on both leaf surface (Ns, u, Ns, l, Nt, u, 
Nt, l), surface area of stomata, stomatal pores and trichomes per unit leaf 
surface area, (Ss, u, Ss, l, Ssp, u, Ssp, l, St, u, St, l) and cuticle thickness (Tc, u, 
Tc, l) were estimated on five randomly-selected points on each leaf by 
scanning electron microscope (SEM) image acquisition and analysis. 
Liquid removal from leaf specimens was carried out by critical point 
drying with liquid CO2 in a K-850 Critical Point Dryer (Quorum Tech
nologies, Laughton, UK). The samples were further mounted on 
aluminum specimen stubs with double-sided tape and coated with gold 
using a Q150R ES Sputter Coater (Quorum Technologies, UK). Finally, 
they were observed via Scanning Electron Microscopy (SEM, Zeiss EVO 
15 HD VPSEM) operating at 10 or 15 kV accelerating voltage to record 
images. To observe and record the number and surface of stomata and 
number of trichomes, the specimens were mounted exposing upper and 
lower leaves surface. To investigate cuticle thickness and trichome 
surface, cross sections of leaves were mounted on stubs. The presence of 
protruding veins was used to distinguish between the two sides. 

The chemical properties of the cuticle were analyzed by Fourier- 
transform infrared spectroscopy (FTIR). From these measurements, the 
esterification indices for upper and lower leaf surface (Eu, El) were ob
tained from the ratio between the absorbance intensity of the stretching 
vibration of esters and the asymmetric stretching vibration of methylene 
(Prigioniero et al., 2022). Esterification index characterizes the degree 
of cross-linkage of cutin forming hydroxy- and peroxyacids (Hered
ia-Guerrero et al., 2014). 

For hairy leaves, we found five different trichome shapes: stellate 
trichomes (found in Q. ilex), dendritic trichomes (found in P. ×
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hispanica), peltate trichomes (found in O. europaea samples), cylindrical 
trichomes (found in C. humilis) and conical trichomes (found in the 
remaining species with hairy leaves, Fig. 2). We calculated the total 
trichome surface area per leaf area, (St, m2 m− 2) with simple geometric 
approximations (Equation S1–S5 in SM). 

2.3. Pollutant concentrations (C) and uptake rates (U) 

The leaf surface concentrations (C) at each sampling date (D0 and D1) 
of fine (CPM2.5, D0, CPM2.5, D1) and coarse particulate matter (CPM10, D0, 
CPM10, D1), and the share of hydrophobic coarse and fine particulate 
matter (ΘPM10 and ΘPM2.5; ratio of PM10 and PM2.5 amounts in leaf 

Fig. 1. Sampled plant species, and the study area with sampling points, air quality monitoring stations, and road network (Naples, Southern Italy).  

Fig. 2. Representative examples of trichome morphologies found on leaf lower surfaces: (A) Quercus ilex stellate trichomes, (B) Platanus × hispanica dendritic tri
chomes, (C) Olea europaea peltate trichomes, (D), Chamaerops humilis cylindrical trichomes, (E) Celtis australis conical trichomes, (F) Cercis siliquastrum glabrous leaf 
surface. The images were acquired via Scanning Electron Microscopy (SEM). 
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chloroform extracts relative to sum of the amounts in chlorophorm and 
distilled water extracts) (Tables S7 and S8 in SM) were determined 
washing the same amount of leaf area per species (400 cm2) with 
distilled water first, and chloroform later, and then vacuum-filtering the 
resulting washing solutions using previously weighed filters of different 
porosity (Prigioniero et al., 2022). The concentrations of low, medium 
and high molecular mass PAH at each sampling date in intact leaves and 
dewaxed leaves (after chloroform washes) were determined gas chro
matographically Once the concentrations of each pollutant were ob
tained at the two sampling dates (CD0 and CD1), the uptake rate (U) was 
estimated as follow:(Prigioniero et al., 2022). 

U =
(CD1 − CD0)

Δt
Equation 1  

2.4. Data analyses 

Data were statistically analyzed with R ver. 4.2.2 (R Core Team, 
2015) to perform analysis of variance (ANOVA) followed by Tukey’s 
Honest Significant Difference (HSD) post-hoc test to separate differences 
between species in U and C. One-way multivariate analysis of variance 
(one-way MANOVA) using Pillai’s trace criterion was used to test for 
differences between species in leaf functional traits. Correlation analysis 
was used to examine the dependencies of C and U on characteristics of 
trichomes, cuticle and stomata. All statistical tests were considered 
significant at p < 0.05. Finally, two-dimensional PCA biplots were 
generated to distinguish the main patterns in the dataset (Wickham, 
2016), in particular, to determine how the analyzed samples, belonging 
to different tree species, group according to their species-specific func
tional traits and pollutant accumulation capacities The PCA biplot is a 
2D graphical representation that shows associations between observa
tions (plant samples) and the traits. The lengths of the rays (vectors) are 
directly proportional to the variance of the corresponding variable 
included in the two components displayed, while the angle between the 
vectors indicate the strength of correlation between them (Zuzolo et al., 
2020). 

