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Urban forests are increasingly recognized as essential components of sustainable city planning, offering multi-
functional ecosystem services that address key environmental challenges. This review explores the role of urban
vegetation in mitigating air and soil pollution, using Italy as a representative case study. Air pollution - spe-
cifically particulate matter (PM), nitrogen dioxide (NO3), and tropospheric ozone (O3) - remains a critical health
concern in urban areas, while soil contamination by heavy metals and organic pollutants continues to degrade
ecosystem functionality. We examined the mechanisms by which urban greenery mitigates these pollutants,
focusing on species-specific traits, functional planning, and integrated monitoring strategies. To bridge research
and practice, a new strategy for urban greenery planning is proposed, presented here as two case studies. The
case first demonstrates an innovative air quality management approach in Florence, combining high-resolution
satellite imagery with a new simple biophysical modeling framework (FlorTree model) to evaluate species
effectiveness in pollutant removal. The second case synthesizes field-scale phytoremediation projects across Italy,
showcasing how selected tree, shrub, and herbaceous species can remediate contaminated urban soils while
providing co-benefits such as biomass production and biodiversity support. These findings highlight the global
relevance of urban forestry as a low-impact, cost-effective strategy to enhance environmental quality and public
health. By integrating green infrastructure into urban policy and land use planning, cities can optimize air and
soil remediation, promote ecosystem resilience, and contribute to climate adaptation goals. The review un-
derscores the need for interdisciplinary collaboration, long-term monitoring, and policy alignment to fully
harness the potential of urban forests in addressing complex urban pollution dynamics.

1. Introduction

Urban green spaces, which include forests, meadows, residential
yards, parks, grassy lawns, engineered green roofs and rain gardens
(Paudel and States, 2023), are commonly linked to improvements in air
quality, temperature regulation, reduction of the urban heat island ef-
fect, increased biodiversity, carbon sequestration, noise reduction, and

offer recreational, social, psychological, and aesthetic benefits that
enhance urban life and well-being (Hartig et al., 2014; Edeigba et al.,
2024). Urban green spaces are also critical to face environmental chal-
lenges such as air and soil pollution.

Soil is an integral part of the urban landscape, promoting urban plant
nutrition and growth which in turn regulate air quality by intercepting
atmospheric particles and adsorbing gaseous pollutants. The presence of
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soil contaminants can affect biogeochemical cycles and plant growth,
causing a progressive disruption of ecosystem functioning and services
as they are strictly dependent on healthy soil-plant systems (Macci et al.,
2025).

Although certain studies warn that the real impact of urban greening
on reducing local air pollution might be exaggerated (Pataki et al., 2013;
Vos et al., 2013; Yli-Pelkonen et al., 2017a, 2017b), urban green spaces
are associated with lowering the population’s illness and preventing
premature death by improving air quality (Sicard et al., 2025; Kondo
et al., 2020). Therefore, policy measures aimed at promoting investment
in the green sector are becoming increasingly widespread.

To protect nature and biodiversity, the EU launched the Biodiversity
Strategy for 2030 (European Commission, 2020) and requests European
municipalities with a minimum of 20,000 inhabitants to develop Urban
Greening Plans. With the "With the "Regulation (EU) 2024/1991 (EP,
2024), on nature restoration and amending Regulation (EU) 2022/869"
(EP, 2022) aimed to assist the Member States in restoring ecosystems to
ensure biodiversity resilience, to contribute to climate change mitiga-
tion, For instance, by planting at least 3 billion additional trees by 2030,
to guarantee that urban green areas and urban tree canopy cover
experience no net reduction in 2030 compared to 2024, and to achieve
an increasing trend in the total national area of urban green space by
2031 (European Commission, 2021). These ambitious plans are part of
broader efforts to mitigate significant health problems; in 2021, ambient
air pollution in the 27 EU Member States was linked to an estimated 253,
000 premature deaths from chronic exposure to PMy 5, 52,000 from
NO,, and 22,000 from acute exposure to Og (Sicard et al., 2021; Euro-
pean Environment Agency, 2023). However, to address urban environ-
mental challenges such as air pollution and soil degradation, it is
essential to improve the functional planning of urban green spaces (Lai
et al., 2024).

Italy offers a particularly informative case regarding its urban green
spaces, with its mix of historic parks, roadside plantings, and urban
forests, that host a wide diversity of plant species, which vary based on
geographical location and climate. Native vegetation is often prioritized
as it plays a crucial role in supporting regional biodiversity, with the
species richness being higher in archaeological sites, open fields, and
parks, and the lowest richness observed in residential areas with
compact or poor soils (Grapow and Blasi, 1998). However, Italy lacks a
unified, up-to-date synthesis that connects national and regional policy
instruments with empirical monitoring data. While numerous case re-
ports describe individual greening interventions, no comprehensive re-
view exists that (i) maps policy evolution, (ii) synthesizes empirical
evidence on the urban green capacity to reduce air pollutants and
improve soil quality, and (iii) illustrates planning tools through novel
case studies. Thus, this review aims to provides a comprehensive over-
view of urban green planning strategies to improve air quality and soil
functionality in Italy, delivering an integrated, evidence-based frame-
work for optimizing urban green strategies, and providing lessons
transferable to other nations.

1.1. Literature survey and review

We conducted a systematic research to synthesize and discuss Italy’s
use of urban green spaces for improving air and soil quality, focusing on
(1) the Italian national and regional policies for enhancing urban air and
soil quality through urban greenery, (2) the current status of urban air
and soil pollution in Italy, (3) the use of empirical data to quantify the
effects of urban green spaces on air and soil improvement, and (4) case
studies that demonstrate the success of innovative urban green planning
strategies in enhancing air quality and soil functionality.

Regarding air pollution, (1) we identified national and regional
policy documents by querying official government repositories, assess-
ing national decrees, and reviewing each Italian region’s Air Quality
Plans. All texts published were written in Italian; therefore, the docu-
ment screening was conducted using Italian keywords, such as “qualita
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dell’aria”; “verde urbano”; “particolato”; “diossido di azoto”; “emissioni
VOC”; “ozono”. We screened full texts and selected nine documents
explicitly motivating urban-green interventions for the mitigation of air
pollution. (2) We relied exclusively on the 2023 annual synthesis report
published by the National System for Environmental Protection (SNPA)
to characterize the current status of urban air pollution in Italy. Next, we
discussed these metrics in relation to the new air-quality standards,
ensuring a comparison between observed urban air-pollutant levels and
evolving regulatory requirements. (3) We systematically searched the
database Scopus for peer-reviewed studies published between 2015 and
May 2025. The search string combined the concepts of urban green, air
pollution, and Italy (TITLE-ABS-KEY), excluding any study carried out in
other countries (not Italy). In addition, only studies including empirical
or model-based measures of NOy, PM, or O3 reduction attributed to
urban green were selected. Fifteen publications were selected and the
information from each study was discussed. (4) Finally, for the air
quality case studies, we reanalyzed two published datasets: the FlorTree
model (Manzini et al., 2023), which ranks tree species capacity to
remove air pollutants, and a high-resolution satellite mapping approach
(Sicard et al., 2023; Lépez et al., 2025), which classifies urban tree
species from multispectral imagery, and finally merged both method-
ologies for presenting a novel tool for urban green planning.

