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A B S T R A C T

The ecosystem services provided by urban forests contribute to ameliorate air quality and human well-being in
cities. An integrated approach based on direct measurements of leaf functional multi-traits and on estimation of
the plant mitigation potential was used for predicting the species-specific impact on air quality of 29 species,
including trees and shrubs, commonly present in the urban context. In addition, volatile organic compound
(VOC) emissions and ozone forming potential (OFP) of each species were evaluated. At plant levels, pollution
deposition equations and the i-Tree Eco model were applied for estimating particulate (PM10) and ozone (O3)
removal potential and for calculating carbon dioxide (CO2) storage and sequestration by the studied species. The
results highlight the plant species-specific ability to capture atmospheric pollutants based on their physiological
(CO2 assimilation and stomatal conductance) and morphological (stomata, trichomes, waxes and cuticular or-
namentation) leaf traits. Trees with abundant trichomes, waxes and wrinkled leaf surfaces are considered more
suitable for capturing pollutants. Most of the studied species are suitable for urban planning programs as they
result for the majority low VOC emitters and consequently are characterized by low or moderate OFP. Annual O3

and PM10 removal of the investigated trees species ranged from about 58–140 g plant−1 yr−1 and from about
17–139 g plant−1 yr−1, respectively. Total tree CO2 storage ranged from about 164–215 kg plant−1 and gross
annual CO2 sequestration from 11 to 20 kg plant−1 year−1. Liriodendron tulipifera, Celtis australis, Acer campestre
and Acer platanoides, were efficient species in capturing PM10 and absorbing O3. Prunus cerasifera, Quercus cerris,
together with Celtis australis, Acer campestre and Acer platanoides, were efficient for carbon sequestration and
storage. As aspected, lower potential of pollutant removal and CO2 storage and sequestration were estimated for
shrubs, due to their smaller leaf area and structure.

1. Introduction

Rising anthropogenic greenhouse gas (GHG) emissions and aerosols
are the main drivers of climate change (Kroeger, 2010). Since the be-
ginning of the Industrial Revolution, human activities have produced a
relevant increase of GHG such as carbon dioxide (CO2), nitrogen di-
oxide (NO2), methane (CH4), and ozone (O3) but also particulate matter
(PM), a mixture of heavy metals, black carbon, polycyclic aromatic
hydrocarbons and other substances suspended in the atmosphere (Bell
et al., 2013). Ozone is the third most important greenhouse gas
(Kulkarni et al., 2015) and, together with PM, is the most threatening
secondary air pollutants in the cities (EEA, 2017). The European En-
vironment Agency (EEA) estimated that, during 2013 and 2015, the
European citizens were exposed to PM10 concentrations that were
16–20% and 50–62 % above the EU daily limit values (50 μg m−3) and
the annual reference level (20 μg m−3) of the World Health

Organization (EEA, 2017). Exposure to O3 have been associated with
increased number of hospitalizations and premature mortality for re-
spiratory and cardiovascular diseases (Krmpotic et al., 2015; Nuvolone
et al., 2017). Increasing concern surrounding GHG emissions and par-
ticles has led to numerous global mitigation efforts (IPCC, 2014;
UNFCCC, 2015). A recent study identified and quantified solutions for
increasing carbon sequestration and reducing GHG emissions through
conservation and improvement of the management practices of forest,
wetland and grassland biomes (Griscom et al., 2017). The same study
reported that urban greening programs could provide over one third of
the cost-effective climate mitigation needed between now and 2030 to
stabilize warming to below 2 °C. Forests have long been considered in
climate research for their ability to offset emissions by converting CO2

via photosynthesis in biomass such as leaves, roots, stems and branches
(Roy et al., 2012). Vegetation, particularly urban and periurban forests,
can consistently reduce pollution levels through dry deposition
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processes (Manes et al., 2016) thanks to the adsorption of PM on the
leaf surface (Sæbø et al., 2012) and the uptake of gaseous pollutants
such as O3 through stomatal flux (Nowak et al., 2006). However plant
contribution to urban mitigation depends on complex interactions be-
tween biotic and abiotic environmental factors, pollutant concentra-
tions and plant structural and functional characteristics, which can be
inferred through parameters such as Leaf Area Index (LAI) and stomatal
conductance (gs) (de Groot et al., 2002).