3. Results 

3.1. Leaf surface functional traits 

Among the 28 studied species, the number of stomata on the lower 
leaf surface (Ns, l) varied 12.03-fold from 6.54.107 m− 2 in P. nigra to 
7.87.108 m− 2 in C. australis (Table S5 in SM, Fig. 3). The stomatal surface 
area per lower leaf surface area (Ss, l) varied 13.13-fold from 0.015 m2 

m− 2 to 0.197 m2 m− 2 and stomatal pore area per lower leaf surface area 
(Ssp, l) 11.50-fold from 0.002 m2 m− 2 to 0.023 m2 m− 2 (Table S5). 
Magnolia grandiflora had the highest stomatal area per lower leaf area, 
followed by B. acerifolius, and stomatal pore area per lower leaf area was 
the greatest in B. acerifolius and C. camphora (Table S5). Only four 
species were amphistomatous with stomata on both the lower and upper 
sides. These four species ranked according to the number of stomata per 
upper leaf area (Ns, u) as follows: P. canariensis > E. camaldulensis >
E. crista-galli > D. draco (Table S5, Fig. 3). Among the amphistomatous 
species, E. camaldulensis and E. crista-galli had a comparable number of 
stomata on both surfaces; the stomatal density for the lower-side was 
greater than that for the upper side in D. draco, and it was the opposite in 
P. canariensis (Table S5). Phoenix canariensis was the species with the 
highest values for both functional traits (Ss, u = 0.050 m2 m− 2; Ssp, u =

0.009 m2 m− 2), (Table S5). The lowest values for both functional traits 
were observed in D. draco (Ss, u = 0.003 m2 m− 2; Ssp, u = 3.40.10− 4 m2 

m− 2) (Table S5). 
Regarding the cuticle thickness of the upper leaf side (Tc, u), 

O. europaea showed the highest one (Tc, u = 10.8 μm), and similar values 
were observed in N. oleander, M. grandiflora, Q. ilex and D. draco 
(Table S5, Fig. 4). The species with the thinnest cuticle on the upper side 

of the leaf (Tc, u) were P. nigra, P. dioica and M. azedarach (Table S5). 
Turning to the lower cuticle (Tc, l), a variation of 3.92-fold with a range 
from 1.97 μm to 7.72 μm was found (Table S5). The thickest lower leaf 
cuticle was found in D. draco (Table S5). The ATR-FTIR analysis of leaf 
surfaces indicated that the position (wavenumbers) of the main ab
sorption bands in the infrared spectra were similar across species 
(Fig. S1 in SM). However, relative intensities of different absorption 
bands had species-specific signatures (Fig. S1). The esterification index 
for lower leaf side (El) ranged from 0.09 to 0.71, and that for upper leaf 
side (Eu) from 0.10 to 0.58 (Table S5). Quercus ilex and J. mimosifolia had 
the highest El values, and R. pseudoacacia and P. canariensis the lowest 
values (Table S5). Jacaranda mimosifolia and A. altissima had the highest 
Eu values, and P. canariensis the lowest value (Table S5). 

Most of the tree species sampled had glabrous leaves, and only ten 
species had trichomes (Table S5). Nine species had trichomes on lower 
leaf surface (Nt, l, m− 2), C. humilis had the highest Nt, l and P. × hispanica 
had the lowest value (Table S5). Quercus ilex had stellate trichomes and 
the greater complexity of trichomes was reflected in the highest 
trichome area per leaf area (St, l, = 8.10 m2 m− 2, Table S5). Among the 
species with trichomes on the lower leaf surface, four also had trichomes 
on the upper surface, and in addition, A. altissima had trichomes 
exclusively on the upper surface (Table S5). These five species ranked 
according to Nt, u as C. australis = R. pseudoacacia > N. oleander >
O. europaea > A. altissima (Table S5). Celtis australis and O. europaea had 
the highest trichome surface area per upper leaf surface area (St, u), and 
N. oleander the lowest St, u (Table S5). 

3.2. Environmental pollution and weather conditions 

PM concentration levels in the air were similar for each sampling 
date during the entire exposure period (coefficient of variation 
(Thangjai et al., 2021) < 36.5%; Tables S6 and S7 in SM). Therefore, 
average concentration of pollutants was used to characterize air pollu
tion conditions over the entire period for each ARPAC station (www. 
arpacampania.it). The monthly average (±SD) temperature was 27.4 
± 1.1 ◦C, the average (±SD) wind speed was 2.8 ± 0.05 m s− 1, the main 
wind direction was west, and there was no precipitation during the 
entire period. 