Regarding urban soil contamination the literature review was carried
out in March 2025 using the Scopus platform. The search string com-
bined the concepts of phytoremediation and Italy (TITLE-ABS-KEY),
excluding any study carried out in other countries. In addition, only the
studies carried out at the field scale were considered (i.e., not lab, pot,
mesocosm trials). In total, 216 published papers were found. This
literature body was reduced by excluding all the documents that were
not Research Articles. In addition, a further selection was made by
excluding studies that did not report any information about phytor-
emediation performance in terms of pollutant removal.

2. Policy frameworks and strategies
2.1. Urban air pollution policy and perspectives from Europe to Italy

Three national documents from the Ministry of the Environment
deserve attention regarding Italy’s endorsement of urban greening to
improve air quality.

The first is the "National Urban Green Infrastructure Strategy" edited by
the Ministry of the Environment and Protection of Land and Sea (
MATTM, 2018), which provides the guidelines for urban green planning,
emphasizing the importance of biodiversity, air quality improvement,
and urban livability through expanded greenery. The second is the
"Urban and extra-urban forestation plan" from the Ministry of Ecological
Transition (MTE, 2022b), which highlights the importance of moni-
toring programs to assess the benefits derived from afforestation,
emphasizing the need for both prior and post-evaluations. Although no
protocol is provided, the indication for monitoring includes an evalua-
tion along a seven-year monitoring framework with periodic field in-
spections to verify proper planting and cultivation practices, including
irrigation regimes, fertilization, and phytosanitary measures treatments.
Additionally, ecological monitoring is recommended to quantify
ecosystem services, such as biodiversity enhancement, CO5 sequestra-
tion, pollution removal, and soil quality improvement. The third docu-
ment was published in 2022 by the Ministry of Ecological Transition as
Legislative Decree (DM n.183, 06/08/2022, MTE, 2022a), highlighting
the importance of prioritizing plant species that are most effective at
absorbing gaseous pollutants and PM in Green Infrastructure (GI)
programs.

At the regional level, the decree DM n.183, 06/08/2022, refers to the
Regional Air Quality Plan of Tuscany and a web application (https
://servizi.toscana.it/RT/statistichedinamiche/piante/) for selecting
suitable tree species for GI programs. In fact, Tuscany Region (Central
Italy) published in 2018 (Regione Toscana, 2018) the "Guideline for the
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Selection and Planting of Specific Tree Species for the Absorption of Nitrogen
Dioxide, Fine Particulate Matter, and Ozone" which, together with the web
application, is an important tool to provide a practical framework for
municipalities and individuals to select vegetation that effectively mit-
igates urban pollution. The guidelines discourage the planting of inva-
sive or poorly adapted species, reflecting a comprehensive commitment
to integrating urban greenness into urban planning and utilizing the
FlorTree model (Manzini et al., 2023) for ranking tree and shrub species
based on their capacity to cope with air pollution.

Still on a regional scale, in northern Italy, the Integrated Regional Air
Plan (Emilia-Romagna, 2025) also intends to enhance urban and
peri-urban forestry by selecting tree species that cope with air pollut-
ants. The region published the handbook, "Trees for the City: A Catalogue
for Urban Green Infrastructure" (Regione Emilia-Romagna, 2024), offer-
ing a guide to tree and shrub species for planning GI, focusing on climate
adaptation and biodiversity, recommending the Tuscany guidelines and
the FlorTree model to estimate species-specific absorption of gaseous
pollutants and PM retention. Still in Northern Italy, the Green Plan of
Padova (Comune-di-Padova, 2022) outlines criteria for planning GI by
selecting species that reduce air pollution, such as low-biogenic volatile
organic compound (bVOC) emitters, for reducing tropospheric Oz for-
mation, and evergreen species for improving PM removal. Furthermore,
the Regional Air Quality Plan of Piedmont (Regione-Piemonte, 2024)
advocates for Nature-based Solutions (NbS) in urban and peri-urban
areas to adapt to climate change and enhance ecosystem functionality,
focusing on tree species that effectively reduce atmospheric pollutants.

Despite their shared goals of using GI to improve urban air quality,
these national and regional instruments are not yet fully harmonized. In
practice, municipalities and urban planners must consult multiple,
sometimes overlapping guidelines that vary in scope, monitoring re-
quirements, and reporting formats. This fragmentation can hinder the
coherent implementation and comparability of data across regions.
Establishing a centralized coordination mechanism could close these
gaps through initiatives like a unified online platform for uploading
monitoring results and standardized reporting templates.

2.2. Urban soil pollution policy and perspectives from Europe to Italy

Soil policies aim to protect and enhance soil quality, which directly
impacts the growth and sustainability of urban tree populations; hence,
soil policies are essential for creating healthy urban environments that
can support thriving urban forests. Concerning urban soil policies, the
EU "Thematic Strategy on the Urban Environment" (European Com-
mission, 2006) recognizes the importance of soil monitoring as a key
indicator determining the quality of urban areas and their capacity to
provide ecosystem services. According to the European Environment
Agency (2023), 250,000 soils have been identified as contaminated
across the EU, mainly by metals and persistent organic pollutants, rep-
resenting a potential risk to human health and ecological systems.
Several other actions to protect soils include the Soil Strategy for 2030,
the Biodiversity Strategy for 2030, the Farm to Fork Strategy, the Zero
Pollution, the Nature Restoration Law and the European Climate Law
(Arias-Navarro et al., 2023).

In Italian environmental legislation, the most common potentially
toxic elements (PTE) and organic pollutants are listed in the Legislative
Decree (D.lgs.) no. 152/06 "Environmental Regulations". Specifically,
this Law defines the procedures, criteria, and methods to be adopted for
eliminating, or at least reducing, the contamination source and the
concentrations of pollutants in harmony with EU principles and stan-
dards. With this aim, the D.lgs. 152/06 reports a table with the soil and
subsoil contamination thresholds for 97 parameters, updated by Law no.
116/14 for tin (Sn). The threshold limits are applicable to sites for
public, private, and residential green use and sites for commercial and
industrial use, representing a fundamental tool for monitoring soil
quality and potential environmental health concerns. However, it has
been suggested that a proper geochemical survey should consider a

Urban Forestry & Urban Greening 113 (2025) 129066

much larger number of PTEs, although the current national legislation
does not consider them harmful to health (Cicchella et al., 2020).
Another critical point concerns the emerging contaminants, which
include pharmaceuticals, personal care products, endocrine disruptors,
nanomaterials and microplastics (Li et al., 2024). Although these
contaminant can pose a great risk for both ecosystems and human
health, the development of common detection, monitoring and man-
agement strategies, as well as risk assessment models and regulatory
frameworks, remains a significant challenge at both EU and National
level.

3. Current environmental status in Italy
3.1. Urban air quality

The Italian National System for Environmental Protection (SNPA)
releases annual reports on air quality throughout Italy. Until the latest
report (SNPA — Sistema Nazionale per la Protezione dell’Ambiente.,
2024), the exceedances for PM;(, NO,, and O3 were still based on the
limit values specified in Directive (EU) 2008/50/EC (European Parlia-
ment and Council, 2008). Thus, they do not consider the World Health
Organization Air Quality Guidelines (WHO, 2021 AQGs), which set
more stringent targets, or the newly published European air pollution
target limit for 2030 (Directive (EU) 2024/2881 of the European
Parliament and Council, 2024), which reduces the limits and exceedance
days for PM;, NOg2, and O3 and fills gaps by introducing 24-hour PM3 5
limits (Table 1).

