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ABSTRACT: Cities are responsible for more than 80% of global greenhouse gas
emissions. Sequestration of air pollutants is one of the main ecosystem services that
urban forests provide to the citizens. The atmospheric concentration of several
pollutants such as carbon dioxide (CO2), tropospheric ozone (O3), and particulate
matter (PM) can be reduced by urban trees through processes of adsorption and
deposition. We predict the quantity of CO2, O3, and PM removed by urban tree species
with the multilayer canopy model AIRTREE in two representative urban parks in Italy:
Park of Castel di Guido, a 3673 ha reforested area located northwest of Rome, and Park
of Valentino, a 42 ha urban park in downtown Turin. We estimated a total annual
removal of 1005 and 500 kg of carbon per hectare, 8.1 and 1.42 kg of ozone per hectare,
and 8.4 and 8 kg of PM10 per hectare. We highlighted differences in pollutant
sequestration between urban areas and between species, shedding light on the
importance to perform extensive in situ measurements and modeling analysis of tree
characteristics to provide realistic estimates of urban parks to deliver ecosystem services.

■ INTRODUCTION

Air quality in the Mediterranean cities is compromised by the
expansion of urban population with serious implication for
human health. Exposure to particles has been correlated with
premature mortality worldwide.1 In Europe, despite the air
quality policies have produced improvements in the last few
years, about 17% of the EU-28 urban population was exposed
to PM10 above the EU daily limit value for the reference year
2017.2 In Italy, exposure to fine particles and ozone is
responsible for over 66,000 premature deaths every year and
19.5 times higher than road accidents in 2017.3 Particles are
generated mainly by residential energy use such as cooking and
heating, but also by vehicular emissions, power generation, and
agriculture.4 By 2100, at midlatitudes of the Northern
Hemisphere, the mean global background O3 concentration
is expected to increase from the current level of 35−50 to 85
ppb.5,6 According to the analysis by Sicard et al. (2018),7 the
annual mean concentrations of tropospheric ozone (O3) grew
on average by 0.16 ppb per year in cities across the globe over
the period 1995−2014. Future strategies of urban development
will necessarily have to consider additional measures to
ameliorate air quality to improve human health and well-
being. Together with adoption of a new technology in the
energy sector and mobility, it is now clear that urban and
periurban parks can deliver a multitude of ecosystems services
and, therefore, can provide a significant contribution to the air
quality improvement.8,9 Several studies demonstrated that the
concentration of air pollutants primarily emitted from

vehicular traffic and industrial combustion processes is lower
in the middle of parks, compared with industrial areas or near
heavy traffic roads.10,11 Therefore, urban parks provide cleaner
air to citizens, and in general air quality measurements in urban
parks can be adopted as reference of local background levels.12

Dry deposition represents the main pathway in plant
ecosystems, especially in the dry Mediterranean region,
where vegetation has been described to remove pollutants
from the atmosphere.13 This “sink” capacity of plants results
from interactions between meteorology, chemical, and physical
characteristics of the pollutants and the properties of the
canopy.14 Carbon dioxide (CO2) represents the main
anthropogenic greenhouse gas emission, mainly coming from
heating of buildings, vehicular emissions, and cooking. Urban
trees can sequestrate CO2 through photosynthesis, and store
carbon as biomass in plants and soil. As previously
demonstrated in urban-to-rural comparisons showing lower
CO2 concentration in the presence of vegetation,15,16 urban
parks in the city may slightly decrease concentrations of
atmospheric CO2 locally, especially when they are away from
strong emitting sources.
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While the photosynthetic process and carbon assimilation
have been widely investigated, plant leaves can additionally
absorb pollutants when they penetrate through stomata.17

Even particles can be intercepted by vegetation and retained
on the surface of leaves, trunks bark, or can be absorbed into
plant tissues.18 Ozone deposition has been described in several
agricultural and forest ecosystems, displaying two separate
sinks: leaf stomata, and plant/soil surfaces.19 Green surfaces
have indeed an added value versus nonvegetation surfaces
because the stomatal sink can represent on average 45% of
total sequestration with peaks up to 70% thanks to the capacity
of leaves to detoxify this pollutant once it penetrates inside
intercellular spaces.19 As leaves and crowns are the active
interface between plant and atmosphere, canopy attributes like
leaf area index (LAI) strongly influence plant ability to
intercept atmospheric particles and gases. Previous studies
clearly show that forest ecosystems can sequestrate particles,20

but deposition is still poorly investigated especially in the
Mediterranean region, also considering that the particle size
and shape greatly influence deposition on plant surfaces.21 It is
clear that LAI, hairiness, and wax content affect deposition, but
also meteorological variables (precipitation, solar radiation,
humidity, wind speed, temperature, and turbulence) have an
impact on the magnitude of deposition velocity and thus the
capacity of plants to ameliorate air quality.22,23 Urban planning

and management (plant species or planting configuration) has
also an impact on dry deposition at the stand/regional level.23

Because most particles are deposited on leaves, higher
deposition can be expected on evergreen species rather than
on deciduous species.
Urban forest tree monitoring and assessment are rapidly

evolving in a historic period in which new techniques and tools
become rapidly available. However, there is a lack of evidence-
based realistic estimates of the ecosystem services delivered by
urban parks.24 Models traditionally used to predict particulate
matter (PM) removal are often based on empirical
meteorological algorithms, which still deserve to be tested
against a multitude of forest ecosystems and rely on a number
of dendrometric attributes in order to provide realistic
estimations.8,18,25−27

In this study, we performed two field campaigns in two
relevant urban parks in Rome and Turin (Italy), and measured
structural tree properties and ecophysiological indicators of a
wide range and class distribution of typical tree species used in
the Mediterranean regions in streets and parks. We adopted
input parameters collected in situ into a canopy model
(AIRTREE26) to estimate CO2, O3, and PM sequestration by
thousands of trees. Our study was designed to improve
knowledge of structural and ecophysiological characteristics of
a wide range of urban trees to support realistic estimation of

Table 1. NPP, Tropospheric Ozone (O3), and Particle (PM10 and PM2.5) Dry Deposition Simulated by the AIRTREE Model
for the Year 2018 at Castel di Guido Natural Reservea

species dbh (cm) NPP (g m−2) NPP class O3 (g m−2) O3 class PM10 (g m−2) PM10 class PM2.5 (g m−2) PM2.5 class