3.3. Pollutant concentrations and accumulation rates 

3.3.1. Particulate matter 
The total amount of coarse particulate matter (PM10; sum of distilled 

water and chloroform extracts) observed on the first sampling event on 
1st August (D0) varied 161.28-fold, and the species ranked as: D. draco 
> P. canariensis > Q. ilex = E. camaldulensis (Table S8 in SM). On the 
second sampling event on 1st September (D1), total PM10 concentration 
varied 27.33-fold, and the species showing the highest values were 
O. europaea and C. humilis (Table S8). Chamaerops humilis and 
O. europaea also showed the greatest values of daily uptake rate of coarse 
particulate matter (UPM10) (Table S8). However, several species were 
not able to increase PM10 concentrations (zero UPM10 values, Table S8). 
ΘPM10 varied 31.76-fold, with the highest values in E. camaldulensis, 
P. dioica and P. nigra, and the lowest value in D. draco (Table S8). 

The total concentration of PM2.5 on D0 varied 26.23-fold, with the 
highest values in M. grandiflora, P. canariensis and A. altissima (Table S9 
in SM). On D1, total PM2.5 concentration varied 77.43-fold, and 
O. europaea and E. crista-galli had the highest concentration of fine 
particulate matter (Table S9). Leaves of O. europaea, E. crista-galli, M. 
azedarach and F. retusa had the highest UPM2.5 value, while no uptake 
was detected in several species (Table S9). ΘPM2.5 varied 8.64-fold, and 
the species with the highest ΘPM2.5 were E. crista-galli, E. camaldulensis 
and P. nigra (Table S9). 

3.3.2. Polycyclic aromatic hydrocarbons in intact and dewaxed leaves 
In August (D0), the average values of LMM PAH did not differ among 
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Fig. 3. Representative examples of stomata distribution and details on (A) lower leaf side of Populus nigra, (B) lower leaf side of Celtis australis, (C) upper leaf side of 
Phoenix canariensis, (D) upper leaf side of Dracaena draco. Images were acquired with a Scanning Electron Microscope (SEM). 
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the species, and some species did not even show a detectable leaf LMM 
concentration (Table S10 in SM). After thirty days (D1), LMM PAH 
concentrations varied 190-fold and D. draco had the highest concen
tration (Table S10). Dracaena draco had the highest ULMM,i followed by 
O. europaea (Table S10). MMM PAH concentrations at D0 varied 49-fold, 
and the highest concentrations were found in the samples of C. × aur
antium, L. lucidum, O. europaea and P. nigra at D0, and in leaves of C. ×
aurantium, D. draco, L. japonicum and O. europaea at D1 (Table S10). 
Ligustrum japonicum and D. draco were the species with the UMMM,i 
(Table S10). High molecular mass (HMM) PAH were found only in eight 
species at D0, and only in ten species at D1 (Table S10). The concen
trations of HMM PAH in intact leaves ranged from 36.5 μg m− 2 to 1529 
μg m− 2 at D0 and from 22.3 μg m− 2 to 1039 μg m− 2 at D1 (Table S10). 
The species showing the highest values was E. crista-galli (Table S10). 

Analysis of dewaxed leaves provides information of the amount of 
PAH translocated into and accumulated in the subcuticular tissues and 
trichome hydrophilic regions over a 30-day period. Overall, the PAH 
concentrations in dewaxed leaves were low compared to those recorded 
for intact leaves, indicating that these pollutants accumulated mainly in 
the cuticular hydrophobic layer (Table S11 in SM). LMM PAH were 
found in higher concentrations in the cuticle-deprived leaves of 

P. canariensis in August, but in September the species showing higher 
amounts of these pollutants in their tissues were P. tobira, N. oleander 
and M. azedarach, also presenting the highest values of ULMM,dw 
(Table S11). For MMM PAH, the concentration in dewaxed leaves in 
August (CMMM,D0,dw) was the greatest in P. nigra (Table S11). One month 
later (CMMM,D1,dw), the highest concentration was recorded for the leaves 
of P. canariensis, resulting in a daily uptake rate of one or two orders of 
magnitude higher in this species than in the others (Table S11). 
Dracaena draco was the species with the highest concentration of HMM 
PAH in the subcuticular tissues in August and September, but only for 
M. azedarach the value of UHMM,dw exceeded the detection limit 
(Table S11). 

3.4. Clustering of species according to functional traits and pollutant 
uptake 

The two first axis of PCA altogether explained 49% of variance in the 
dataset (PC1 29.9% and PC2 19.1%). Different suites of functional traits 
clearly separated some of the studied species in the PCA space (Fig. 5). 
Upper leaf surface functional traits (Ns, u, Ss, u, Ssp, u) determined the 
clustering of E. crista-galli, E. camaldulensis and P. canariensis samples 

Fig. 4. Representative examples of cuticle layer of upper leaf side in (A) Olea europaea, (B) Nerium oleander, (C) Quercus ilex. Images were acquired with a Scanning 
Electron Microscope. 