In the last SNPA report (SNPA — Sistema Nazionale per la Protezione
dell’Ambiente.,2024), the annual PM; limit was not exceeded in Italy,
except for one site in Palermo (Sicily — Southern Italy), likely attribut-
able to intense desert sand intrusion events. In contrast, the daily PM;q
limit was surpassed in 96 stations (17 % of cases). Notably, 80 out of
these 96 instances occurred in the Po Valley region (Northern Italy), a
hotspot for PM pollution due to its unique meteorological conditions,
particularly during winter, which favor the accumulation of atmo-
spheric pollutants and facilitate the chemical-physical processes
responsible for secondary pollutant formation. Still, trend analysis over
the 2014-2023 decade shows a statistically significant decrease in PM;(
levels at 53 % of the monitored stations.

Table 1

European current and target limits for air quality for key air pollutants based on
the Italian limits (D.Lgs.155/2010), the World Health Organization (WHO)
world air quality guidelines and the European Target limit for 2030 (Directive
(EU) 2024/2881).

Pollutant  Timing Italian limits WHO air European Target
(Directive quality limit for 2030
2008/50/EC) guidelines (Directive 2024/

2881)

PM;o 24 h 50 pg/m>, <35 45 pg/m>* 45 pg/m® < 18

exceedances/yr exceedances/yr

Calendar year 40 pg/m* 15 pg/m> 20 pg/m®
PMys 24h - 15 pg/m>* 25 pg/m® < 18
exceedances/yr

Calendar year 25 pg/m® 5 pg/m® 10 pg/m*

NO, 24 h 200 pg/m®, 25 pg/m>* 200 pg/m°® < 3
<18 exceedances/yr
exceedances/yr

Calendar year 40 pg/m* 10 pg/m® 20 pg/m*

03 MDAS"* 120 pg/m® 100 pg/m>* 100 pg/m® < 3
<25 exceedances/yr
exceedances/yr (2050 target)

AOT40 (May 18 000 pg/m® - 6 000 pg/m*® x h
to July) forthe  x h (3 yr avg) (3 yr avg)
protection of

vegetation

* 99th percentile (i.e., 3-4 exceedance days per year)
™ Mean daily average



B.B. Moura et al.

For NOs, the hourly limit is not exceeded across all Italian moni-
toring stations. Also, the annual limit is largely respected nationwide,
with 98 % in compliance. All exceedances were recorded at stations
across Italy influenced by high traffic volumes in major urban areas such
as Turin (Piedmont — Northern Italy), the Milan metropolitan area
(Lombardy — Northern Italy), Genoa (Liguria — Northern Italy), Rome
(Lazio - Central Italy), Naples (Campania — Southern Italy), Catania and
Palermo (Sicily — Southern Italy). Over the decade from 2014 to 2023, a
statistically significant declining trend in NO; levels was identified in
85 % of the monitoring stations (SNPA — Sistema Nazionale per la Pro-
tezione dell’Ambiente.,2024).

The situation is different for O3. In 2024, the health protection limit
was exceeded for more than 25 days in 43 % of the stations, particularly
in the Po Valley regions (Northern Italy) and at some high-altitude sites.
The highest O3 concentrations were observed in suburban and rural
areas downwind of highly urbanized regions. Statistical analysis for
2014-2023 indicates that a trend in the Ogz levels is not evident across
most monitoring stations. Despite a significant decline in peak O3 levels
over time, O3 exceedances in Italy frequently occur at higher levels than
those in other European countries, especially in urban areas (Paoletti,
2006).

Italy’s current status regarding air pollution limit exceedances might
change when the new criteria Directive (EU) 2024,/2881 is imple-
mented. To achieve the 2030 target, the Italian Ministry of the Envi-
ronment and Energy Security published the National Program for the
Control of Air Pollution (Programma nazionale di controllo dell’inqui-
namento atmosferico PNCIA.,2021) with the aim to guide a reduction of
40 % in PMy5, 65 % in NOx and 46 % in non-methane VOCs (key Os
precursors) relative to 2005 levels. In detail, to reduce emissions from
residential biomass combustion, which cause winter peaks in PM, the
PNCIA recommends replacing old wood-burning stoves with certified
high-efficiency devices, while to reduce emissions from road transport,
it aims to accelerate the transition to electric vehicles by investing in
public transport and cycling infrastructure in urban areas.

3.2. Urban soil quality

Several studies assessed soil pollution in Italian cities, revealing that
urban soils are potential sinks for PTEs and organic contaminants
(polycyclic aromatic hydrocarbons, PAHs; polychlorinated biphenyls,
PCBs; polychlorinated dibenzo-p-dioxins, PCDD; dibenzofurans, DFs;
polychlorinated naphthalenes, PCNs; and organochlorine pesticides,
OCP).

Among PTEs, chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and
zinc (Zn) have been commonly found in urban soils of major urban areas
in Northern Italy (Biasioli and Ajmone-Marsan, 2007; Fabietti et al.,
2010; Sialelli et al., 2011). Diana et al. (2022) identified urban activities
and soil/road dust resuspension as the main sources of metals in a
northern area at the border of the Po Valley region (Northern Italy),
which represents one of the most polluted areas of Europe. Still in
northern Italy, in Turin, the finer soil particles showed metal enrichment
of Cu, Zn, and, to a lesser extent, Pb, suggesting that metal availability
was higher in the clay fraction than in other fractions, highlighting that
the overall soil concentration cannot serve as a reliable general indicator
of metal bioaccessibility in urban soils (Madrid et al., 2008).

Concentrations and bioaccessibility of soil metals in Turin (Northern
Italy) were higher in roadside soils than in soils from parks, and among
soil metals, Pb and Zn bioaccessibilities were found to be higher in the
stomach, while Cr was more bioaccessible in the intestine (Sialelli et al.,
2011). Moreover, Ajmone-Marsan et al. (2019) demonstrated that the
release of Cu, Pb, and Zn can be enhanced by waterlogging due to
extreme rainy events, suggesting that the submersion of contaminated
soils may lead to serious environmental risks in urban areas context. To
evaluate the remediation potential of plant species in Turin urban soils,
Gaggero et al. (2020) investigated the concentrations of 22 PTE in both
city central and peripheral urban parks of Turin and evaluated the
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efficiency of four different plant species (Brassica juncea, Helianthus
annuus, Zea mays and Pteris vittata) for phytoremediation purposes,
highlighting a species-specific uptake ability depending on the consid-
ered PTE.

Concentrations of organic pollutants, such as PAHs, PCBs, PCDD, and
DFs, were often above national legislation limits in urban soils of the
parks of Turin (Northern Italy, Biasioli and Ajmone-Marsan, 2007),
especially in historical parks, indicating that soil age could play a major
role in determining the soil contamination level. Fabietti et al. (2010)
found an enrichment of some contaminants such as metals, PCBs, and
PAHs in the urban environment in Piedmont (Northern Italy) with
respect to their surrounding natural and agricultural areas, while other
contaminants such as PCDD and DFs showed lower differences, con-
firming their widespread and ubiquitous pollution.

Furthermore, significant increases of some PTE (e.g., Cu, Pb, Zn)
were observed in the topsoil of Ravenna urban park (Emilia-Romagna —
Northern Italy), where their concentrations often exceeded the
threshold values established by Italian law (D.lgs 152/2006).