A. campestre 35 354.23 ± 38.76 IV 2.97 ± 0.02 V 1.01 ± 0.0482 II 0.09 ± 0.0041 I
Acer negundo 15 46.6 I 2.75 V 0.77 I 0.06 I
A. cordata 35 438.59 ± 39.9 V 3.27 ± 0.05 VI 1 ± 0.0405 II 0.08 ± 0.0034 I
C. atlantica 35 938.24 ± 128.36 X 5.67 ± 0.33 X 7.39 ± 1.272 VIII 1.01 ± 0.1739 X
C. australis 35 392.79 IV 2.8 V 0.93 I 0.08 I
C. sempervirens 55 1084.6 X 7.4 X 16.23 X 2.27 X
Eucalyptus spp. 55 490.78 V 3.34 VI 1.44 II 0.12 II
Fraxinus angustifolia 15 253.71 ± 79.24 III 2.19 ± 0.09 IV 0.83 ± 0.1507 I 0.07 ± 0.0125 I
F. ornus 35 562.24 ± 95.6 VI 2.88 ± 0.26 V 1.42 ± 0.1802 II 0.12 ± 0.0155 II
Juglans nigra 15 140.48 ± 126.39 II 2.17 ± 0.09 IV 0.82 ± 0.1714 I 0.07 ± 0.0145 I
Juglans regia 35 370.26 IV 2.51 V 1.05 II 0.09 I
Malus sylvestris 35 225.31 III 2.02 IV 0.66 I 0.06 I
Ostrya carpinifolia 35 528.65 ± 91.68 VI 2.85 ± 0.25 V 1.32 ± 0.1603 II 0.11 ± 0.0138 II
Pinus eldarica 35 704.89 ± 97.32 VIII 6.19 ± 0.61 X 9.58 ± 2.4196 X 1.31 ± 0.333 X
Pinus halepensis 55 894.86 IX 6.67 X 13.73 X 1.88 X
Pinus pinaster 55 847.47 IX 6.46 X 12.01 X 1.65 X
Pinus pinea 55 794.22 ± 30.14 VIII 6.39 ± 0.12 X 10.86 ± 0.7685 X 1.49 ± 0.1055 X
Populus nigra 15 83.25 I 2.01 IV 0.69 I 0.06 I
Prunus avium 35 375.44 IV 2.76 V 1.12 II 0.1 I
Pyrus amygdaliformis 15 27.91 I 2.15 IV 0.66 I 0.06 I
Pyrus pyraster 35 319.2 IV 2.57 V 1.08 II 0.09 I
Q. cerris 35 412.27 ± 51.97 V 2.89 ± 0.21 V 1.21 ± 0.1192 II 0.1 ± 0.0103 I
Quercus frainetto 35 332.5 ± 16.7 IV 2.54 ± 0.09 V 1.12 ± 0.0405 II 0.1 ± 0.0035 I
Q. ilex 35 656 ± 162.43 VII 3.43 ± 0.48 VI 2.79 ± 0.7179 III 0.31 ± 0.0803 IV
Q. pubescens 35 486.99 ± 61.35 V 2.98 ± 0.22 V 1.21 ± 0.1192 II 0.1 ± 0.0103 I
Q. robur 15 250.37 ± 77.66 III 2.45 ± 0.12 IV 0.7 ± 0.1171 I 0.06 ± 0.01 I
Quercus suber 35 854.12 ± 87.2 IX 3.52 ± 0.2 VII 2.09 ± 0.1795 III 0.23 ± 0.0201 III
Quercus trojana 15 159.36 ± 80.58 II 2.24 ± 0.08 IV 0.56 ± 0.1356 I 0.05 ± 0.0115 I
R. pseudoacacia 35 474.66 V 2.65 V 1.16 II 0.1 I
Sorbus domestica 15 189.59 II 2.07 IV 1.01 II 0.09 I

aModel simulations were carried out for each species at different dbh. We grouped results according the highest dbh group. The groups were: 15
(dbh ranging from 5 to 15 cm), 35 (dbh ranging from 20 to 35 cm), and 55 (dbh ranging from 40 to 55 cm). SD is shown in cases where more dbh
classes were present within each group. Evergreen species are marked in bold.
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ecosystem services provided by urban parks by resolving three
critical working questions: (1) to what extent two urban parks
with different exposure to anthropogenic pollutants and under
different climatic conditions can sequestrate of CO2, ozone,
and PM from the atmosphere? (2) Are deposition rates of
these pollutants significantly different between species? (3) Are
deposition rates relevant for air quality amelioration?

■ MATERIALS AND METHODS

Study Sites. The first study site is the Castel di Guido
estate (hereafter named “Castel di Guido”) located within the
Rome Municipality (41°54′ N, 12°17′ E) covering around
3673 ha along the Tyrrhenian coast. Castel di Guido is
included in the “Litorale Romano” State Natural Reserve and
incorporates the “Macchiagrande di Galeria” Natura 2000
Special Area of Conservation (SAC), and an Important Bird
Area (IBA), the “Oasi Castel di Guido”. The climate is mainly
Mediterranean (i.e., Xerotheric Bioclimatic Region of Latium
and Thermo-Mediterranean/Meso-Mediterranean Climate
Subregion28). Such climate may potentially support various
forests dominated by mesophytic and thermophilus broad-
leaved tree species. The predominant soil types are calcic
cambisols.29 Castel di Guido is characterized by a forest
planted in the 80s−90s by the Municipality, with the intent to
limit urban expansion, using both native (mainly Quercus spp.)
and non-native (mainly Pinus spp. and Cedrus spp.) species,
which have been localized in monospecific stands to obtain fast
soil coverage. Other species, such as Acer campestre L., Celtis
australis L., and Fraxinus ornus L., have been planted on smaller
areas (down to 60 m2) in order to increase structural and
compositional diversity of the plantation project. A full list of
species is provided in Table 1. A map with each species is
reported in Figures 1 and S1.