Fig. 5. Biplots of principal component analyses (PCA) showing the ordination of species in the PCA space as determined by leaf functional traits. Plant samples and 
the included variables are expressed as symbols and vectors. The plots display the first (PC1) and second (PC2) principal components, variance explained by PC1 and 
PC2 and the variable contributions (as characterized by the length of the vectors) to the first two principal components. All symbols are defined in Table S2. 
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(Fig. 5). These functional traits were opposite to Eu, which determines 
the clustering of the samples of B. acerifolius, J. mimosifolia, C. × aur
antium, A. altissima, C. camphora, P. tobira, L. lucidum and L. japonicum 
(Fig. 5). The suite of traits projected on PC1 consisted of: El, Tc, l and Tc, 

u, trichome traits on both surfaces (Nt, l, Nt, u, St, l and St, u) and stomatal 
traits on the lower surface (Ns, l, Ss, l, Ssp, l). These traits clustered and 
separated N. oleander, M. grandiflora, C. humilis, Q. ilex, O. europaea, C. 
australis and R. pseudoacacia from the rest (Fig. 5). The remaining 
samples were well clustered by species, but not clearly separated by the 
variables used in this analysis (Fig. 5). 

PCA based on surface functional traits and particulate matter and 
polycyclic aromatic hydrocarbon concentrations and uptake rates also 
resulted in SMmilar separation of species, accounting for the 46.5% of 
the total variance (PC1 28.5% and PC2 17.7%, Fig. 6). Upper leaf surface 
stomata related functional traits resulted positively correlated with 
ΘPM10 and ΘPM2.5, C and U of MMM PAH in dewaxed leaves and con
centration of LMM PAH in dewaxed leaves, clustering P. canariensis, 
E. crista-galli, E. camaldulensis and P. nigra (Fig. 6). ΘPM10 grouped the 
samples of F. retusa, L. lucidum, L. tulipifera and M. azedarach (Fig. 6). 
Number and surface per lower leaf area of stomata (Ns, l, Ss, l, Ssp, l), 
esterification indices (El and Eu) and trichome number and surface per 
upper leaf area (Nt, u, St, u) only defined the samples of C. australis 
(Fig. 6). The uptake of coarse particles by leaves (UPM10) was correlated 
with all trichome-related traits (Nt, u, St, u, Nt, l and St, l) and the atmo
spheric concentrations of PM (CPM10, a and CPM2.5, a); Chamaerops 
humilis, Q. ilex, M. grandiflora and O. europaea samples were grouped by 
these variables (Fig. 6). Cuticle thickness of both leaf sides was posi
tively related to concentration of HMM PAH in dewaxed leaves (CHMM, 

dw), concentration of coarse particulate matter (CPM10), PAH concen
tration on intact leaves (CLMM, i, CMMM, i, CHMM, i), and daily uptake rates 
of low and medium molecular mass compounds in intact leaves (ULMM, i, 
UMMM, i) (Fig. 6). All these variables were negatively related to ΘPM10 
and ΘPM2.5 and clustered the samples of D. draco, while these traits 
partly separated Citrus × aurantium and N. oleander from the rest (Fig. 6). 

4. Discussion 

4.1. Leaf surface functional traits 

Species co-existing in given climates share similar suites of foliage 
functional traits (Reich et al., 1999; Niinemets, 2001; Guerra and 
Scremin-Dias, 2017; Bu et al., 2019). Due to relatively high winter 
temperatures, the Mediterranean region has historically allowed culti
vation of a wide range of temperate and tropical species, and using 
irrigation, even species from wet climates; the species have been intro
duced as food source as well as for purely ornamental purposes, leading 
to the increase of species diversity in cities up to the present day 
(Heywood, 2017). Many of the species analyzed in this work originate 
from or have been introduced in the Mediterranean area (POWO, 2023). 
Species such as B. acerifolius, C. camphora, E. crista-galli, F. retusa and 
J. mimosifolia are subtropical to tropical species introduced to the 
Mediterranean region for ornamental purposes (Heywood, 2017). 
Magnolia grandiflora, is sclerophyllous due to their leaf characteristics 
and can tolerate the climatic characteristics of the Mediterranean 
(Axelrod, 1975). 

The leaves of studied species had widely differing leaf surface 
characteristics (Table S5). All the species had stomata on the lower 
surface, and four had amphistomatous leaves: P. canariensis (Xiong and 
Flexas, 2020), E. camaldulensis (Nogueira et al., 2018), E. crista-galli 
(Gratieri-Sossella, 2005) and D. draco (Klimko et al., 2018). Amphistomy 
is considered to be an ancient characteristic that is an evolutionary 
adaptation to hot and humid climate (Mott et al., 1982; Song et al., 
2021). 

In this study, the maximum Ns, l found in C. australis samples (= 786 
mm− 2, Table S5) was higher than that found previously in Mediterra
nean species (250 - 500 mm− 2, Bosabalidis and Kofidis, 2002; Yadav 
et al., 2004; Deng et al., 2017). Phoenix canariensis showed maximum 
average values for Ns, u (= 421 mm− 2, Table S5), and our results are 
higher than data from Hodel et al. (2003), which found lower values (=
272 mm− 2). The large variation in the leaf area covered by stomatal 

Fig. 6. Biplots of principal component analyses (PCA) biplot showing ordination of species in the PCA space determined by leaf surface functional traits, average PM 
and PAH concentrations (C) and daily uptake rates (U) and different contributions of traits to PCA axes. Plant samples and the included variables are expressed as 
symbols and vectors. The plots display the first (PC1) and second (PC2) principal components, variance explained by PC1 and PC2 and the variable contributions (as 
characterized by the length of the vectors) to the first two principal components. Functional traits symbols are defined in Table S2, other symbols are defined 
in Table S3. 
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pores and entire stomata uncovered in this study is highly relevant as 
these traits are useful to describe the area available for diffusion of 
pollutants into leaf interior (Prigioniero et al., 2022). 