Leaf structural characteristics (e.g. cuticle, epidermis, epicuticular
wax, stomata, and trichomes), together with total leaf area, influence
trees and shrubs efficiency in PM removal from urban atmosphere
(Wang et al., 2010). Conifers are overall considered to be more effective
in PM capture than broadleaved species (Sæbø et al., 2012). Among
broadleaved trees, species with rough leaf surfaces are more efficient in
PM capturing as surface roughness interacts mainly with fine and ultra-
fine particles depending on Brownian diffusion (Hwang et al., 2011; EL-
Khatib et al., 2011). Epidermal trichomes on leaf surface enable leaves
to trap bigger size PM, while ridges and grooves of epidermal cells
lining, veins projections and stomata with wax rings enable the trap-
ping of smaller particles (Jamil et al., 2009). Plants, and particularly
trees, can release volatile organic compounds (VOC) including iso-
prenoids (mainly isoprene and monoterpenes) for defense, commu-
nication and protection against stress conditions (Loreto et al., 2014).
VOC can play a critical role in the biosphere-atmosphere interaction,
contributing to the formation or removal of particles and tropospheric
ozone, depending on the ratio between VOC and nitrogen oxide (NOx)
concentrations in polluted urban/peri-urban airsheds (Kulmala et al.,
2004). Since isoprene and monoterpenes are characterized by different
reaction rates with O3 and NOx, the chemical speciation of emission is
relevant to predict the impact of plant species on air quality (Benjamin
and Winer, 1998; Calfapietra et al., 2013). Isoprenoid emission widely
differs among tree species and even within species, depending on both
physiological and environmental factors (Niinemets et al., 2004;
Baraldi et al., 2006). Lists of the tree species most suitable to urban
environments are available (Sæbø et al., 2013; Grote et al., 2016), with
trees being ranked according to the emitted compounds and their re-
activity with oxidizing radicals in the troposphere (Benjamin et al.,
1996). Research integrating the cumulative effects of urban vegetation
on pollution removal and particularly on carbon sequestration and O3

formation, is challenging due to the complexity of the physical and
chemical processes involved in the trees-atmosphere interactions within
urban areas (Cherlin et al., 2015). Indeed, the beneficial effect of urban
vegetation can be context-dependent due to the high spatial and tem-
poral variability in and among cities. There is a growing attention on
the use of models to study the magnitude of air pollution removal by
plants, in particular to estimate deposition, interception and dispersal
of pollutants by trees (Brack, 2002). The most used model in urban and
peri-urban environment is i-Tree Eco, designed and developed by U.S.
Department of Agriculture Forest Service and several partner organi-
zations (USDA, 2015). i-Tree Eco is designed to describe the urban
forest structure and its potential in pollutant absorption (Nowak et al.,
2008) and it has been used in more than 50 cities across the world
(Nowak et al., 2008), even if its use is still limited for European cities
(Bottalico et al., 2017).

The overall aim of our study was to estimate the contribution of tree
and shrubs species to urban air mitigation. The specific objectives of
this study were: (1) to examine species-specific leaf functional traits,
including gas exchanges and micro-morphological structures, affecting
their potential performance in pollutant reduction; (2) to assess species-
specific VOC emission capacity and OFP, for evaluating the ecosystem
disservices; (3) to estimate at plant level PM10 and O3 removal by ap-
plying pollution deposition equations, and (4) to assess CO2 storage and
sequestration provided by the selected plants using the i-Tree Eco
model. The study was carried out on 25 broadleaf tree species and on 4
evergreen shrubs, commonly planted in the city of Bologna (Italy) and
surrounding areas, with the purpose to provide sustainable solutions for

pollutant mitigation in urban areas and thus to support policy-makers
in the selection and management of urban greening.

2. Materials and methods

2.1. Plant material

Twenty-nine species were selected for the study, including 4 ever-
green shrubs and 25 urban deciduous broadleaf trees (Table 1). The
study was carried out on 3-years-old potted plants grown in well-wa-
tered universal potting soil in the nursery of the Institute of Biome-
teorology of the National Research Council (IBIMET-CNR) in Bologna
(Italy) under natural conditions of light, temperature and humidity.
Three plants for each species were assessed.

2.2. Measurements of physiological and morphological leaf traits

2.2.1. Leaf carbon assimilation and stomatal conductance
Measurements of carbon assimilation (A) and stomatal conductance

(gs) were carried out using a LI-COR 6400 Photosynthesis System (LI-
COR Inc., USA) and were determined on three healthy mature leaves of
each of the three plants for species under standard conditions of 30 °C
and 1000 μmol m−2 s-1 PPFD, as reported in Baraldi et al. (2018). The
physiological responses were monitored between 9 a.m. and 1 pm in
June-July.

2.2.2. Leaf VOC emissions and plant OFP estimation
Standardized VOC emission rates were determined by sampling

VOC simultaneously to A and gs measurements: the outlet of the LI-COR
leaf chamber was connected to steel tubes packed with 200mg of Tenax
GC® and Carbograph (Markes International, Ltd, Llantrisant, UK) linked

Table 1
Plant species sampled for this study. BDL= broadleaf deciduous large plants;
BDS=broadleaf deciduous small plants; BDM=broadleaf deciduous medium
plants; SHR= shrubs.