In the second part of the XIX century, the City of Turin
focused its urban greening areas politics on development of
new spaces that could respond to citizenship’s needs in terms
of health, urban hygiene, and comfortable walking, so the area
around “Castello del Valentino” was selected to build a public
park. With an area of 42 ha, the second study site is the
Valentino Park (hereafter named “Valentino”), which is the
second largest park of Turin. Located along the west bank of
the Po river (45°3′N, 7°41′E), it was designed and built from
1633 to 1660 as a private garden of the “Castello del
Valentino”, one of the Savoy family’s royal residences. The
park is an “English landscape garden” with small hills, large
meadows, flowerbeds, fountains, little streams, historic
buildings, and with about 1800 tall trees mainly represented
by beeches, elms, ginkgos, hornbeams, limes, maples, oaks,
plane trees, and, poplars, wingnuts, sequoias, and willows. Tree
species are listed in Table 2 and mapped in Figure 2. The
climate is mainly temperate28 and according to FAO World
Soil Resources, the predominant soil types are leptic technic
fluvisols.30

In both cities, climatic and air quality data are continuously
monitored by a network of micrometeorological stations
installed and maintained by the Regional Agency for
Environmental Protection (ARPA). For the first study site,
we used data collected by a monitoring station located inside
the Castel di Guido estate (41°53′25.1″ N, 12°15′57.7″ E),
while in the case of Valentino, data collected by the nearest
monitoring station (45° 4′24.59″N, 7°41′34.43″E) was used.

Measurements of Structural Parameters. In both parks,
field surveys collected tree species, diameter at breast height,
total tree height, canopy cross-radii and height, LAI, and health
state. Estimates of tree canopy attributes like tree crown cover
and LAI were derived using digital cover photography (DCP).
This is a restricted, upward-looking optical method described

Figure 1. Map of the vegetation surveyed at the park of Castel di Guido, Rome. Map data 2020 Google.
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Table 2. NPP, Tropospheric Ozone (O3), and Particle (PM10 and PM2.5) Dry Deposition Simulated by the AIRTREE Model
for the Year 2018 at Valentino Urban Parka

species
dbh
(cm) NPP (g m−2)

NPP
class O3 (g m−2)

O3
class PM10 (g m−2)

PM10
class PM2.5 (g m−2)

PM2.5
class

A. alba 55 611.16 VII 0.73 I 13.82 X 2.21 X
Abies nordmanniana 55 686.03 VII 1.12 II 13.11 X 2.11 X
A. campestre 75 358.45 IV 1.19 II 2.97 III 0.39 IV
Acer negundo 55 327.59 ± 37.58 IV 0.8 ± 0.08 I 3.11 ± 0.311 IV 0.41 ± 0.041 V
Acer palmatum 55 248.59 III 0.56 I 2.79 III 0.37 IV
A. platanoides 55 308.2 ± 30.52 IV 0.9 ± 0.18 I 2.54 ± 0.03 III 0.34 ± 0.004 IV
Acer rubrum 35 132.07 II 0.43 I 1.98 II 0.26 III
Acer saccharum 95 260.01 III 0.86 I 1.88 II 0.25 III
Aesculus hippocastanum 115 327.4 IV 0.85 I 3.52 IV 0.46 V
Alnus glutinosa 55 275.9 III 0.67 I 3.57 IV 0.53 VI
Carpinus betulus 55 259.42 ± 12.19 III 0.67 ± 0.06 I 2.55 ± 0.032 III 0.34 ± 0.004 IV
C. atlantica 115 686.15 VII 1.06 II 27.51 X 4.61 X
Cedrus deodara 95 701.01 ± 41.95 VIII 1.26 ± 0.32 II 25.19 ± 0.135 X 4.23 ± 0.047 X
Cedrus glauca 75 572.77 VI 0.87 I 18.77 X 3.13 X
C. australis 155 214.19 III 1.19 I 1.46 II 0.19 II
Cercis siliquastrum 55 247.61 III 0.64 I 2.4 III 0.32 IV
Chamaecyparis lawsoniana 55 647.91 VI 0.84 I 18.4 X 3.12 X
Corylus avellana 55 384.37 IV 1.83 III 2.46 III 0.33 IV
Criptomeria japonica 55 699.28 VII 1.01 II 13.21 X 2.09 X
F. sylvatica 135 224.59 III 0.74 I 2.19 III 0.29 III
Fraxinus excelsior 75 215.64 III 0.93 I 1.77 II 0.24 III
Ginkgo biloba 95 208.17 III 1 II 2.12 III 0.28 III
Ilex aquifolium 35 269.42 III 0.9 I 6.97 VII 1.09 X
Juglans nigra 55 208.47 ± 41.08 III 0.77 ± 0.11 I 2.15 ± 0.449 III 0.29 ± 0.06 III
Lagerstroemia indica 15 53.36 I 1.52 IV 5.62 VI 0.88 IX
Libocedrus decurrens 55 337.97 ± 36.06 IV 1.06 ± 0.4 II 16.33 ± 0.201 X 2.7 ± 0.057 X
Liquidambar styraciflua 75 309.18 IV 1 II 2.45 III 0.32 IV
L. tulipifera 75 291.83 ± 12.59 III 1.16 ± 0.09 II 2.45 ± 0.005 III 0.32 ± 0.001 IV
Magnolia grandiflora 55 241.63 III 0.56 I 11.47 X 1.79 X
Magnolia obovata 55 259.3 III 0.58 I 11.47 X 1.79 X
Malus 15 58.43 I 0.57 I 0.75 I 0.1 I
Malus floribunda 15 54.99 I 0.44 I 0.75 I 0.1 I
Metasequoia glyptostroboides 95 679.01 VII 1 II 27.73 X 4.73 X
P. tomentosa 75 389.73 IV 0.9 I 14.68 X 2.3 X
P. abies 55 384.65 IV 0.78 I 16.64 X 2.74 X
Picea omorica 55 383.97 IV 0.79 I 16.59 X 2.73 X
Picea orientalis 35 255.95 ± 19.61 III 0.57 ± 0.02 I 9.96 ± 1.03 X 1.63 ± 0.17 X
Picea pungens 55 376.08 ± 19.12 IV 0.74 ± 0.03 I 15.69 ± 0.782 X 2.58 ± 0.13 X
Pinus excelsa 55 411.6 V 0.88 I 15.55 X 2.57 X
Pinus strobus 75 444.19 V 0.81 I 17.08 X 2.82 X
Pinus sylvestris 55 483.4 V 1.24 II 19.22 X 3.23 X
Platanus acerifolia 135 311.33 ± 30.96 IV 1.12 ± 0.08 II 2.16 ± 0.23 III 0.29 ± 0.03 III
Platanus hybrida 175 359.67 IV 1.17 II 2.95 III 0.39 IV
Platanus occidentalis 175 361.56 IV 0.92 I 2.94 III 0.39 IV
Platanus orientalis 115 337.19 IV 1.19 II 2.39 III 0.32 IV
Populus alba 115 226.16 III 0.96 I 1.91 II 0.25 III
Populus italica 115 195.6 II 0.7 I 1.9 II 0.25 III
Prunus 55 217.11 III 0.7 I 2.46 III 0.33 IV
P. avium 35 150.22 II 0.58 I 1.91 II 0.25 III
P. cerasifera 15 108.25 II 0.62 I 1.42 II 0.19 II
Prunus kanzan 15 128.43 II 1.06 II 1.45 II 0.19 II
Prunus pissardi 15 71.16 I 0.64 I 1.42 II 0.19 II
P. menziesii 55 640.81 ± 8.13 VII 0.83 ± 0.01 I 15.64 ± 0.655 X 2.57 ± 0.106 X
Quercus peduncolata 115 317.21 IV 1.06 II 2.58 III 0.34 IV
Q. pubescens 15 74.53 I 0.73 I 1.06 II 0.14 II
Q. robur 135 317.36 IV 0.94 I 2.53 III 0.34 IV
Q. rubra 115 324.42 IV 1.22 II 2.26 III 0.3 III
R. pseudoacacia 55 319.24 ± 6.86 IV 0.95 ± 0.04 I 2.67 ± 0.079 III 0.36 ± 0.011 IV
Salix babylonica 35 197.9 II 0.57 I 2.42 III 0.32 IV
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by Macfarlane et al. (2007)31 and Chianucci (2020).32 Images
were acquired with a digital single-lens reflex camera (Canon
EOS750D) equipped with a 35 mm lens, which yielded a
restricted field of view (FOV 43° along the diagonal).
Measurements were conducted at 198 trees representative of
16 different tree species at Valentino, while 2644 trees have
been surveyed at Castel di Guido in February−March 2018 in
a network of 70 permanent plots to sample most widespread
combinations of species groups and environmental factors,
according to a stratified random sampling design with strata
defined by species groups and sample size in each stratum.33 A
complete formalism adopted to calculate LAI is reported in the
Supporting Information.