Quercus ilex with stellate trichomes had the greatest St, l (Table S5; 
Fig. 2A) in agreement with previous studies (Deng et al., 2017; Prigio
niero et al., 2022). Chamaerops humilis and M. grandiflora also had high 
values of St, l despite having trichomes with less complex shapes, due to 
the high density of trichomes on the lower leaf surface (Table S5; 
Fig. 2D; Fig. 2E; Dransfield et al., 2008). Platanus × hispanica, on the 
contrary, although it had complex (dendritic) trichomes, had a low 
trichome density, resulting in low trichome surface area per leaf surface 
(Table S5; Fig. 2B; Carpenter et al., 2005). The average values of 
trichome traits in our study are higher than those found in another study 
on Mediterranean species (Yadav et al., 2004), indicating a presumable 
adaptation to an urban polluted environment (Pal et al., 2002; Bala
sooriya et al., 2009; Kardel et al., 2010; Kováts et al., 2021). 

Cuticle thickness for both leaf sides (Tc, l and Tc, u,Table S5) was 
similar to what found by Yadav et al. (2004) for other Mediterranean 
species, and within the range defined by Klimko et al. (2018) for 
D. draco, one of the species with highest values for Tc, l. As already noted 
in a previous work, infrared spectra displayed the distinctive features of 
the main cuticle components: cutin, waxes, polysaccharides and 
phenolic compounds (Fig. S1 in SM; da Luz, 2006; Heredia-Guerrero 
et al., 2014; Izzo et al., 2020; Prigioniero et al., 2022). Nanocosane, a 
component of the cuticle found in O. europaea leaves (Silverstein and 
Webster, 1998; da Luz, 2006), is present in all samples showing doublets 
at 1470-1460 cm− 1 and 730-720 cm− 1 (CH2 aliphatic bending vibra
tions; Fig. S1 in SM). Brachychiton acerifolius, C. australis, C. siliqua, 
J. mimosifolia, L. japonicum, M. grandiflora, M. azedarach, N. oleander, 
and Q. ilex showed pronounced bifaciality, due to the difference in 
polysaccharides present in lower surface cuticle (Fig. S1 in SM). The 
spectral signature found by da Luz (2006) attributable to the presence of 
trichomes (ca. 1030 cm− 1) was found in all analyzed species with tri
chomes (Fig. S1 in SM). A band attributable to cutan was found in 
C. humilis, E. crista-galli, M. basjoo, and P. canariensis, explaining the 
lower value of the esterification index (Table S5; da Luz, 2006; Hered
ia-Guerrero et al., 2014). Trichomes presence could affect the esterifi
cation index assessment, and the presence of cutan instead cutin in the 
cuticle matrix, could affect the cuticle chemical properties, changing its 
hydrophobicity (Heredia-Guerrero et al., 2014; Prigioniero et al., 2022). 

4.2. Pollutant concentrations and accumulation rates 

The coefficient of variation of atmospheric particulate concentra
tions was considered low enough to use average concentrations to 
represent environmental conditions (Tables S3 and S4 in SM; Prigioniero 
et al., 2022). The atmospheric data collected indicate that there was no 
wind and rain action that could result in resuspension or leaching of PM 
from leaves (McPherson et al., 1998; Mo et al., 2015). In fact, in almost 
all species sampled, there was a strong increase in PM10 concentrated on 
leaves from August to September (Table S8). Exceptions were C. siliqua, 
D. draco, E. camaldulensis, L. tulipifera, M. basjoo, P. canariensis and 
P. dioica (Table S8). Looking at the characteristics of the leaves of these 
species, it jumps out that they are glabrous, and this could partially 
explain the lack of accumulation due to the absence of trichomes (Pri
gioniero et al., 2022). Looking at the data from the extractions on 
D. draco leaves, it is possible to observe that the coarse particulate 
matter extracted in water (and thus simply placed on the leaves) in 
September is approximately half of that extracted in August (Table S8), 
suggesting a resuspension that falls within the average data proposed in 
the literature (McPherson et al., 1998; Mo et al., 2015). Concentrations 
obtained from PM2.5 extraction indicated that nine species out of 28 
analyzed did not show an increase of pollutant in leaves during the study 
period (Table S8). The conditions of severe drought that lasted for thirty 
days may have contributed to this drop in particulate concentrations 
recorded in September (Lin et al., 2021). Unlike the PM10 case, the total 