Scientific name Common name Family Habit

Acer campestre L. Country maple Aceraceae BDL
Acer platanoides L. Norway maple Aceraceae BDL
Alnus glutinosa L. Black alder Betulaceae BDL
Carpinus betulus L. Hornbeam Betulaceae BDL
Catalpa bunjei C.A. Mey. Manchurian catalpa Bignoniaceae BDS
Celtis australis L. European nettle

tree
Ulmaceae BDL

Cercis siliquastrum L. Judas tree Fabaceae BDS
Crataegus monogyna Jacq. Hawthorn Rosaceae BDS
Fraxinus excelsior L. European ash Oleaceae BDM
Fraxinus ornus L. Flowering ash Oleaceae BDM
Gingko biloba L. Maidenhair tree Ginkgoaceae BDL
Koelreuteria paniculata Laxm. Golden raintree Sapindacee BDM
Laurus nobilis L. Bay laurel Lauraceae SHR
Ligustrum japonicum Thunb. Wax-leaf privet Oleaceae SHR
Liquidambar styraciflua L. American storax Altingiaceae BDM
Liriodendron tulipifera L. Tulip tree Magnoliaceae BDL
Malus domestica Borkh. Apple tree Rosaceae BDS
Morus alba L. White mulberry Moraceae BDS
Prunus cerasifera “pissardii”

Ehrh.
Cherry plum Rosaceae BDS

Parrotia persica C.A. Mey. Persian ironwood Hamamelidaceae BDM
Photinia x fraseri “Red Robin”

Dress.
Red robin Rosaceae SHR

Quercus cerris L. Turkey oak Fagaceae BDL
Robinia pseudoacacia L., Black locust Fabaceae BDM
Sambucus nigra L. Black elder Caprifoliaceae BDS
Sophora japonica L. Japanese pagoda

tree
Fabaceae BDM

Tilia cordata Mill. Small-leaved lime Tiliaceae BDL
Tilia platyphyllos Scop. Broad leaved lime Tiliaceae BDL
Ulmus minor Mill. Field elm Ulmaceae BDL
Viburnum tinus L. Laurustinus Caprifoliaceae SHR
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to an external pump (Pocket Pump SKC Inc., USA). A volume of 2.5 l air
was adsorbed at a flow rate of 200ml min−1, then the samples were
processed and analysed with a thermal-desorber (Markes International,
Series 2 Unity) connected to a 7890 A gas chromatograph coupled with
a 5975C mass detector (GC–MS, Agilent Technologies, Wilmington,
USA) as described in Baraldi et al. (2018). Identification and quantifi-
cation of the sampled isoprenoid iwere carried out according to
Rapparini et al. (2004).

OFP was estimated for each species according to Benjamin and
Winer (1998) as:

OFP=B [(EisoRiso) + (EmonoRmono)],

where B is the biomass factor [(g leaf dry weight) plant−1], Eiso and
Emono are species-specific mass emission rates [(μg VOC) g−1 leaf dry
weight d−1] for isoprene and monoterpenes, respectively, Riso and
Rmono are reactivity factors [(g O3 g−1 VOC] based upon the Maximum
Incremental Reactivity scale (MIRs) provided by Carter (1994). The
biomass factors were estimated according to Benjamin and Winer
(1998) and Hallik et al. (2009). A reactivity factor of 9.1 g O3 (g iso-
prene)-1 for isoprene and an average reactivity factor of 3.8 g O3 (g
monoterpene)-1 for monoterpenes were assumed. The O3 formed may
depend on NOx concentrations, meteorological conditions, and atmo-
spheric reactions. In the present study, it was assumed that NOx and
meteorological conditions were not limiting factors in the O3 produced.

2.2.3. Leaf micromorphological analysis
Leaf micromorphological analyses were carried out with a scanning

electron microscope (SEM, LEO 1530; Zeiss, Oberkochen, Germany), as
reported in Baraldi et al. (2018), using a glass desiccator to best pre-
serve the wax structure on both surfaces (Chieco et al., 2012). The
stomatal density was determined using an image analysis software
(Leica Application Suite V4, Germany), taking three images for each
sample. Nine total values for the abaxial surface of each species were

determined and standardized to 1mm2 leaf surface. Trichomes were
classified considering typology such as glandular (capitate or peltate) or
non-glandular (simple or filiform), and distribution (Hardin, 1992).
Epicuticular waxes were classified considering abundance, typology
and distribution (Barthlott et al., 1998). Finally, the typology of cuti-
cular ornamentations was investigated (EL-Khatib et al., 2011).

2.3. Estimation of PM10 and O3 removal

Two main air pollutants were considered: particulate matter (PM10)
and tropospheric ozone. As reported by other Italian studies (Manes
et al., 2014; Bottalico et al., 2017), we modeled air pollution removal at
leaf level. The meteorological data (air temperature, photosynthetic
active radiation, atmospheric pressure and relative humidity), hourly
concentration data for O3 and monthly concentration for PM10 (g m−2)
of the year 2015 were provided by two monitoring stations of the Re-
gional Agency for Environmental Protection (ARPAE). The i-Tree Eco
model was used to estimate leaf area of medium size tree (diameter at
breast height, DBH, 30 cm) and shrub (DBH 10 cm) using equations that
predict leaf area index (LAI) and canopy cover for open grown decid-
uous urban trees based on crown parameters (Nowak et al., 2006). The
annual PM10 deposition was calculated according to Bottalico et al.
(2017) as:

PM10 deposition (g m−2) = Vd x Ci x Ti x 24× 3600×0.5

where Vd is dry deposition velocity (m s−1) for PM10, set to an average
0.0064m s-1 according to Lovett (1994); Ci is mean yearly PM10 con-
centration (μg m-3); Ti is number of days year−1 (we assumed 183 days
of vegetative period for broadleaves deciduous trees and throughout the
year for evergreen shrubs); 0.5 is the 50% of resuspension rate of
particles back to the atmosphere (Hirabayashi et al., 2012). Stomatal O3

fluxes (FO3) were calculated according to the species-specific para-
meterizations reported in Bottalico et al. (2017) and Manes et al.