Gas Exchange Measurements. Where not available in
the literature (Table S1), gas exchange was measured in the
field using a portable photosynthesis system (LI-6400, LI-
COR, Inc., USA) with a 6 cm2 leaf chamber. Measurements
were made on fully expanded leaves from 09:00 to 11:00 a.m.
For all measurements, photosynthetically active radiation was
maintained at 1500 μmol m−2 s−1 with red and blue LEDs
integrated into the leaf chamber fluorometer (LI6400-40). Leaf
temperature was measured using a thermocouple touching the
abaxial side of the leaf. CO2 partial pressures were regulated
using a 6400-01 CO2 mixer. Five CO2 response curves of net
photosynthetic rates were measured for each species at the
temperature of 25 °C following suggestions provided by Long
and Bernacchi (2003).34 The relative humidity in the chamber

Table 2. continued

species
dbh
(cm) NPP (g m−2)

NPP
class O3 (g m−2)

O3
class PM10 (g m−2)

PM10
class PM2.5 (g m−2)

PM2.5
class

Sophora japonica 115 221.42 III 0.96 I 2.76 III 0.38 IV
Sterculia platanifolia 75 110.29 II 0.76 I 2.46 III 0.33 IV
T. distichum 95 761.59 VIII 1.07 II 27.62 X 4.71 X
Tilia argentea 75 281 ± 19.79 III 1 ± 0.15 II 2.56 ± 0.114 III 0.34 ± 0.015 IV
T. cordata 55 247.26 III 0.8 I 2.3 III 0.3 III
Tilia hybrida 75 307.98 IV 1.14 II 2.66 III 0.35 IV
Tilia platyphyllos 95 246.19 III 0.93 I 2.1 III 0.28 III
Ulmus pumila 35 264.99 III 0.73 I 2.23 III 0.3 III
Zelkova carpinifolia 95 260.05 III 0.72 I 2.16 III 0.29 III
aModel simulations were carried out for each species at different dbh. We grouped results according the highest dbh group. The groups were: 15
(dbh ranging from 5 to 15 cm), 35 (dbh ranging from 20 to 35 cm), 55 (dbh ranging from 40 to 55 cm), 75 (dbh ranging from 60 to 75 cm), 100
(dbh ranging from 80 to 100 cm), 115 (dbh ranging from 105 to 115 cm), 135 (dbh ranging from 120 to 135 cm), 155 (dbh ranging from 140 to
155 cm), and 175 (dbh ranging from 140 to 175 cm). SD is shown in cases where more dbh classes were present within each group. See Supporting
Information for a complete list of values associated with dbh ranges. Evergreen species are marked in bold.

Figure 2. Map of the vegetation surveyed at the park of Valentino, Turin. Map data 2020 Google.
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was maintained between 40 and 70%. From these data, A−Ci
response curves were fitted with the FvCB model by using the
fitaci function from the Plantecophys R Package35 to provide
parameters for the biochemical model useful to estimate Vcmax
(maximum rate of carboxylation) and Jmax (maximum rate of
electron transport) in the calculator provided by Sharkey
(2016).36

AIRTREE Model Parameterization. Estimates of net
ecosystem productivity, ozone, and particle sequestration were
performed thanks to the AIRTREE model (aggregated
interpretation of the energy balance and water dynamics for
ecosystem services assessment26). AIRTREE is a one-dimen-
sional multilayer model, which couples soil, plant, and
atmospheric processes and minimizes the energy balance
throughout these compartments. The solar radiation (PPFD +
NIR, near infrared radiation), air temperature, relative
humidity, wind speed, and CO2, O3, and PM concentrations
retrieved from the meteorological stations were used as the
model input.
Canopy photosynthesis was calculated according to the

multilayer scheme described in detail by Fares et al. (2019)26

and reported in detail in the Supporting Information. In
particular, gross photosynthetic flux density of a single leaf
including the contribution of photorespiration was calculated
from the minimum value between the carboxylation rate when
ribulose bisphosphate (RuBP) carboxylase/oxygenase is
saturated and the carboxylation rate when RuBP regeneration
is limited by electron transport. A reducing factor to account
for photosynthetic limitation imposed by water stress was
applied according to Keenan et al. (2010).37 Net primary
productivity (NPP) reported here was calculated as the
difference between GPP (gross primary productivity, i.e., the
integration of gross photosynthetic flux along the canopy
profile) and the autotrophic respiration. The modules
associated with AIRTREE are described in detail in the
recently published article by Fares et al. (2019),26 which also
shows model performance and sensitivity analysis. Each species
was studied for its distribution in the class diameter in order to
provide a more realistic estimate of LAI and sequestration of
pollutants driven by the total leaf area.