amount of PM2.5 extracted was more influenced by its fraction extracted 
in chloroform and therefore more intimately adhered to the cuticle 
(Table S8). This is also reflected in the hydrophobic fine particulate 
matter value (ΘPM2,5; 0.111–0. 959, Table S8) which is greater than 
hydrophobic PM10 value (ΘPM10; 0.079–0. 794, Table S5). Leaf PM2.5 
concentrations (CPM2.5) and uptake (UPM2.5) were not well described by 
the principal component analysis, but PCA showed a negative correla
tion between UPM2.5 and ΘPM2,5 (Fig. 5). The same relationship was 
clearly visible between UPM10 and ΘPM10 (Fig. 5) implying that the hy
drophobicity of the leaf surface negatively influences the retention of 
particulate matter as driven by different functional traits (Dzierza
nowski et al., 2011; Wang and Shi, 2021). A positive correlation was 
found between atmospheric concentrations of coarse particulate matter 
(CPM10, a) and uptake of PM10 (Fig. 5). The highest PM10 concentrations 
obtained in the first sampling of this study are comparable with those 
found in urban environments by Sæbø et al. (2012) and Song et al. 
(2015), with the exception of D. draco, from whose leaves twice as much 
was extracted as in previous works (Table S8). The same applies to 
O. europaea and C. humilis, from whose leaves sampled in September, 
twice as much coarse PM was extracted as reported in the aforemen
tioned papers (Table S8). Song et al. (2015) found lower amounts of 
PM2.5 than the analyses in this paper (Table S9), but the proportions of 
fine and coarse particulate matter on plant matrices remain comparable 
(Popek et al., 2013; Song et al., 2015). When comparing the results of 
the present study with those found in similar works, it must be consid
ered that there are differences regarding the plant species analyzed and 
the urban environmental context that determines the pollution to which 
the plants are exposed. So the comparison itself must be done with due 
care and it is not surprising if differences are highlighted. 

The amounts of PAH found in intact leaves represent the sum of 
pollutants on the leaf surface (eventually bound to the cuticle) with 
those translocated into the subcuticular tissues (Prigioniero et al., 2022). 
Data on PAH in intact leaves found in D. draco (LMM and MMM), 
L. lucidum (MMM) and E. crista-galli (HMM) were consistent with the 
findings of Fasani et al. (2016) who related the absence of trichomes to 
higher accumulation of three- and four-ring slowly diffusing PAH. Cutin 
is the main contributor in PAH accumulation, limiting their movement 
to the sub-epidermal tissues (Shechter and Chefetz, 2008; Chen and 
Schnoor, 2009; Li et al., 2010; Mętrak et al., 2016). This was consistent 
with our data about P. canariensis LMM and MMM uptake in dewaxed 
leaves, due the presence of cutan as major component of cuticle 
(Shechter and Chefetz, 2008). 

4.3. Clustering of species according to functional traits, PM and PAH 
concentrations and uptake 

The results emerged from this work highlighted the existence of 
positive correlations between functional traits related to stomata on the 
upper leaf surface (Ss, u, Ssp, u, Ns, u), the concentration and uptakes of 
MMM PAH and the concentration of LMM PAH in dewaxed leaves 
(Fig. 5). These variables grouped P. canariensis, E. camaldulensis, 
E. crista-galli and P. nigra finding corroboration with the assertions and 
investigation of other authors (Gratieri-Sossella, 2005; Nogueira et al., 
2018; Xiong and Flexas, 2020). This correlation, could lead to misin
terpretation, avoidable considering the Mediterranean environment 
climatic characteristics, well expressed in the summer month in which 
sampling was carried out, during which there was no atmospheric pre
cipitation. Stomatal uptakes depends on water availability that could 
induce or avoid stomatal opening (Fowler et al., 2009; Niinemets et al., 
2014). Taking this into account, the results obtained are not comparable 
to other work that correlates these variables on the basis of stomatal 
conductivity given by the opening of stomata (Kováts et al., 2021), since 
in an arid summer month it is unlikely that plants, especially scle
rophyllous, would have opened their stomata for long enough to allow 
the passage and accumulation of PAH in subcuticular tissues (Lange 
et al., 1982; Reichstein et al., 2002; Niinemets and Keenan, 2014). The 