Table 2
CO2 assimilation (A), stomatal conductance (gs), isoprene and total monoterpenes emission for the studied species. Data are reported as means ± standard error
(n=3). n.d. = not detected. Ozone forming potential (OFP) is referred to daylight hours. Superscript letters in the same column indicate significant differences at
P < 0.05.

Species name A gs Isoprene Monoterpenes OFP
μmol CO2m−2 s−1 mol H2O m−2 s−1 μg g dw−1 h−1 μg g dw−1 h−1 g tree−1 d−1

Acer campestre 14.0 ± 0.5a−d 0.1 ± 0.02efg n.d. 1.0 ± 0.4d 0
Acer platanoides 12.5 ± 0.9b−h 1.0 ± 0.1a 0.02 ± 0.0d 4.4 ± 0.3b 1
Alnus glutinosa 8.6 ± 1.7k−m 0.1 ± 0.02efg 0.3 ± 0.3d 1.1 ± 0.04d 0
Carpinus betulus 7.2 ± 0.2l−q 0.05 ± 0.01g n.d. 3.0 ± 1.6bc 1
Catalpa bungei 10.6 ± 1.6h−k 0.3 ± 0.07b 0.2 ± 0.2d 0.3 ± 0.005d 0
Celtis australis 13.0 ± 0.6bcd 0.2 ± 0.01d 0.01 ± 0.004d 7.6 ± 0.3a 2
Cercis siliquastrum 8.0 ± 0.3l−p 0.2 ± 0.02def 11.1 ± 3.5bc 1.6 ± 0.01cd 7
Crataegus monogyna 10.2 ± 2.5f−l 0.3 ± 0.21bc n.d. 0.4 ± 0.1d 0
Fraxinus excelsior 9.0 ± 0.2i−m 0.06 ± 0.0001g n.d. 0.9 ± 0.02d 0
Fraxinus ornus 12.6 ± 0.1b−h 0.3 ± 0.0002bc n.d. 0.03 ± 0.02d 0
Ginkgo biloba 6.8 ± 0.3m−p 0.1 ± 0.01fg 0.6 ± 0.2d 0.1 ± 0.002d 0
Koelreuteria paniculata 4.7 ± 0.6q 0.06 ± 0.01g 0.7 ± 0.2d 0.1 ± 0.001d 0
Liquidambar styraciflua 9.3 ± 1.0i−l 0.06 ± 0.02g 18.9 ± 2.0a 0.4 ± 0.02d 5
Liriodendron tulipifera 10.2 ± 1.2e−l 0.1 ± 0.002efg 4.1 ± 1.2cd 8.4 ± 1.6a 4
Malus domestica 13.2 ± 2.5a−g 0.1 ± 0.01efg 0.07 ± 0.05d 1.6 ± 1.1cd 0
Morus alba 11.6 ± 0.9d−i 0.1 ± 0.03dc 0.6 ± 0.2d 0.7 ± 0.02d 0
Parrotia persica 15.2 ± 1.3ab 0.1 ± 0.02efg 0.6 ± 0.2d 0.5 ± 0.01d 0
Prunus cerasifera 15.5 ± 0.8abc 0.3 ± 0.02b 0.5 ± 0.0d 0.48 ± 0.01d 0
Quercus cerris 12.2 ± 0.3b−i 0.1 ± 0.0001efg 0.1 ± 0.001d 0.3 ± 0.07d 0
Robinia pseudoacacia 8.6 ± 2.2k−n 0.1 ± 0.05efg 16.0 ± 6.9ab 0.5 ± 0.003d 1
Sambucus nigra 5.7 ± 0.4opq 0.05 ± 0.003g 0.1 ± 0.04d 0.9 ± 0.2d 0
Sophora japonica 9.5 ± 1.7ikl 0.2 ± 0.03de 12.3 ± 3.6ab 0.2 ± 0.003d 7
Tilia cordata 11.9 ± 1.2c−j 0.2 ± 0.01cde n.d. 3.4 ± 0.1b 1
Tilia platyphyllos 11.3 ± 0.9ghi 0.2 ± 0.03de 0.09 ± 0.004d 7.7 ± 1.23a 2
Ulmus minor 15.5 ± 0.8a 0.3 ± 0.04b 0.2 ± 0.05d 0.4 ± 0.03d 0
Laurus nobilis 5.9 ± 0.3pq 0.06 ± 0.005g 0.1 ± 0.05d 0.8 ± 0.1d 0
Ligustrum japonicum 7.8 ± 0.7lmn 0.1 ± 0.01fg 0.1 ± 0.06d 0.1 ± 0.01d 0
Photinia x fraseri 8.0 ± 0.3lmn 0.1 ± 0.001fg 0.1 ± 0.03d 0.49 ± 0.1d 0
Viburnum tinus 6.2 ± 0.5n−q 0.07 ± 0.001g 0.05 ± 0.02d 1.05 ± 0.2d 0
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(2016):