Deposition of ozone was estimated in analogy with an Ohm
circuit according the formalism described by Zhang et al.
(2002),38,39 while the PM fluxes were calculated according the
sum of deposition processes associated with interception,
impaction, and gravitational settling as reported by Han et al.
(2020)18 and explained in detail in the Supporting
Information. We emphasize here that PM collection by leaves
can abate PM concentrations in the atmosphere, but in urban
areas, additional processes caused by trees may limit PM
deposition: under certain conditions, winds can promote PM
resuspension, thereby slowing down collection processes onto
plant surfaces, and friction offered by canopies can slow down
dispersion. Unlike winds, rainfall events can cause PM to be
washed off leaves and onto the ground, which represents a net
removal of PM from the atmosphere.40 In this study, the
formalism we adopted does not specifically represent wash off
events.
To calculate percent removal in the air column above parks

(assuming an even distribution of pollutants under unstable
atmospheric conditions), we estimated the height of the
boundary layer by using a simple model, which estimates the
lifting condensation level, which is the height of the cloud base
at which relative humidity of an air parcel reaches 100% when
it is cooled by adiabatic lifting of dry air as described by Karl et
al. (2013)41 and Stull (1997).42

In order to facilitate discussion of results and comparison
between species in both parks, we identified a ranking
procedure by selecting 10 classes (in ranges of 0.1 kg m−2

a−1, 1 g m−2 a−1, 1 g m−2 a−1, and 0.1 g m−2 a−1 for NPP,
ozone, PM10, and PM2.5, respectively) common to both parks
to identify low (I) to high (X) fluxes of NPP, ozone, and PM.
These classes are reported in both maps and tables.

■ RESULTS
Pollutant Concentrations at the Urban Parks.

Concentration of pollutants varied during the year 2018 in
both parks (Figure 3). Ozone was higher in Spring, Fall, and
Winter at Castel di Guido compared to Valentino with daily
average values often exceeding 50 μg m−3 also during Winter.
In particular, ozone followed a typical hourly trend (Figure 4)

Figure 3. Daily average dynamics (±SD) of temperature, PM, and ozone concentrations at the urban parks of Valentino and Castel di Guido.
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with peak values in the central hours of the day as previously
measured in the vicinity of Castel di Guido site.43 In Summer,
higher ozone concentrations at Valentino reflected the
abundance of ozone precursors and the high temperatures
recorded at the site (Figure 4). The periurban park of Castel di
Guido displayed a lower concentration of PM relative to
Valentino (PM10 rarely exceeded daily values of 50 μg m−3,
which is a daily limit according to the national regulation),
where Winter peaks exceeding 100 μg m−3 were recorded.
These high PM concentrations are because of the close vicinity
to some emission sources, considering that this park is in the

center of the urban area of Turin (Figures S1 and S2).
Seasonal averages (Figure 4) showed net differences in PM
concentrations between the two parks: the PM2.5 concentration
was always higher at Valentino reflecting the close vicinity to
the emission sources, while the PM10 concentration was
generally higher at Valentino and of comparable magnitude
with Castel di Guido only during Summer. PM concentration
dynamics in both parks reflect vehicular traffic intensities in all
seasons particularly in the morning (7 to 11 a.m.) and in the
late afternoon (after 6 p.m.) with nocturnal levels still high
because of boundary layer shallowing in the stable atmosphere.

Figure 4. Hourly average dynamics (±SD) of PM and ozone concentrations at the urban parks of Castel di Guido and Valentino for each season of
the year.

Figure 5. Example of daily dynamics of GPP, ozone, and PM fluxes for a tree species occurring at both Castel di Guido and Valentino urban parks.
Positive values mean vertical fluxes from the atmosphere to the canopy.
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Pollutant Sequestration by Urban Trees. AIRTREE
simulations revealed that tree species exhibit different capacity
to sequestrate CO2 based on their ecophysiological and
structural characteristics. At Castel di Guido, evergreen species
such as Pinus spp. and Cedrus atlantica showed the highest
NPP with values close to class X (arbitrarily established >1 kg
(C) m−2 a−1) (Table 1, Figure S1). Broadleaves at Castel di
Guido generally displayed higher values of NPP compared with
those at Valentino, as shown by comparison of Quercus
pubescens and A. campestre, two species with the same diameter
class present in both parks (Figure 5). At Valentino, evergreen
species such as Abies alba, Pseudotsuga menziesii, and Taxodium
distichum exhibited the highest NPP values, exceeding 600 g
(C) m−2 yr−1 ranking above class VI of our list of species
(Table 2, Figure S2). AIRTREE allowed to estimate potential
GPP under the condition of a well-watered environment (i.e.,
no drought stress). We found a 7% reduction in GPP and
ozone deposition because of photosynthetic limitations
especially during Summer under condition of low levels of
the soil water content, as shown for Quercus robur (Figure S3).
In total, the AIRTREE results showed that the parks are able to
sequestrate CO2 with values of 3875 and 22.6 t (C) a−1 for
Castel di Guido and Valentino, which translates in 1.05 and 0.5
t (C) ha−1 for the two parks, respectively (Tables S3 and S8).
In both parks, AIRTREE simulations produced higher

deposition of ozone and PM for evergreen species compared
with broadleaf species (Figure 6), with NPP values generally
higher for evergreen than broadleaf species. The capacity to
sequestrate ozone was higher in Castel di Guido compared to
Valentino. This is mainly because of higher ozone concen-
trations recorded in Castel di Guido, in particular during

Winter, Spring, and Fall (Figure 4). At Castel di Guido, ozone
fluxes for broadleaf species with high stomatal ozone fluxes
such as Quercus spp., Eucalyptus spp., and Alnus cordata
reached classes VI−VII (Figure S4), in agreement with ozone
fluxes measured with the eddy covariance technique at a
Quercus ilex forest nearby.43 However, pines reached class X
(>6 g (O3) m