A. Prigioniero et al.                                                                                                                                                                                                                             



Journal of Cleaner Production 418 (2023) 138158

9

reasons for this correlation can be searched by looking at the presence of 
a negative correlation existing between the above group of variables and 
cuticle thickness (Fig. 5). The traits of cuticular thicknesses are also 
positively correlated with the concentrations and uptakes of PAH in 
intact leaves (Fig. 5). These relationships were assessed by Shahid et al. 
(2016) who found that stomatal areas present a breach in the impene
trability of the cuticle due to a thinning of cuticle at the area occupied by 
stomata that favors the entry of pollutants into tissues located below it. 
Relationships between cuticle thickness, concentrations, and pollutant 
uptake are corroborated by the fact that there are pores within plant 
cuticles these are fewer in thicker cuticles for which pollutant infiltra
tion is hindered (Schönherr, 2006; Tredenick et al., 2017). Citrus ×
aurantium showed great attitude to concentrate and accumulate LMM 
and MMM hydrocarbons, in this work and in others (Fasani et al., 2016). 
The negative correlation between PAH uptake in dewaxed leaves and 
esterification indices, found in previous work was confirmed (Fig. 5), 
reinforcing the assertion that cutin is a very effective barrier to prevent 
pollutants translocation (Prigioniero et al., 2022). The prevalence of 
cutan instead of cutin in P. canariensis would result in the lowest Eu and 
Eu allowing pollutant translocation (Chen and Schnoor, 2009; Li et al., 
2010; Mętrak et al., 2016). ΘPM10 and ΘPM2.5 scaled negatively with 
cuticle thickness, PAH concentration and uptake in intact leaves and 
esterification index (Fig. 5) This hydrophobicity most affected the con
centration over time of fine particulate matter, and the ULMM, dw, and 
UHMM, dw, characterizing and justifying the location of E. crista-galli, 
P. nigra, E. camaldulensis, P. dioica and M. azedarach samples (Fig. 5). The 
dependence of the cuticle chemical composition in the hydrocarbons 
penetration into the leaf tissues is supported by these results reflected in 
the literature (Domínguez et al., 2015). 

CPM10 found in our investigation are similar as observed previously 
in leaves of Mediterranean species (Esposito et al., 2020; Sgrigna et al., 
2015), and correlated positively with cuticle thickness and concentra
tions of PAH in the intact leaf in line with other studies looking at 
particulate matter as a carrier for the transport of hydrocarbons (Yang 
et al., 2021). UPM10 was positively correlated with trichome traits (Nt, l, 
St, l, Nt, u and St, u) (Fig. 5). Chamaerops humilis, Q. ilex, O. europaea and 
M. grandiflora are grouped positioned in that area of the graph by the 
presence of trichomes on their surfaces, and the uptake of coarse par
ticulate matter (Fig. 5). High trichome number and surface area, char
acterized these species and justified their ability to concentrate PM10 
(Fig. 5). The concentrations of particulate matter (CPM10, a and CPM2.5, a) 
in the air helped to group and discriminate these four species, also due to 
a positive correlation with the uptake of PM10 (Fig. 5). The ability of 
Q. ilex to sequester PAH has been assessed by other authors (De Nicola 
et al., 2005; Orecchio, 2007), but, we demonstrated that it is the 
trichome surface that determines its capacity to sequester particulate 
matter. Studies suggested that high trichome density allows pollutants 
to accumulate on trichome layers preventing the contact and penetra
tion through the cuticle (Jouraeva et al., 2003; Li et al., 2010; Domí
nguez et al., 2015). In line with these findings, negative correlations 
between MMM PAH uptake in dewaxed leaves were observed with 
trichome traits across species (Fig. 5). One limit of this work was the lack 
of data about PAH concentration in atmosphere, this did not allow to 
assess the correlation between PM2.5 and PAH air concentration 
observed in other studies (Liu et al., 2017). Many works approached at 
functional traits considered as leaf shape (Esposito et al., 2020) or mi
crostructures of the leaves (Zhang et al., 2018; Baraldi et al., 2019; Li 
et al., 2010), but the role of trichome-driven increase of leaf surfaces in 
particulate matter absorption and retention were not deeply 
investigated. 

In this work, the detailed characterization of leaf surface functional 
traits adds to and complements the knowledge of functional traits useful 
for air phytoremediation (Grote et al., 2016; Kattge et al., 2020). New 
and more detailed information were obtained on the functional leaf 
morphologies of tree species. Given the peculiarity of the urban Medi
terranean environment and those of the leaf traits adapted in it, we 

consider the impact of these new data. The leaf economic spectrum of 
Wright et al. (2004) considers as key leaf traits, Leaf mass per area 
(LMA), Photosynthetic assimilation rates, Leaf nitrogen and phosphorus, 
Dark respiration rate and Leaf lifespan, however, especially considering 
the evaluation and application of NBS, these traits may not be sufficient. 
We have brought out a number of highly relevant traits that are not 
included in the leaf economic spectrum and that we consider important 
to study when evaluating nature-based solutions. The characterisation 
of leaf functional traits of 28 tree species allowed us to obtain valuable 
data to suggest new and implement existing patterns of pollutant 
retention and pollutant translocation prevention or promotion into the 
leaf epidermis and non-hydrophobic regions. The difference in leaf 
surface functional traits related to trichomes, stomata and cuticle justify 
part of the different plant performance in air phytoremediation. In this 
study, albeit partially, we defined new data on such a complex mecha
nism as the dry deposition of pollutants in relation to functional traits, 
rather than in relation to the specific identity of the plant organism. 
These new insights will allow the development of studies in different 
environmental contexts and with different species, the results of which 
will be comparable precisely on the basis of the redundancy of func
tional traits. Trichomes increase the leaf surface area and complexity, 
and resulted important in the study of particulate matter fluxes from 
atmosphere to plant canopies. Cuticle physical and chemical features 
regulate PAH accumulation by leaves and their translocation into the 
subcuticular tissue. In this work, only leaf surface functional traits were 
considered, excluding economic leaf spectrum traits (Wright et al., 
2004). However, a positive correlation between leaf dry mass and 
cuticle thickness has been demonstrated (Niinemets, 2002), and this 
opens up the possibility and need for further study of functional traits in 
order to better clarify their role in the relationship plants have with the 
environment. More efforts in this direction will allow us also to fully 
understand the role of each leaf traits in air phytoremediation, 
completing the knowledge useful to select and even improve high per
formance plant species able to be efficient NBS. 