FO3 = gmax x [O3] x 0.613

where FO3 is instantaneous stomatal O3 flux (nmol m−2 s−1); gmax is
species-specific maximum stomatal conductance to water vapour (mol
m−2 proiected leaf area s-1) under optimal conditions (Bottalico et al.,
2017); [O3] is O3 annual concentration in ppb (nmol mol-1); 0.613 is
diffusibility ratio between O3 and water vapor. The instantaneous fluxes
were used to calculate the total annual cumulated O3 fluxes for each
species:

FO3 cum=FO3 x 3600 x Ph x 10−9

where FO3 cum is annual cumulated stomatal O3 flux (mol m−2 yr−1);
Ph is photoperiod in hours (8 daily hours) and days of the year; 10-9 is a
dimensional correction factor. It was assumed that stomatal O3 flux
corresponds to 30% of total potential O3 removal (FO3 t) consisting of
both stomatal and non-stomatal processes: FO3 t= FO3cum/0.3. FO3 t
was then converted in g to obtain the annual O3 absorbed by each
species.

2.3.1. CO2 storage and sequestration
CO2 storage and sequestration were estimated by the i-Tree Eco

Model. This model (formerly Urban Forest Effects – UFORE model)
(Nowak et al., 2008) was developed by the U.S. Department of Agri-
culture Forest Service (Nowak and Crane, 2000; USDA, 2015) and it

allows studying the structure and services of the forest ecosystems.
Carbon storage and annual sequestration of medium size trees and
shrubs were estimated using biomass and allometric equations that
combined average values of stem diameter (DBH), tree and crown
height, crown width, crown light exposure, and climatic conditions.
The allometric equations and conversion factors were taken from the
literature to estimate whole tree dry weight biomass (Nowak, 1994;
Nowak et al., 2008). To facilitate national estimates of carbon storage
and sequestration, the carbon data were standardized per unit of tree
cover (Lawrence et al., 2012).

2.3.2. Statistical analysis
Statistical analyses were performed with SAS 9.4/STAT software

(SAS Institute, Cary, USA). For the physiological variables, one-way
analysis of variance (ANOVA, Newman-Keul test) was used to analyze
the differences among treatments. Differences were considered sig-
nificant with P< 0.05.

3. Results and discussion

3.1. Leaf-trait analysis

3.1.1. Results of CO2 assimilation and stomatal conductance
CO2 assimilation and stomatal conductance were species-specific as

also reported by Gunderson et al. (2002) (Table 2). The highest pho-
tosynthesic values were measured in A. campestre, M. domestica, P.

Fig. 1. Scanning electron micrograph of trichomes. A: simple.
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cerasifera, P. persica and U. minor (from 13.2–15.5 μmol CO2m−2 s−1).
The species A. platanoides, C. bungei, C. australis, C. monogyna, F.ornus,
L. tulipifera, M. alba, Q. cerris, T. cordata and T. platyphillos showed
medium carbon assimilation rates with values ranging between 10 and
13 μmol CO2 m−2 s−1. The remaining species were characterized by
lower photosynthesic rates with values ranging between 9.0 and
4.7 μmol CO2m−2 s−1. As carbon is a major component of plant
structures and is naturally sequestered in plant tissues through photo-
synthesis, the high CO2 assimilation, especially in A. campestre, P. cer-
asifera and P. persica, confirmed the highest CO2 sequestration from
these species (Perlmatter et al., 2017).

Stomatal conductance varied among species, with the highest values
found in A. platanoides (1.0 mol m−2 s−1), followed by C. bungei, C.
monogyna, F. ornus, P. cerasifera, U. minor with 0.3 mol m−2 s-1

(Table 2). The tree species A. campestre, A. glutinosa, C. australis, C.
siliquastrum, G. biloba, L. tulipifera, M. domestica, M. alba, P. persica, Q.
cerris, R. pseudoacacia, S. japonica, T. cordata, T. plathyphyllos, and the
shrubs L. japonicum and P. fraseri had medium gs, with values ranging
between 0.20 and 0.10mol m−2 s−1. The remaining species showed the

lowest gs, with values ranging between 0.05 and 0.07mol m−2 s−1. As
carbon assimilation is linked to stomatal activity (Singh et al., 2017),
the species with the highest gas exchange rates were deemed more
suitable for CO2 mitigation. The differences in gas exchanges across the
species illustrate the importance of selecting the most suitable tree and
shrub species for urban greening programmes. Stomatal conductance is
relevant as it also determines stomatal uptake of air pollutants, and
consequently gaseous pollutant reduction (Fowler, 2002). However,
pollutants can negatively affect the physiological functions of some
plants (Calfapietra et al., 2015). For example it has been reported that
O3 may cause growth reduction in poplar trees (Carriero et al., 2015)
and an impairment of physiological traits in deciduous plants (Hoshika
et al., 2014) slowing stomatal response to reduced water availability
(Paoletti, 2005). Another study reported that NOx exposure induces
species-specific changes in growth and phenology, with a consistent
trend for accelerated senescence and delayed flowering (Honour et al.,
2009). Leaf surface characteristics are also affected by particulate de-
position as a long PM exposure may change surface wax structure
(Honour et al., 2009). Therefore, the most suitable species for