A preliminary review in Central-South Italy showed that OCP resi-
dues in soils ranged from not detected (n.d.) to 1043 ng g'1 (with a mean
of 29.91 ng g!) and from n.d. to 1914 g™ (with a mean of 60.16 ng g™!)
in urban and rural area, respectively (Thiombane et al., 2018).

Recently, the quality of 31 urban soils in Central Italy (Tuscany) was
determined by analyzing total petroleum hydrocarbons (TPHs) and
several PTE such as Cr, Cu, Ni, Pb, Zn, cadmium (Cd), mercury (Hg),
manganese (Mn), and the platinum (Pt) group elements (Cardelli et al.,
2017). Results indicated a widespread soil pollution, with almost all the
monitored sites exceeding the legal limit of 60 mg kg™ for TPHs in
residential areas, while the geological accumulation index (Igeo) indi-
cated no Cd, Cu, Mn, Ni, and Zn pollution and minimal Pb and Cr
pollution due to anthropogenic enrichment. Legal Hg and Zn limits of 1
and 150 mg kg™, respectively, were exceeded in about 20 % of the
monitored sites, while the limits for Cd (2 mg kg™!), Cr (150 mg kg™),
and Cu (120 mg kg ') were exceeded in only one site. The concentration
of Hg ranged between 0.04 and 9.61 mg kg™!, with two sites exceeding
the more restrictive legal limit of 5 mg kg™ for industrial areas, while
the Ni legal limit of 120 mg kg™' was never exceeded. Coastal areas in
Tuscany (Central Italy) have also shown metal contamination, with Pb
and Cu reaching the highest levels in roadside soils and in areas with
past agricultural activities like vineyards, respectively (Bretzel and
Calderisi, 2006). Regarding chemical alterations, Italian urban soils are
generally characterized by an alkaline pH due to the presence of a high
content of calcium carbonate from construction debris and release of
calcareous solution (Ungaro et al., 2022), which can affect the
bioavailability of nutrients and heavy metals altering their uptake by
urban trees growing in a Tuscany park (Scartazza et al., 2025).

The Hg concentrations of urban soils in Central Italy (Tuscany) were
aligned with those found in other cities of Central and Southern Italy,
such as Rome (0.17-1.48 mg kg‘l; Cenci et al., 2008), Naples, Benev-
ento, Caserta, Salerno, and Avellino (0.01-2.66 mg kg‘1 ; Cicchella et al.,
2008). Soils of school gardens, public parks, sport grounds and roadsides
were analysed also in Serchio River Valley (Tuscany — Central Italy),
indicating that Cu, Zn, and Cd represent the main contaminants in sur-
face soil, likely originated by deposition of airborne particulate matter
from metallurgical activity (Petrini et al., 2022). Furthermore, the
veichle traffic contributed significantly to metal pollution in city soils of
Rome (Lazio, Central Italy), especially Pb, Cu, Ni and Zn.

Cicchella et al. (2003) analyzed the Pt and palladium (Pd) soil con-
centrations in Naples metropolitan area (Central Italy), reporting
anomalous values for Pt (> 6 mg kg™") and Pd (> 17 mg kg™!) and a
positive correlation between these element concentrations with road
distribution and major traffic flow, possibly due to catalytic converter
attrition. In the same metropolitan area, Giaccio et al. (2012) analyzed
the geochemical distribution of soil heavy metals, and found a strong
correlation between anomalous Pb and antimony (Sb) concentrations
and men with poor semen quality, while other elements showed a



B.B. Moura et al.

weaker correlation (Hg and Zn) or the absence of significant
correlations.

A geochemical survey was conducted in the Salerno urban area
(Campania - Southern Italy) to determine the source patterns of major,
minor, trace, and ultra-trace elements in 151 urban topsoils (Cicchella
et al., 2020). The results highlighted that while the distribution of major
and minor elements was independent of human activities, many trace
and ultratrace elements were mainly located in highly populated areas
characterized by industry activities and heavy road traffic, supporting
their anthropogenic source. Among these elements, some PTE (e.g., Pb
and Zn) showed concentrations that reached values tens of times higher
than the legal limits, causing potential health problems. Papa et al.
(2012) determined the concentrations of V, Cd, Cr, Pb, Ni, Cu, and PAHs
in Quercus ilex L. leaves in the city of Caserta (Campania — Southern
Italy) demonstrating that this species represented a useful bioindicator
of urban pollution and a good candidate for phytoremediation purposes.

Other studies conducted in Southern Italy analyzed the spatial dis-
tribution of soil Pb concentration in urban and peri-urban soils collected
along 149 locations (Calabria, Southern Italy) to assess the probability of
exceeding the critical threshold for health risks (Guagliardi et al., 2015),
showing that large polluted areas exceeded the Italian regulatory values.
To evaluate the plant phytoremediation potential in the Calabria region,
Perri et al. (2024) analyzed the concentration of Zn, Cd, Co and As in
black poplar leaves and soil samples from three urbanized sites showing
that these elements exceeded reference values for unpolluted sites,
indicating potential environmental risk. These authors demonstrated
that black poplar trees were able to reduce the extent of the contami-
nation by highly frequent toxic pollutants in urban areas representing a
valuable NbS for monitoring and restoration in urban context.

Furthermore, studies carried out in the insular Italian regions re-
ported the concentrations of Mn, Cd, Zn, Ni, Cr, Cu, Pb, Hg, Sb, vana-
dium (V), and cobalt (Co) on 70 topsoil samples collected from green
areas and parks in the city of Palermo (Sicily — Southern Italian),
showing median values of Pb, Zn, Cu, and Hg concentrations of 202,
138, 63, and 0.68 mg kg™* respectively, much higher than uncontami-
nated Sicilian soils (Manta et al., 2002). Regarding organic pollutants,
De Guidi et al. (2017) investigated the urban soil contamination with
PAHs and nitro-PAHs in the city of Catania (Sicily — Southern Italy).
These authors suggested a strong contribution from incomplete com-
bustion of gasoline or other fuels also due to the vicinity to the airport
and demonstrated the effectiveness of microwave heating as remedia-
tion treatment for contaminant removals.

Most of the above-mentioned studies have been conducted in the
main urban areas of the Northern (Piedmont, Emilia-Romagna), Central
(Tuscany, Lazio) and Southern (Campania, Calabria, Sicily) Italian re-
gions. However, further studies are needed to broaden the geographical
coverage and temporal trend at the national scale, especially in the
highly urbanized regions of Northern Italy, such as Lombardy, where
cultivated soils south of Milan and other urban areas of Lombardy were
found highly enriched in metals such as Cd, Cu, Pb and Zn (Sacchi et al.,
2020). Furthermore, more studies are needed to evaluate emerging
contaminants such as pharmaceuticals that may pose serious risks to
ecosystems and human health (Li et al., 2024). Indeed, only a few
studies have analyzed the fate of emerging contaminants in Italian soils
and they are generally related to agricultural soils, as in the case of
durum wheat grown on irrigated land with treated wastewater in
Southern Italy (Basilicata region, Denora et al., 2024), but a gap remains
to be filled regarding urban soils. Finally, the combination of soil and
vegetation contaminant analyses in urban environments could provide
fundamental information to evaluate the most suitable plant species to
be used as bioindicators of soil contamination and as NbS tools in
remediation strategies based on urban forestry plans.
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4. Impact of urban green spaces
4.1. Contributions to air quality improvement

Several studies have focused on the contribution of urban green
spaces to improving air quality in Italy. The methodologies include
direct measurements of pollutant removal by specific plant species and
modeling approaches to estimate pollution reduction attributed to urban
greenery. Table 2 synthesizes 15 scientific studies conducted in Italy
from 2015 to 2024 that examine the role of urban green spaces in
enhancing air quality.