CRediT authorship contribution statement 

Antonello Prigioniero: Investigation, Validation, Conceptualiza
tion, and, Writing – original draft. Alessia Postiglione: Investigation, 
Validation, Conceptualization, and, Writing – original draft. Daniela 
Zuzolo: Conceptualization, Visualization, Data curation, and, Formal 
analysis, Writing – review & editing. Ülo Niinemets: Validation, Su
pervision, and, Writing – review & editing. Maria Tartaglia: Data 
curation. Pierpaolo Scarano: Data curation. Mariano Mercurio: 
Investigation, Visualization. Chiara Germinario: Investigation, Visu
alization. Francesco Izzo: Investigation, Visualization. Marco Tri
fuoggi: Investigation. Maria Toscanesi: Investigation. Rosaria 
Sciarrillo: Conceptualization, and, Supervision. Carmine Guarino: 
Conceptualization, and Supervision. 

Declaration of competing interest 

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

Data availability 

Data will be made available on request. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jclepro.2023.138158. 

A. Prigioniero et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.jclepro.2023.138158
https://doi.org/10.1016/j.jclepro.2023.138158


Journal of Cleaner Production 418 (2023) 138158

10

References 

Anderson, J.O., Thundiyil, J.G., Stolbach, A., 2012. Clearing the air: a review of the 
effects of particulate matter air pollution on human health. J. Med. Toxicol. 8 (2), 
166–175. https://doi.org/10.1007/s13181-011-0203-1. 

Axelrod, D.I., 1975. Evolution and biogeography of madrean-tethyan sclerophyll 
vegetation. Ann. Mo. Bot. Gard. 62, 280–334. https://doi.org/10.2307/2395199. 

Balasooriya, B.L.W.K., Samson, R., Mbikwa, F., Vitharana, U.W.A., Boeckx, P., Van 
Meirvenne, M., 2009. Biomonitoring of urban habitat quality by anatomical and 
chemical leaf characteristics. Environ. Exp. Bot. 65 (2–3), 386–394. https://doi.org/ 
10.1016/j.envexpbot.2008.11.009. 

Baraldi, R., Chieco, C., Neri, L., Facini, O., Rapparini, F., Morrone, L., Rotondi, A., 
Carriero, G., 2019. An integrated study on air mitigation potential of urban 
vegetation: from a multi-trait approach to modeling. Urban For. Urban Green. 41, 
127–138. https://doi.org/10.1016/j.ufug.2019.03.020. 

Blanusa, T., Fantozzi, F., Monaci, F., Bargagli, R., 2015. Leaf trapping and retention of 
particles by holm oak and other common tree species in Mediterranean urban 
environments. Urban For. Urban Green. 14, 4. https://doi.org/10.1016/j. 
ufug.2015.10.004. 

Bosabalidis, A.M., Kofidis, G., 2002. Comparative effects of drought stress on leaf 
anatomy of two olive cultivars. Plant Sci. 163, 375–379. https://doi.org/10.1016/ 
S0168-9452(02)00135-8. 

Brazkova, M., Krastanov, A.I., 2013. Polycyclic Aromatic Hydrocarbons: Sources, Effects 
and Biodegradation. International Scientific Conference of University of Ruse At: 
Razgrad, Bulgaria, p. 52. 

Brook, R.D., Rajagopalan, S., Pope 3rd, C.A., Brook, J.R., Bhatnagar, A., Diez-Roux, A.V., 
Holguin, F., Hong, Y., Luepker, R.V., Mittleman, M.A., et al., 2010. Particulate 
matter air pollution and cardiovascular disease: an update to the scientific statement 
from the American Heart Association. Circulation. American Heart Association 
Council on Epidemiology and Prevention, Council on the Kidney in Cardiovascular 
Disease, and Council on Nutrition, Physical Activity and Metabolism 121 (21), 
2331–2378. https://doi.org/10.1161/CIR.0b013e3181dbece1. 

Bu, W., Huang, J., Xu, H., Zang, R., Ding, Y., Li, Y., Lin, M., Wang, J., Zhang, C., 2019. 
Plant functional traits are the mediators in regulating effects of abiotic site 
conditions on aboveground carbon stock-evidence from a 30 ha tropical forest plot. 
Front. Plant Sci. 9, 1958. https://doi.org/10.3389/fpls.2018.01958. 

Burkhardt, J., 2010. Hygroscopic particles on leaves: nutrients or desiccants? Ecol. 
Monogr. 80, 369–399. https://doi.org/10.1890/09-1988.1. 
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La Riva, E.G., Villar, R., Pérez-Ramos, I.M., Quero, J.L., Matías, L., Poorter, L., 
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