−2 a−1) most likely because of their high LAI, and
longer vegetative period. At Valentino, values rarely exceeded
class II (Figure S5) with broadleaf and fast-growing species
such as Tilia hybrida, Quercus rubra, and Platanus spp. reaching
the highest values above 1 g (O3) m

−2 a−1. In order to better
compare the two parks, we also show velocity of ozone
deposition for each species and diameter class (Tables S5 and
S10) grouped for daytime values in each season. Looking at
two common species in both parks (Q. pubescens and A.
campestre), it emerges that differences in magnitudes still occur
even after removing the effect of ozone concentration, with
values of ozone deposition velocity approximately twice as high
as at Castel di Guido compared with Valentino (i.e., VdO3 =
0.029 cm s−1 during Spring daytime vs 0.015 cm s−1 for A.
campestre, and VdO3 = 0.019 cm s−1 during Spring daytime vs
0.008 cm s−1 for Q. pubescens). In total, AIRTREE results
showed that the parks are able to remove ozone with values of
30,275 and 66 kg (O3) a−1 (8.1 and 1.42 kg (O3) ha−1) for
Castel di Guido and Valentino, respectively (Tables S3 and
S9), and both parks minimally contribute to ameliorate air
quality (Figure S7) with around 1% especially during the
central hours of the day in Spring and Fall (Figure S8).
Simulations showed that evergreen species have the highest

levels of PM sequestration (Tables 1 and 2). At Castel di
Guido, because of lower exposure to PM, only Pinus spp. and

Figure 6. Correlation of NPP with ozone and PM for Castel di Guido (subplots A, B) and Valentino (subplot C, D) urban parks.
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Cupressus sempervirens reached class X concerning PM10 and
PM2.5 removal. The deposition simulations for Valentino
showed high values above 10 and 1 g m−2 a−1 for PM10 and
PM2.5, respectively. Apart from the higher levels of PM
(Figures 3 and 4), this results from the abundance of many
conifers with high LAI all year long such as Abies spp., Pinus
spp., and Cedrus spp., complemented by the deciduous species
Paulownia tomentosa, a broadleaf species characterized by its
large amount of foliage (LAI = 5.85, Table S1). Similar to
ozone, deposition velocity could help disentangling the effect
of PM concentrations on the PM deposition process.
Restricting the comparisons to the same two species occurring
in both sites, it emerged a different conclusion compared with
ozone deposition for both A. campestre and Q. pubescens (PM10
values of 0.13 cm s−1 vs 0.20 cm s−1 during Spring daytime for
both species for Castel di Guido and Valentino, respectively,
Tables S5 and S11). This can be explained because AIRTREE
does not take into account plants’ ecophysiological status in
response to PM exposure (i.e., there is no stomatal uptake for
PM). Similar conclusions can be drawn for PM2.5 (Tables S6
and S12). In total, the AIRTREE results showed that the parks
are able to sequestrate PM10 with values of 31,788 kg and 342
kg a−1 and PM 2.5 with values of 4012 kg and 51.9 kg a−1 for
Castel di Guido and Valentino, respectively (Tables S3 and
S9). Our simplified simulation suggested that both parks could
contribute to ameliorate air quality (Figure S6) by removing
ozone and PM on average up to 10% percent. In particular,
Valentino displayed the highest amount of removal during the
night hours in all seasons, while Castel di Guido displayed a
lower amount of removal in the light hours (Figure S8).

■ DISCUSSION
Differences between the Two Parks. Our hypothesis

(1) was answered as the two parks display different features
because of different climate conditions in the north and in
central Italy, and their position relative to the urban area. In
addition to high foliar biomass and LAI, high NPP values were
often associated with high values of Vcmax (Tables S1 and S8),
previously described as the main drivers of carbon assimilation
through an AIRTREE sensitivity analysis performed in a Q. ilex
forest.26 In general, warmer temperatures and higher levels of
insulation closer to photosynthetic optimum promoted higher
growth rates at Castel di Guido, as shown for Q. pubescens and
A. campestre, present in both parks (Figures 6, S6). Higher
ozone concentrations at Castel di Guido are explained by the
different local climatic conditions (Figure S1): Rome has a
milder temperature than Turin especially in cold seasons
(Figures 3, S2) and photochemistry driving ozone formation is
more pronounced by the higher irradiation and temperatures,
but also by abundance of precursors (VOC and nitrogen
oxides). During Summer, the city of Turin experienced high
temperature, this, together with abundance of precursors, may
explain the higher ozone concentrations up to 120 μg m−3

observed during light hours. Ozone fluxes in Castel di Guido
were generally higher than Valentino and are not only
explained by the higher atmospheric concentration levels.
Indeed, ozone deposition velocities for Castel di Guido were
also higher (Tables S6 and S12). Reason for this difference lies
in the turbulence levels promoting vertical gas exchange
recorded at both sites, with turbulence levels recorded at
Castel di Guido approximately twice as high as at Valentino
because of the well-described land-sea breeze regime of
northern Rome.26 We also observed most favorable conditions

(i.e., higher solar radiation and temperatures in Spring and
Winter) for stomatal ozone uptake at Castel di Guido.
AIRTREE evaluation showed that stomatal uptake represents
an important ozone sink for both conifers and broadleaf
species (Figure S9), with values close to 50% of total annual
ozone fluxes, in agreement with field measurements, which
showed a higher ratio between stomatal and nonstomatal
fluxes.19 High dependence of stomatal ozone fluxes (and
stomatal conductance) on meteorological parameters that
stimulate photosynthesis explains the higher fluxes at Castel di
Guido. The simulated trends in ozone, CO2, and PM removal
rates suggested to correlate pollutants with NPP as a suitable
metrics of pollutant sequestration activity. Figure 6, therefore,
represents a way to interpret fluxes of pollutants with respect to
assimilated carbon as a possible link between plant
ecophysiology and dendrometric features of trees. Concerning
ozone, there was a positive correlation between ozone and
NPP explained by the amount of foliage, which in turn
represents ozone sink by stomatal and nonstomatal deposition.
The figure reveals no differences between plant types because
the absence of leaves outside the vegetative period for
broadleaves was compensated by high ozone fluxes during
Spring−Summer months driven by a higher stomatal activity
(overall average of 0.002 g O3 per gram of carbon).
In agreement with previous findings,18,40 the model

simulations confirmed that conifers have in general a higher
capacity to sequestrate PM in both Parks (approximately 0.02
g PM10 removed per gram of carbon) quantified in an order of
magnitude higher than broadleaf species. The amount of
foliage that in turn promotes photosynthesis and triggers PM
deposition explains the positive correlation between PM and
NPP. To some extent, NPP may be affected by exposure to
high levels of PM as recently described by Łukowski et al.
(2020)44 with damage to the photosynthetic apparatus.
However, in our study, we did not contemplate possible stress
to the photosynthetic apparatus, in part because the load of
PM exposure in our test sites may not be so high to shade
leaves or impair stomatal aperture (at least at the periurban
site) as it happens in highly polluted environments and in
laboratory tests, in part because PM on leaf surfaces may not
be harmful or even represent a source of nutrients.45