Fig. 2. Scanning electron micrograph of trichomes. A simple, B capitata, C peltata.
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atmospheric pollutants remediation are considered those with the
higher stomatal conductance rates and lower pollutants sensitivity
(Singh and Verma, 2007).

3.1.2. VOC emission and OFP
VOC emission data reported in Table 2 indicated a species-specific

release of isoprenoids, specifically of isoprene and different mono-
terpenes. Our results on isoprene emitting species are in agreement
with previous findings (Benjamin and Winer, 1998; Khedive et al.,
2017; Ren et al., 2017; Samson et al., 2017). According to the emission
classification by Benjamin et al. (1996) and Wiedinmyer et al. (2004),
L. styraciflua, R. pseudoacacia, S. japonica and C. siliquastrum were
identified as high isoprene emitters, L. tulipifera as moderate isoprene
emitter, while the remaining species were low isoprene emitters. Iso-
prene emission rate of shrub species resulted negligible.

All the analysed species emitted monoterpenes (Benjamin et al.,
1996; Benjamin and Winer, 1998) (Table 2). In particular, moderate
monoterpene emission rates were found in L. tulipifera, T. plathyphyllos,

C. australis, A. platanoides, T. cordata, C. betulus, C. siliquastrum, M.
domestica, V. tinus, A. glutinosa and A. campestre, while the remaining
species were low emitters. Nineteen monoterpenes were identified by
GC–MS analysis: α-pinene, camphene, sabinene, β-pinene, β-myrcene,
α-phellandrene, Δ3-carene, α-terpinene, p-cymene, β-phellandrene, 1,
8 cineole, limonene, cis-β-ocimene, trans-β-ocimene, γ-terpinene, α-
terpinolene, linalool, camphor. The most representative monoterpenes
emitted from all the species were: trans-β-ocimene, representing 23% of
the total emitted monoterpenes, sabinene (17%), cis-β-ocimene (14%),
β-myrcene (11%), limonene (10%) α-pinene (7%), linalool (3%), β-
pinene (3%), and 1, 8 cineol (2%) (data not shown).

The experimental determination of VOC emissions from the selected
shrub species showed low emission rates of monoterpenes, with the
exception of moderate emissions from V. tinus, as previously observed
(Benjamin et al., 1996; Shi et al., 2011).

All the species were listed according to their potentiality to form
ozone (Benjamin et al., 1996) as species with low OFP, producing less
than 1 g O3 (tree)−1 d−1, medium OFP, producing 1–10 g O3 (tree)−1

Fig. 3. Scanning electron micrograph of waxes; A Waxes covering the whole leaf surface.

R. Baraldi, et al. Urban Forestry & Urban Greening 41 (2019) 127–138

133



d−1, and high OFP, producing more than 10 g O3 (tree)−1 d−1. Among
the studied species, none had high OFP, while C. siliquastrum, S. japo-
nica, L. styraciflua, L. tulipifera, C. australis and T. platyphyllos had
medium OFP (Table 2). The remaining species presented low OFP. This
OFP variability was due to differences in biomass factors and in the
reactivity of the emitted hydrocarbons. Indeed, usually species with
high OFP are characterized by high biomass and/or high isoprene
emissions whereas species with low OFP have low biomass and/or low
isoprene emissions (Benjamin et al., 1998). OFP of a given species, as
for the trees and shrubs we studied, is therefore a function not only of
the biomass emissions but also of its hydrocarbon speciation profile and
the reactivities of the emitted VOC, as well as of locations and emission
time (Calfapietra et al., 2013). Emission of volatile isoprenoids is a
metabolic cost for plants, but benefits such as improved thermo-
tolerance and higher antioxidant capacity, may outweigh the cost
(Fineschi and Loreto, 2012; Loreto and Schnitzler, 2010); it might thus
be expected that in a world where temperature and oxidative stress are
constantly increasing, BVOC emission from species set in urban

environment might vary as well.

3.2. Species-specific leaf morphological traits

3.2.1. Stomata density
Stomata were mostly present on the abaxial surface. The highest

stomata density was found in Q. cerris, K. paniculata, M. alba, A. cam-
pestre, L. styraciflua, P. persica, C. australis, M. domestica, P. cerasifera,
and U. minor, ranging between 400 and 600 stomata mm−2; F. ornus, L.
japonicum, F. excelsior, L. nobilis, A. platanoides, P. fraseri, C. betulus, A.
glutinosa and C. bungei had a medium stomatal density (between 300
and 200 stomata mm−2) and finally, C. siliquastrum, C. monogyna, R.
pseudoacacia, T. cordata, T. platyphyllos, V. tinus, S. nigra, G. biloba, L.
tulipifera, and S. japonica had a low stomata density (between 100 and
200 stomata mm−2) (data not shown). Dust-retention increases with
the increase of stomata number (Liu et al., 2012), thus species with
higher stomata density are supposed to have the potential to absorb
particulate more efficiently.