Urban vegetation ability to reduce air pollution varies by species and
environmental conditions (Manzini et al., 2023). Indeed, PM and NO-
concentrations are often associated with vehicle traffic and emissions
from heating systems, typically peaking in winter (Tammekivi et al.,
2023), while Og is a pollutant linked to summer weather, as it is a sec-
ondary pollutant generated in the presence of bVOC and solar radiation
(Zhao et al., 2018).

Species-specific differences in pollutant removal capacity are influ-
enced by morphological leaf traits and their habit (Grote et al., 2016).
Usually, species with smaller and complex-shaped leaves with higher
surface roughness are associated with better PM retention (Moura et al.,
2024). For instance, the assessment of 22 plant species located in
different urban zones in the city of Lucca (Tuscany — Central Italy)
highlighted the influence of environmental conditions and
species-specific traits in their PM accumulation capacities. The study
revealed that evergreen species consistently captured higher PM levels,
especially in urban traffic zones where pollution concentrations are
higher. In this case, particular attention must be given to the broadleaf
evergreen species Quercus ilex L., which was revealed as an efficient
species to capture both fine (PM3 5) and larger particles (PM; ) in studies
conducted in different cities of Italy such as Terni (Umbria — Central
Italy; Sgrigna et al., 2015), Naples (Esposito et al., 2020), Rimini
(Emilia-Romagna — Central Italy; Vigevani et al., 2022), and Perugia
(Umbria — Central Italy; Orlandi et al., 2022), with PM accumulation
capacity positively correlated to leaf traits (leaf length, width, circu-
larity, and dry matter content; Esposito et al., 2020). Regarding the
shrubs, two species, i.e., Viburnum lucidum L. and Photinia x fraseri cv.
Red Robin Dress, used as a roadside vegetation barrier in Pescia (Tus-
cany — Central Italy), was demonstrated to steadily change the dynamics
of PM deposition with a reduction of about 30 % (Mori et al., 2018).

Simulation models assess the local-scale benefits of urban treescapes,
focusing on quantifying the capacity of urban forests to intercept PM.
Studies conducted in the Metropolitan city of Naples (Campania —
Southern Italy; Sebastiani et al., 2021) and the city of Ferrara (Emi-
lia-Romagna — Central Italy; Muresan et al., 2022) underscored that the
total PM;( removal efficiency is higher for conifers than broadleaves,
with a peak deposition rate during winter. These findings are in agree-
ment with the PM;( dry deposition simulated by the model AIRTREE for
two representative Italian urban parks located in Rome (Lazio — Central
Italy) and Turin (Piedmont — Northern Italy) (Fares et al., 2020).

In contrast, modeled PM;o removal in three Italian coastal cit-
ies—Genoa (Liguria — Northern Italy), Bari (Apulia — Southern Italy),
and Reggio Calabria (Calabria — Southern Italy)—was reported to be
more efficient in evergreen broadleaves than in deciduous and conifer
species (Nardella et al., 2023). Focusing on the metropolitan city of
Rome (Lazio — Central Italy), another study also described evergreen
species exhibiting higher PM;( removal efficiency per hectare than de-
ciduous species (+ 15-22 %, Marando et al., 2016).

Regardless of the study, urban trees effectively reduce PM in the air.
Simulations estimate a contribution to PM removal of about 4 tons of
PM; within one year in an urban park in Rome (Lazio — Central Italy;
Silli et al., 2015). Similarly, research on the entire urban forest of
Florence (Tuscany — Central Italy) estimated a significant PM;o removal
of 171.3 t/year (Bottalico et al., 2017).

Urban vegetation can also absorb gaseous pollutants like O3 and
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Table 2
Comparison of urban vegetation role in air pollution mitigation and policy implications across Italian cities.
Species Studied Italian City/ Target Key Findings Public Policy Implications Reference
Region Pollutants

Evergreen/ Rome/Lazio PM;o Trees, especially evergreen broadleaves, Emphasize the role of green infrastructures in Silli et al.,
deciduous effectively reduce PM;, concentrations. urban forests for improving air quality. 2015
broadleaves and
conifers

Evergreen/ Rome/Lazio PM;o Deciduous broadleaves represent the most Support to the crucial role played by nature- Marando
deciduous abundant tree functional group and yield the based solutions for human well-being in urban et al., 2016
broadleaves and highest total annual PM;, deposition values but  areas. The monetary evaluation indicated that
conifers the removal efficiency is higher in evergreen the overall PM;, removal value amounted to

than in deciduous species. 161.78 million euros.
General tree species ~ Perugia/Umbria PM;o High PM;, capture by specific tree species Encourages integration of effective species in Orlandi
contributes to air purification. urban planning for air quality. et al., 2022

Evergreen/ Naples/Campania PM;o 1148.30 Mg of PM; are annually removed by The removal rate was calculated as equal to 36 Sebastiani
deciduous Urban Green infrastructure. The removal million euros/year. et al., 2021
broadleaves and efficiency largely varies across seasons and
conifers different vegetation functional groups.

Evergreen/ Genoa/Liguria, PM;o The highest annual average PM;, removal Support for sustainable planning and Nardella
deciduous Bari/Puglia and efficiencies is exhibited by evergreen management of UGIs. Maintaining a et al., 2023
broadleaves and Reggio Calabria/ broadleaves. Deciduous broadleaves also functionally-mixed species composition in the
conifers Calabria display high efficiency values, despite a marked ~ UGIs is desirable for guaranteeing the

seasonality caused by leaf abscission. continuous removal of PM; throughout the
year.
Quercus ilex Terni/Umbria PM Urban Quercus ilex trees can remove PM from Inform urban green management and policies Sgrigna
the air, with differential deposition linked to regarding the UGIs capacity for air pollution et al., 2015
traffic roads. mitigation.

Photinia x fraseri; Pescia/Tuscany PM Evergreen shrubs can be effectively used as Provide insights into the composition of new Mori et al.,
Viburnum lucidum vegetation barrier to remove PM. road UGISs to improve air quality. 2018

Various tree species  Rimini/Emilia- PM Quercus ilex accumulated more PM than the The findings are useful to UGI design, Vigevani

Romagna other studied species considering people’s health and sustainable et al., 2022
cities.

Various tree species  Lucca/Tuscany PM Mitigate PM capacity is not uniform across Importance of selecting species with specific Moura et al.,

species or seasons. traits that enhance air pollution mitigation. 2024

Evergreen/ Rome/Lazio O3, PM;o Evergreen species displayed higher PM;, Spatially explicit evidence may assist Fusaro et al.,
deciduous removal efficiency, whereas deciduous species policymakers in land-oriented decisions toward 2017
broadleaves and showed higher O3 absorption. improving UGI and maximizing ES.
conifers

Urban forests Florence/Tuscany O3, PM;o Urban forests in Florence remove significant Highlights the role of urban forests in air quality =~ Bottalico

amounts of O3 and PM. improvement strategies. etal., 2017

Urban parks Rome/Lazio and O3, PM Total annual removal (kg/ha) of 1005 and Urban parks represent a moderate sink of Fares et al.,

Turin/Piemont 500 kg of CO,, 8.1 and 1.42 kg of O3, and 8.4 pollutants. 2020
and 8 kg of PM;. Differences in pollutant
sequestration between urban areas and among
species.