Performances of the AIRTREE Model. Few models in
the world are able to calculate air purification services provided
by urban parks with large financial benefits, which so far have
been mostly estimated for north American urban parks.46,47

The AIRTREE model adopted in this study was specifically
developed for predicting CO2 and pollutant deposition in
Mediterranean forests;26 therefore, our work supports
evaluation of these benefits providing more empirical
observations in order to perform future socioeconomic analysis
for Mediterranean tree species. Thanks to this species-specific
model parameterization, we tested our hypothesis (2) and
demonstrated that the ability to capture atmospheric pollutants
is species-specific and based on morphological and physio-
logical (CO2 assimilation and stomatal conductance) plant
traits.
Other models such as the EMEP/MSC-W model27 and

UFORE (i-Tree)8 model use semiempirical parameters such as
LAI, canopy size, and meteorology in a resistance scheme
analogy to predict carbon and pollutant deposition on urban
trees. EMEP in particular incorporates the DO3SE Jarvis-type
algorithm to estimate stomatal conductance in response to
environmental parameters,48 while AIRTREE is based on a
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more mechanistic representation of photosynthesis and
stomatal conductance in response to meteorological con-
ditions. EMEP and UFORE models were tested on an
industrial-urban green area in Northern Italy.49 These models
estimated a removal capacity of O3 of 0.42 g m−2 a−1 and a
PM10 deposition of 0.79 and 0.76 g m−2 a−1, respectively.
These values are reported for Tilia spp. and C. australis and are
in the same order of magnitude than those found in this study
(around 1 and 2.5 g m−2 a−1 for Tilia spp. for ozone and PM10,
respectively, and 1.19 and 1.46 g m−2 a−1 for C. australis for
ozone and PM10, respectively). At a broader national scale,
Manes et al. (2016)9 calculated deposition rates using i-Tree8

for a broad range of tree species. As regards PM10 deposition,
forests with predominance of Q. ilex presented the highest rate,
with a mean value of 1.93 g m−2 a−1. This is in line with our
results (2.79 g m−2 a−1) and of a similar order of magnitude of
fluxes directly measured via eddy covariance (Fares et al.
2016)10 in a Q. ilex forest a few kilometers away from Castel di
Guido of 0.3 g (PM1) m

−2 a−1 assuming that PM10 fluxes were
one order of magnitude higher than PM1 fluxes. Lower values
were simulated by Manes and colleagues for coniferous (Pinus
spp. and Picea abies, with 1.13 and 1.11 g m−2 a−1, respectively)
and deciduous broadleaved forests (mixed deciduous, Fagus
sylvatica, and Castanea sativa, with 0.69, 0.75, and 0.94 g m−2

a−1, respectively). Concerning ozone, deciduous broadleaved
categories, such as F. sylvatica and C. sativa, displayed the
highest ozone removal efficiency (a mean value of 5.62 and
4.71 g m−2 a−1, respectively), which could be explained by their
higher stomatal conductance (not shown). Lower values were
instead obtained for Q. ilex stands, finally, by Pinus spp. and P.
abies (a mean value of 2.30, 1.72 and 0.81 g m−2 a−1,
respectively). All these values reported by Manes et al. are in a
similar range to that reported in this study.
More recently, Baraldi et al. (2019)50 used i-tree to predict

annual removal of a broad range of tree species. Results are in
the same order of magnitude as those simulated in our study.
In particular, O3 and PM10 deposition range from about 58−
140 g plant−1 a−1 and from about 17−139 g plant−1 a−1,
respectively, with total tree CO2 storage in the range of 164−
215 kg plant−1 a−1. Concerning ozone, a previous study by
Sicard et al. (2018)7 shows a range of ozone sequestration
similar to what was found in our work: the average annual O3
removal by urban trees was 5.4 g m−2 a−1 in 55 U.S. cities, 3.7 g
m−2 a−1 in 86 Canadian cities, and 3.3 g m−2 a−1 in 10 Italian
cities. The O3 removal rate reported by Sicard and colleagues
varied worldwide: Melbourne (0.9 g m−2 a−1), Stockholm (1.3
g m−2 a−1), Beijing (5.5 g m−2 a−1), Florence (7.3 g m−2 a−1),
and San Diego (7.6 g m−2 a−1).
Concerning PM in particular, modeling results showed that

among different forest types, the coniferous forests often
possess greater PM collection ability than broadleaf forests,51

which is related to the coniferous properties with fine leaves
and complex foliage structures.52 Similarly, Bottalico et al.
(2017)53 through a spatially explicit method for the city of
Florence, Italy, found higher sequestration of PM and ozone
from mixed evergreen species (31.7 and 15.8 g m−2 a−1,
respectively) compared with broadleaf species (10 and 4.1 g
m−2 a−1, respectively). Furthermore, Qiu et al., (2015)54 found
that both PM2.5 and PM10 deposition velocities are higher in
dry periods than in wet periods and vegetation capacities for
capturing coarse particles are stronger than those capturing
fine particles.55 Our results are in agreement with these
previous studies, in particular, the majority of evergreen

conifers showed the highest ranking (Tables 1 and 2), and
fluxes of both PM10 and PM2.5 were higher during late-Spring−
Summer dry periods (Figures 4 and 5). Therefore, stand types,
seasons, and even particle diameter all influence the PM dry
deposition velocity. Similar findings were reported by Fusaro et
al. (2017),56 who showed higher rates of ozone sequestration
by urban parks of Rome during warm seasons especially in the
absence of drought stress.