Fig. 4. Scanning electron micrograph of waxes; A Waxes covering the whole leaf surface.
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3.2.2. Trichomes, waxes and cuticle ornamentations
Trichomes were observed on both the adaxial and the abaxial leaf

surfaces of most of the tree species (Fig. 1), with the exception of A.
platanoides C. betulus, C. bungei and Q. cerris, in which trichomes were
present only on the abaxial surface and A. glutinosa, C. siliquastrum, G.
biloba, L. tulipifera and T. cordata, in which thricomes were completely
absent (Table 3). The presence of trichomes on both the leaf surfaces
enabled the leaves to trap bigger size particles (Jamil et al., 2009). The
shrubs species did not present trichomes, with the exception of L.

japonicum, characterized by peltate trichomes on both leaf surfaces
(Fig. 2). Waxes were present in several tree species, usually as scattered
platelets or granules, often completely covering the leaf surface (e.g. C.
siliquastrum, T. cordata, Figs. 3 and 4). All the shrubs species were
characterized by abundant waxes on both abaxial and adaxial leaf
surfaces (e.g. L. Japonicum, Fig. 3). Leaf surface of both trees and shrub
species usually presented ridges, varying in depth, and furrows, formed
by epidermal cells linings, protruding stomata or veins projections (e.g.
L. tulipifera, M. alba, Fig. 5); micro ridges were often present as well

Fig. 5. Scanning electron micrograph of cuticular ornamentations; A ridges and furrows.

Fig. 6. Scanning electron micrograph of cuticular ornamentations; A fine striation, B ridges and furrows formed by epidermal cells linings, C micro ridges.
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(e.g. C. bungei, F. excelsior, Fig. 6). All the tested species were overall
characterized by rough leaf surface, together with abundant trichomes
(A. campestre, C. australis, M. domestica and T. platyphyllos) or abundant
waxes on both leaf surfaces (A. glutinosa, C. siliquastrum, C. monogina, F.
ornus, G. biloba, K. paniculata, L. tulipifera, R. pseudoacacia, S. japonica,
T. cordata, L. japonicum, and V. tinus). These morphological character-
istics could play a key role in urban mitigation. In fact, pollutant re-
moval ability depends on the presence of trichomes (Liang et al., 2016)
and epicuticular waxes (Perini et al., 2017) that trap particles from the
atmosphere. Additionally, complex and rough leaf surfaces are more
efficient in PM capturing than smooth leaf surfaces (Beckett et al.,
2000). In fact micro-roughness such as trichomes, ridges and furrows
formed by epidermal cell lining, veins projections, stomata protected
with wax rings, cuticular arches, sunken stomata (EL-Khatib et al.,
2011), and micro-ridges formed by epidermal projections (Jamil et al.,
2009) enhance the capturing of fine and ultrafine particles.

3.3. Plant performance in pollution removal

Leaf structure significantly affects the ability of plants to capture PM
(Zhang et al., 2018). Among the studied species, the highest PM10 re-
moval was found in L. tulipifera, C. australis, A. campestre, A. plata-
noides, U. minor and F. excelsior, with values ranging from 90 to almost
140 g plant−1yr−1 (Table 4). It was assumed that the difference in
particle removal among broadleaf trees was due to leaf surface rough-
ness (Hwang et al., 2011). Although the leaf micro- and macro-
morphological characteristics of these species (i.e. trichomes, waxes

and ridges) were suitable for removing particulate from the urban at-
mosphere, their high PM10 removal was mainly due to the larger leaf
area compared to the others (Wang et al., 2010). The values we ob-
tained were in accordance with previous reports, for the species that
had already been investigated, such as L. styraciflua and T. cordata
(Grote et al., 2016)

The highest O3 absorption was found in C. betulus, A. campestre, A.
platanoides, K. paniculata, C. australis, F. excelsior, F. ornus and U. minor
with values higher or equal to 130 g plant−1yr−1 (Table 4). O3 uptake
depends on stomatal conductance, leaf surface, leaf physiological age,
leaf diffusion resistance (Mikkelsen et al., 2004), trunks, leaf cuticular
layer and soil moisture (De Santis et al., 2004), that overall contribute
to O3 deposition. In fact, also for the tested species, the O3 absorption
efficiency was mainly affected by both Gs and LAI. The ability of urban
forests in removing troposheric O3 was already demonstrated by Manes
et al. (2012), reporting that the large deciduous forest dominated by
Quercus cerris, characterized in our work by a medium O3 absorption
(around 120 g plant−1yr−1) in Castelporziano, enhanced urban air
quality, in a manner related to the physiology and phenology of the
species present.