Evergreen/ Ferrara/Emilia- O3, PM;o The Urban Green Infrastructure removed about  The findings meet with the EU Biodiversity Muresan
deciduous Romagna 19.8 Mg of PM;( and 8.6 Mg of Os. strategy for 2030 et al., 2022
broadleaves and
conifers

Various tree species ~ Milan/Lombardia 03, NOyand  Deciduous broadleaves and evergreen conifers Supports species selection in urban greening for ~ Zappitelli

and Bologna/ PM effectively remove air pollutants. maximum ecosystem services. et al., 2023
Emilia-Romagna

Urban trees and Bolzano/Trentino- 03, NO, Urban trees remove significant amounts of air Inform urban planning for air quality Russo et al.,
green Alto Adige pollutants and reduce temperatures. improvement and urban heat island mitigation. =~ 2016
infrastructure

NO,, depending on the plant’s eco-physiological traits, particularly the
stomatal conductance (g;), as higher g; promotes increased air pollution
uptake (Manzini et al., 2024). In fact, in the cities of Milan (Lombardy —
Northern Italy) and Bologna (Emilia-Romagna — Central Italy), the sig-
nificant presence of deciduous broadleaves in urban greening was
particularly effective in removing NOg and O3 (Zappitelli et al., 2023).
While the urban forests in Florence (Tuscany — Central Italy) can remove
77.9 tons of O3 annually (Bottalico et al., 2017), the total estimated air
pollution removal by trees in Bolzano (Trentino-Alto Adige — Northern
Italy) was 2.42 tons per year, with Os being the most prominent air
pollutant removed (Russo et al., 2016).

Evidence for the air pollution removal potential of urban greenery
remains optimistic yet highly uncertain, especially regarding species
traits, local emission patterns, and seasonal meteorology, as well as how
vegetation is defined and inventoried. Furthermore, assumptions
necessary for conducting scientific studies, such as neglecting particle
resuspension, wintertime physiological down-regulation, species

heterogeneity, canopy porosity, or wet scavenging, may induce errors,
and consequently, estimations are prone to over- or under-estimates.
Furthermore, species-specific Os-forming potential (OFP) can enhance
O3 and secondary aerosol formation, turning a potential service into an
ecosystem disservice. Such features are mostly not considered in the
presented studies; however, evidence of remarkable bVOC emission in
ornamental species implies an OFP far higher than the O3 removal ca-
pacity (Manzini et al., 2024).

Future work should couple dynamic vegetation features and atmo-
spheric chemistry models, integrating species-specific traits, seasonal
stomatal uptake features, and BVOC emissions rates, together with high-
resolution seasonal urban green inventory maps, and a continuous and
extensive monitoring station network, to provide empirical long-term
monitoring data and ensure comparable national and regional studies
with reduced bias.
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4.2. Contributions to soil quality improvement

Several research projects were carried out in Italy on the effect of
urban vegetation on soil quality (Table 3). Some were dedicated to
specific soil traits. For instance, a recent study carried out in Milan
(Northern Italy) aimed at evaluating the soil organic matter (SOC) stock
in the topsoil for different urban land uses (i.e., parks and non-parks)
and land covers (i.e., wooded and grassland areas), revealed higher
SOC concentration in vegetated urban parks (7.9 + 2.4 kg m 2
compared to other land cover types (unvegetated) (5.3 + 2.5 kg m™2),
with SOC stock values comparable with forests, pastures, and grasslands
of the same region and higher than in croplands (Canedoli et al., 2020).
These results have two important consequences: vegetation in urban
spaces enhances the organic matter content in the soil and may function
as a carbon sink, as also observed by other scientists (Setala et al., 2016).
The soil organic carbon stock in urban green spaces is known to be in
general lower than in natural habitats (Lindén et al., 2020). However,
the amount of SOC accumulated by urban vegetation depends on many
other variables including species composition, with conifers normally
accumulating more SOC than broadleaves (Xu et al., 2021), vegetation
structure, mixed tree-shrub dominated stand showed higher SOC con-
centration than to single tree or shrub dominated stand (Parvin et al.,
2025) and anthropogenic effects, management regimes such as adding
organic amendments are assumed to increase C accumulation in urban
soils (Bae and Ryu, 2015). Other studies focused on the role of green
spaces in affecting the microbial composition of the soil. Recent studies
utilizing DNA metabarcoding techniques and GC-MS analysis assessed
the soil quality of urban flowerbeds in Prato (Tuscany — Central Italy).
This research focused on microbial biodiversity and the profiles of vol-
atile organic compound (VOC) emissions, aimed at assessing the corre-
lation between the composition of the microbial community and the
patterns of soil VOCs (Sillo et al., 2024). The primary conclusions
indicated that tree species found in urban environments significantly
influenced soil microbial communities and might have facilitated the

Urban Forestry & Urban Greening 113 (2025) 129066

recruitment of particular microbial taxa, for instance, fungi from the
Pseudeurotium genus and bacteria such as Paenarthrobacter and Pseudo-
monas, which can break down specific classes of VOCs. Other scientists
were working more on the soil biological quality of urban parks, high-
lighting the presence of green spaces along with maintaining a canopy
cover and a litter layer as crucial factors favouring high soil diversity of
specific animal groups, such as Collembola (Milano et al., 2017).

Other studies investigated soil fertility as a whole. The use of
increasing amounts of composted sewage sludge as an amendment was
evaluated on the soil chemical and physical characteristics of three
native Mediterranean woody hedge species (i.e., Rhamnus alaternus L.,
Phillyrea angustifolia L., and Myrtus communis subsp. Tarentina L.) in Bari
(Southern Italy). Soil physical characteristics were positively influenced
by the addition of sewage sludge with the high supply rate (i.e., 45 %),
showing an increase in both moisture and infiltration values, thereby
increasing the amount of water available for the plant in the soil (De
Lucia et al., 2013).

Another similar study on the effects of compost supply on urban
Technosol in Naples (Southern Italy) used an herbaceous spontaneous
species, Malva sylvestris L., and Mediterranean sclerophyllous woody
plants, Phillyrea angustifolia L., and Quercus ilex L. The authors found that
compost enrichment resulted in higher nutrient availability and C/N
ratio over time. However, the beneficial effects on plant physiology and
productivity were significant only for the colonizing and fast-growing
herbaceous M. sylvestris but not for sclerophyllous species, which
likely require a longer period to provide positive responses (Vitale et al.,
2024).