Relevance of Pollutant Sequestration for Air Quality.
Question (hypothesis 3) was answered positively and the
results showed that two investigated urban Parks in Italy
represent a moderate sink of pollutants. In a recent study,
Sicard et al. (2018)7 found that the rates of pollutant
sequestration translate into a mean annual percent improve-
ment usually less than 2% of O3 levels as reported by using
models such as UFORE/i-Tree. Following a similar exercise,
our simulated percent improvement is in the same order of
magnitude, with values close to 1% for ozone (Figures S7 and
S8). In addition, our simulations did not consider ozone-
forming potential from BVOC emitted in this study,
considering that Q. pubescens, the most abundant tree species
at Castel di Guido (Figure 1), has been described as a relevant
isoprene emitter, isoprene being a high ozone-forming
chemical species.57 Also for PM, previous studies showed
that the fraction removed at the level of the urban area
depends on the type of pollutant and the structural attributes
of the plant canopies. Such studies also showed that the
proportion of PM removed is around 1%.21,25,58−60 We found
with our simplified modeling simulations a higher percent
improvement for PM (up to 7% for PM10) in particular at
Valentino because of the higher concentration of PM, the close
vicinity to the emission sources and the shallower boundary
layer compared with the semirural and a more ventilated site of
Castel di Guido. Similar to our hypothesis, such removal rates
could compensate a small fraction of emissions arising from
anthropogenic activities, in particular vehicular traffic. We
estimate that the parks of Castel di Guido and Valentino could
collect the PM emission of around 15,000 and 160 vehicles
(classified as EURO-6) per year, and the CO2 emission of
around 2190 and 13 vehicles per year, respectively. These
numbers may seem to be low compared to millions of vehicles
circulating in large urban settlements; however, counting of the
huge amount of parks present in many cities like Rome
(43,000 ha of green areas out of a total extension of the
municipality of 129,000 ha), the numbers are not negligible,
also in light of future initiatives in the main Italian
municipalities to further expand forested areas by planting
millions of trees before 2030 as foreseen by a recent decree
approved by the Italian Parliament.
Reducing significantly ozone and PM concentrations in

cities would imply defining very ambitious urban forest
management plans, including large surfaces and proper species
selection, with a focus on the removal ability as highlighted in
this study for a range of typical Mediterranean species.
However, as recently reported for UK by the air quality expert
group,61 the magnitude of the reduction in the PM10
concentration by realistic planting schemes is small and in
the range of 2−10%. Planting should also take into account
other aspects such as biogenic emission rates (with ozone-
forming potentials), allergenic effects, and maintenance
requirements. Some of the species we identified as high PM
collectors are in the same list proposed by Yang et al. (2015)62

who developed a method to rank the relative suitability of
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common urban tree species for planting programs, which
include the removal of PM2.5 as a target. In particular, conifer
species were ranked high in PM2.5 removal efficiency mainly
thanks to the high values of LAI, which were also measured in
this study, but also some broadleaf urban tree species widely
distributed and present at our urban parks were listed. Among
these were Robinia pseudoacacia, Acer platanoides, Platanus spp.
Ailanthus altissima, Betula pendula, and Tilia cordata, which we
ranked as species with moderate capacity to sequestrate PM
compared with conifers. We agree with Yang and colleagues
with their finding that selection of a mixture of conifer and
broadleaf species that have high PM removal efficiencies, good
adaptability to urban environments, and fewer negative impacts
on air quality (i.e., low BVOC emissions) can be used to
reduce atmospheric concentrations of PM. In agreement with
our study is also a recent work of Przybysz et al. (2019),63 who
identified conifer trees for their higher capacity to sequestrate
PM especially during the Winter season. More recently, Baraldi
et al. (2019)50 identified the following species as particularly
suitable for removing PM10 and O3: Liriodendron tulipifera, C.
australis, A. campestre, and A. platanoides. The authors also
found species such as Prunus cerasifera, Quercus cerris, C.
australis, A. campestre, and A. platanoides as favorable species to
be used for carbon sequestration.
Vegetation has the feature to provide larger surface areas for

pollutant deposition than the urban fabric;21 therefore, it is
plausible that tree bark and branches, outside the vegetative
period, can also be seen as an important factor in removing air
pollutants.64 Our study may, therefore, underestimate sinks of
PM and ozone particularly during the leafless period.
It must be taken into account that by applying the AIRTREE

model, we indirectly assumed a homogeneous canopy
distribution in the parks and a horizontally homogeneous
distribution of pollutants with downward flux. As discussed by
Xing and Brimblecombe (2020),22 spatial scale is of high
relevance for estimating pollutant deposition. Although we
strongly believe that the mesoscale approach we adopt is more
appropriate to describe pollutant deposition than laboratory
measurements on a single leaf upscaled to a forest,65 the weak
point in such a mesoscale approach is that this may not be the
best approximation for street trees or very small parks where
vehicles and street canyon dynamics induce strong turbulence
affecting both concentrations and deposition velocities close to
the leaves.66 While we believe our hypothesis is tenable for the
large park of Castel di Guido, some possible issues may arise
for Valentino because of its heterogeneity and vicinity to the
emission sources. As also recently shown by Xing et al.
(2019),67 distribution of trees in parks can have a large
influence on the airflow at the boundaries and inside the parks.
In conclusion, under realistic situations, the 1−7% percent

reductions of pollutant concentrations from the atmosphere
may appear a minor tribute to amelioration of air quality.
Although this was not the object of this work, another relevant
effect exerted by urban trees is on air flow and thus pollutant
dispersion. A recent bibliometric analysis by Xing and
Brimblecombe (2020)22 suggests that urban parks can
ameliorate air quality through two main pathways: on the
one hand, they accelerate PM dispersion, and on the other
hand, they reduce pollutant concentration by deposition. The
authors argue that the balance between dispersion and
deposition processes varies with spatial scales. In line with
our findings, they conclude that in small parks, common in
dense cities, PM removal by vegetation is unlikely to make the

major contribution to improved air quality in their interiors.
Moreover, dense tree canopies suppress dispersion so can
increase localized pollutant concentrations. This phenomenon
may be particularly relevant at Valentino, a small-sized park
located in the city downtown compared to the Estate of Castel
di Guido, thus suggesting that future studies on pollutant
dispersion would be needed to better address the role of urban
parks in ameliorating air quality.
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