3.4. CO2 storage and sequestration

The highest CO2 storage and sequestration was found for A. cam-
pestre, A. platanoides, C. australis, F. ornus, M. domestica, P. cerasifera,
P. persica, Q. cerris and U. minor, while the lowest was found, as as-
pected, for shrubs (Table 4). Trees act as a sink for CO2 by fixing carbon
during photosynthesis and storing excess carbon as biomass. In fact, the
CO2 storage and sequestration of the species listed above correlated
with their photosynthetic efficiency (Table 2). Anyway, larger trees
tend to extract and store more CO2 from the atmosphere, having a
greater leaf area (Brack, 2002). Evergreen species, such as shrubs, al-
though having lower CO2 storage and sequestration abilities than de-
ciduous trees, may contribute to reduce CO2 throughout the year by
their continuous photosynthetic activity, in particular during winter-
time, when traffic is more intense (Nowak et al., 2006). Increasing the
number of trees in polluted environments could potentially slow the
accumulation of CO2 in the atmosphere.

4. Conclusions

The present study, based on both empirical experiments and mod-
eling studies of plant capacity of air mitigation, supports the evidence
of the role played by urban deciduous broadleaves and evergreen spe-
cies on CO2 emission offset and pollutants reduction. The multi-trait
analysis revealed the importance of interspecific variability in plant
features, which have significant functional impacts for pollutant miti-
gation. The majority of the studied species were characterized by leaf
traits enabling plants to effectively trap particles, reduce gaseous pol-
lutants such as O3 and sequestered CO2 at the whole plant level, al-
thought with different efficiency also affected by leaf areas. Besides, the
low or moderate OFP make them suitable for selection of efficient air-
mitigating vegetation by urban planting programs aiming at improving
urban air quality, according to the environmental benefit to be reached.
Liriodendron tulipifera, Celtis australis, Acer campestre and Acer plata-
noides, represent efficient species in capturing PM10 and absorbing O3.
Prunus cerasifera, Quercus cerris, together with Celtis australis, Acer
campestre and Acer platanoides, are suitable for efficiently sequester and
storage CO2. Althought shrubs, for their structural characteristics, are
less efficient in pollutant removal and carbon sequestration, their
contribution to improving air quality and human health can be re-
levant, acting as a barrier in the lower strata of planting. Species-spe-
cific information is also important to improve model and equations,
which do not take into account important plant features and environ-
mental constrains that can enhance or limit the plant potential of pol-
lutant uptake, especially in the Mediterranean region, considered one of

Table 4
PM10 removal (g plant−1 yr−1), O3 absorption (g plant−1 yr−1), carbon storage
(kg plant−1) and carbon sequestration (kg plant -1yr−1) of the studied species.
Carbon storage and sequestration are calculated with i-Tree Eco model for
medium size trees and shrubs.

Species PM10

removal
O3

absorption
CO2 storage Gross CO2

sequestration
[g
plant−1

yr−1]

[g plant−1

yr−1]
[kg plant−1] [kg plant−1

yr−1]

Acer campestre 104.40 137.03 772.63 65.15
Acer platanoides 104.40 137.03 738.59 62.95
Alnus glutinosa 67.82 118.23 703.45 64.78
Carpinus betulus 68.62 140.25 674.17 62.95
Catalpa bungei 44.98 121.20 687.35 63.68
Celtis australis 132.07 133.81 690.28 64.05
Cercis siliquastrum 67.82 118.23 695.03 64.42
Crataegus monogyna 20.85 58.87 662.09 62.22
Fraxinus excelsior 90.34 130.60 637.57 53.80
Fraxinus ornus 76.02 130.60 637.57 53.80
Ginkgo biloba 63.50 109.33 698.32 64.42
Koelreuteria

paniculata
72.82 137.03 697.60 64.42

Liquidambar
styraciflua

71.50 95.23 602.80 43.55

Liriodendron
tulipifera

139.70 127.38 559.61 51.97

Malus domestica 42.14 97.95 655.14 61.49
Morus alba 66.11 115.26 679.30 63.32
Parrotia persica 74.91 92.51 715.90 65.88
Prunus cerasifera 63.63 109.33 789.10 74.66
Quercus cerris 66.12 124.42 784.70 74.66
Robinia

pseudoacacia
70.00 115.26 708.21 65.15

Sambucus nigra 17.02 50.46 644.89 60.76
Sophora japonica 49.86 118.23 695.03 64.42
Tilia platyphyllos 71.05 97.95 446.52 40.63
Tilia cordata 72.94 110.32 446.52 40.63
Ulmus minor 94.74 130.60 568.03 52.70
Laurus nobilis 18.82 70.45 54.17 14.27
Ligustrum japonicum 21.16 66.90 56.36 14.27
Photinia x fraseri 18.82 70.45 54.90 13.90
Viburnum tinus 13.58 60.39 49.41 13.54
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the areas most sensitive to global warming and future climate extreme
conditions.H

Mapping the efficieowever, the results of this study.
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