A more ecologically oriented study, aimed at evaluating ecosystem
services and possible synergies and trade-offs between different soil
properties, was carried out in Carpi (Northern East Italy) (Ungaro et al.,
2022). In this case, biological fertility, potential habitat for organisms,
water regulation and storage, soil buffering capacity, and carbon stock
were assessed in 9 urban green areas. Soil organic carbon content was,
on average, higher in urban green areas than in agricultural soils. In

Table 3
Research projects carried out in Italy related to the role of urban greening and soil quality.
Systems Studied Italian Target Soil Key Findings Public Policy Implications Reference
City/
Region
Different urban land uses (park/ Milan/ soil organic matter (SOC) stockin ~ Average SOC of urban parks was Emphasize the role of vegetation ~ Canedoli
non-park) and covers Lombardy the topsoil higher than urban non-parks; Urban  in the formation of stable soil et al.,, 2020
(woodland/grassland) parks showed SOC stock values carbon stock
comparable with forests, pastures
and grasslands and higher than
croplands
Q. ilex, Tilia spp., Q. robur in urban ~ Prato/ Microbial communities Tree species present in urban areas The choice of tree species may Sillo et al.,
park vs. flowbeds Tuscany had a significant impact on soil contribute to recruit specific 2024
microbial communities microbial taxa for degradation
of some soil pollutants
Urban parks; Roadside green and Carpi/ Biological fertility, potential Soil disturbance and vegetation Soils in urban areas may provide ~ Ungaro
Agricultural fields Emilia habitat for organisms, water cover density affect soil functions the same level of biological et al., 2022
Romagna regulation and storage, soil quality as agricultural or forest
buffering capacity and carbon soils
stock
Xerogardening native shrub Bari/Apulia  Physical (Colour, Moisture) and Positive effect of sewage sludge Hedge establishment based on De Lucia
species (Rhamnus alaternus, chemical (Electrical conductivity,  application on soil characteristics the use of composted sludge is etal., 2013
Phillyrea angustifolia, and Myrtus Total organic matter, pH, Total feasible and helpful to mitigate
communis subsp. Tarentina) nitrogen, P, Macronutrient and the environmental impact of
subjected to amendment with heavy metals) organic waste disposal
sewage sludge
Soil properties along the Pisa, NO-, emissions, pH, EC, TOC, and Enhanced N cycles and SOC Vegetated semi-natural and Vannucchi
urbanization gradient on a Livorno/ TN §'3C and 8'°N in soil and degradation rates in urban and peri-  natural areas can attenuate soil et al., 2025
vegetation dominated by Tuscany plant litter, and enzymatic urban sites compared to natural carbon losses
Quercus ilex activities sites
Technosol with Malva sylvestris Naples/ PH, soil water content (SWC), Higher nutrient availability and C/ Compost is very suitable for Vitale et al.,
and Mediterranean Campania total carbon (Cs), nitrogen (Ns), N ratio over time. Positive effect on ameliorating the quality of 2024

and their ratio (C/Ns), soluble
carbon (Sol Cs), nitrogen (Sol
Ns), and their ratio (Sol C/Ns)

sclerophyllous woody plants
Phillyrea angustifolia, and
Quercus ilex

plant physiology only for
M. sylyestris

Technosols in urban greening
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addition, vegetated urban soil showed a decrease in runoff coefficient of
the built-up environment compared to vegetation, highlighting the
relevance of protecting areas of unsealed urban soils that can positively
contribute to the management of urban storm waters. Also the main
indexes for soil Biological Fertility and Biological Quality was higher in
vegetated urban areas compared to the other green types, supporting the
idea that natural conditions and sustainable soil management can sup-
port soil health in urban area while, disturbance factors such as traffic,
compaction, or frequent interventions can negatively affect soil health.
The study also showed that urban parks act as a biodiversity pool in
urban areas, suggesting that the soils of urban green areas may provide
the same level of biological quality as natural soils.

The change in soil functional properties and traits (i.e., NOy emis-
sions, pH, EC, TOC, TN, enzymatic activities, 5'3C, and 8'°N in soil and
plant litter), along an urbanization gradient was assessed in three sites
with different degrees of urbanization (i.e., natural, peri-urban, and
urban), dominated by Quercus ilex L., around two towns (i.e., Pisa and
Livorno in Central Italy). Results showed more rapid N cycles and
organic matter degradation rates, as well as nitrification and denitrifi-
cation in urban and peri-urban sites as opposed to natural sites, thereby
highlighting the important contribution of vegetated semi-natural areas
to attenuate soil carbon losses (Vannucchi et al., 2025).

Overall, most of these studies highlight that urban vegetation in
Italy, in particular urban forests, may significantly promote specific
ecosystem services related to soil, including regulating services (such as
carbon sequestration) and supporting services (such as soil formation

1. FlorTree - Manzini et al. 2023
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and habitats for wildlife). This is in line with recent studies that report
urban greenspaces and nearby natural areas support similar levels of soil
ecosystem services. In fact, recent findings show that urban greenspaces
are more similar to natural environments than previously thought
(Eldridge et al., 2024). This highlights the importance of managing
urban greenspaces for both supporting multiple ecosystem services and
their social and recreational value.

5. Case studies

This section presents two complementary case studies illustrating the
effectiveness of urban vegetation in pollution control across different
environmental compartments. Section 5.1 is a novel integrative study
conducted in Florence (Central Italy) that evaluates urban greenery
capacity to reduce atmospheric concentrations of O3, NO3, and PMjj.
Section 5.2 synthesizes multiple applied studies carried out across Italy,
focusing on the use of plant species for phytoremediation of contami-
nated urban soils. Together, these case studies underscore the multi-
faceted role of vegetation in improving urban environments.

5.1. Effectiveness in applying innovative urban planning strategies to
improve air quality: Florence case study

A new strategy for urban greenery planning is proposed here, which
unifies two recently developed innovative methodologies. The first one
is the FlorTree model (Manzini et al., 2023), a species-specific approach

2. Urban green mapping Sicard et al. 2023

Compile species traits
(morphology, physiology, PM
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Score and classify
(0-3 per pollutant)
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Correlate air pollutant
values with the
summed FlorTree
scores

Fig. 1. Flowchart of the methodology used for Florence case study.
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that focuses on multiple parameters, such as maximum g;, bVOC emis-
sions, and leaf trait-based deposition velocity, to classify the air pollu-
tion removal capacity of hundreds of plant species. The second is the
urban green mapping method, published by Sicard et al. (2023) and
Lopez et al. (2025), which is an efficient satellite-based approach using
high spectral and spatial resolution satellite imagery to identify plant
species within urban contexts (accuracy rate of 83 %). For the case study
presented in this publication, both methods were combined to verify
urban greenery’ potential to cope with the target air pollutants Os, NO5,
and PMj in the urban area of Florence (Central Italy). The flowchart of
the procedure is shown in Fig. 1.

Initially, the distribution of tree species identified in the city of
Florence (Fig. 2) enabled the classification of the tree species based on
the scores suggested by FlorTree. According to the model, a score of 0, 1,
2, or 3 was assigned to each species to rank its capability to remove Og,
NO,, and PM;. The classification was done using the QGIS software for
both the growing (Fig. 2A) and the dormant (Fig. 2B) seasons, as for the
dormant season, the deciduous species were removed from the scoring.

Air quality monitoring data from stations in Florence belonging to
the Regional Agency for Environmental Protection of Tuscany (ARPAT)
and the environmental monitoring stations (MS) from the Airqino
platform (https://www.airqino.it/en/) were selected. The average
hourly concentrations of O3 (Fig. 3C and G) and NO; (Fig. 4C and G),
along with the daily average concentration of PM;o (Fig. 5C and G)

Growing season

»

b Q¢ Ak .
Dormant season

"‘
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during the growing and dormant seasons of 2022, were chosen to
investigate the correlation between pollutant levels and the FlorTree
score, taking into account various distances from the monitoring
stations.

As a common spatial scale employed in air pollution dispersion
models is the microscale (i.e., 10-500 m, Tiwari et al., 2019), circular
buffer zones surrounding the air pollution stations in both climatic
seasons (growing and dormant) we chosen to categorized spatial scales
(Venter et al., 2024) of street-level (50 m) and different borough-levels
(100, 200, and 500 m).

The total coverage area corresponding to each species was calcu-
lated. The total coverage area was divided by the canopy area of a
mature tree for each species e.g., if the total coverage area of a species is
100 m?, and an adult mature tree has a 10 m? canopy area, then, if the
FlorTree score is 3 for this species, this area will compute 30 points, even
if composed of more or fewer than 3 individuals. The total FlorTree score
surrounding the monitoring station was computed for the target air
pollutants Og (Fig. 3B and F), NO, (Fig. 4B and F), and PM;( (Fig. 5B and
F).

Correlations between pollutant concentrations and FlorTree scores
were tested with Pearson’s correlation coefficient; associations with p
> 0.05 were considered not significant, and no additional covariates or
transformations were applied. Temporal and spatial variability were
handled by using only complete, gap free series (no gap filling) restricted
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I Cedrus spp. 2

I Celtis australis

[ Cercis siliquastrum
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N Ligustrum spp. 4
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1 Acer campestre, A. negundo,

A. platanoides.

2 Cedrus atlantica, C. deodara.

3 Fraxinus angustifolia, F. excelsior.

4 Ligustrum japonicum, L. lucidum.
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6 Populus canescens, P. nigra, P. alba.
7 Prunus cerasifera, P. avium.

8 Quercus ilex, Q. robur, Q. rubra.

9 Ulmus campestris, U. minor.
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Fig. 2. Tree inventory of Florence city, Italy, during the growing and dormant seasons. Deciduous species were excluded in the dormant season.
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Fig. 3. Panels A and E show the spatial distribution of vegetation capacity to remove ozone (Os3) in Florence. Panels B and F indicate FlorTree scores based on
distances from monitoring stations (dots in A and E). Panels C and G illustrate the daily fluctuation of O3 levels at various monitoring sites. Lastly, panels D and H
represent the relationship between local hourly O3 levels and the removal performance of nearby vegetation. Sections A-D portray the dormant season, whereas

sections E-H correspond to the growing season.

to the summer growing season (from 21st Jun to 21st September 2022)
and winter dormant season of 2022 (from 1st January to 21st March
2022), and by applying the 50, 100, 200, and 500 m buffers described
above; days/stations with missing or flagged values were excluded to
ensure replicability. Other influencing factors (traffic, meteorology,
urban form) were not explicitly accounted for; instead, only monitoring
stations located inside the urban zone were retained to limit external
variability.

5.1.1. Ozone
The Florence mapping classifying the vegetation capacity for Os

10

removal shows that the city area analyzed is mostly covered by tree
species not indicated for removing O3 (FlorTree score = 0, Fig. 3A and
B), as they are mostly represented by large areas covered by the ever-
green species Q. ilex, which is a high monoterpene emitter (emission rate
range: 6-58 ug/gqw/h; Street et al., 1997) and thus can contribute to the
local O3 formation (Calfapietra et al., 2013; Fitzky et al., 2019).

As expected, the Og levels follow a daily trend, with the highest
values recorded during the growing season, specifically from midday to
6 pm (Fig. 3C), reaching hour averages above 40 ppb. Ozone levels are
much lower during the dormant season (Fig. 3G), with values not
reaching 40 ppb throughout the day and with less variability among
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Fig. 4. Panels A and E show the spatial distribution of vegetation capacity to absorb nitrogen dioxide (NO) in Florence. Panels B and F indicate FlorTree scores based
on distances from monitoring stations (dots in A and E). Panels C and G illustrate the daily fluctuation of NO, levels at various monitoring sites. Lastly, panels D and H
represent the relationship between local hourly NO, levels and the removal performance of nearby vegetation. Sections A-D portray the dormant season, whereas

sections E-H correspond to the growing season.

hours.

We verified that lower FlorTree scoring were related to low levels of
O3 (p < 0.05, for the growing season), suggesting that tree selection can
significantly influence local air quality, with the effect varying between
the hours depending on the distance between the monitoring stations
(Fig. 3H). As highlighted in broader research, the capacity of urban
forests to remove Os is influenced by tree type, canopy structure, and
environmental conditions (Sicard et al., 2018), and selecting the
appropriate species can significantly enhance the effectiveness of this
valuable air quality improvement strategy (Sicard et al., 2022). During
the dormant season, the correlations were not significant (Fig. 3D).
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5.1.2. Nitrogen dioxide

The Florence mapping classifying the vegetation capacity for NOy
removal shows that the city area analyzed is mostly covered by tree
species indicated for NO; removal (FlorTree score = 3, Fig. 4A and E).
The scoring (Fig. 4B and F) is mostly attributed to the large areas
covered by the species Q. ilex, Tilia spp., and Celtis spp. These species
present high stomatal rates and, thus, high NO5 uptake.

The NO; levels follow a daily trend, with the highest values regis-
tered during the dormant season from 8 to 10 am and 6 and 8 pm,
possibly related to vehicular emission during rush hours and heating
systems (Fig. 4C). During the growing season, the levels decline, and the
picks are not clear (Fig. 4G). However, the variation of NO, levels
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Fig. 5. Panels A and E show the spatial distribution of vegetation capacity to accumulate particulate matter (PM;o) in Florence. Panels B and F indicate FlorTree
scores based on distances from monitoring stations (dots in A and E). Panels C and G illustrate the daily fluctuation of PM; levels at various monitoring sites. Lastly,
panels D and H represent the relationship between local hourly PM;q levels and the removal performance of nearby vegetation. Sections A-D portray the dormant

season, whereas sections E-H correspond to the growing season.

between the monitoring stations can be considered large, with values
ranging from 4 to 24 ug/m> in the growing season and 16-33 pg/m>
during the dormant season.

We verified a negative correlation between the FlorTree scoring and
the levels of NO5 during all daily hours in the summer season of 2022,
with statistical significance (p < 0.05) for all hours considering the
distance of 500 m from the monitoring stations, varying between the
hours depending on the from the monitoring stations (Fig. 4H). During
the dormant season, the correlations were positive but significant
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(p < 0.05) only during the first hours in the morning (Fig. 4D), possibly
indicating a dispersion issue when NO, levels are higher.

5.1.3. Particulate matter

To evaluate the efficacy of urban greenery in mitigating PM;o con-
centrations in the atmosphere, the dataset was stratified into four cat-
egories based on PM levels. The first category (low) includes instances
where at least three of the five monitoring stations recorded PM; levels
below 15 pg/m3. The second category (mid-low) encompasses instances
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where at least three of the five monitoring stations reported PM;( con-
centrations between 16 and 20 pg/m>. The third category (mid-high)
consists of instances where at least three of the five monitoring stations
observed PMj levels between 21 and 30 pg/m®. Finally, the fourth
category (high) includes instances where at least three of the five
monitoring stations measured PM; o concentrations exceeding 30 pg/m3.
For PM;, a negative correlation (p < 0.001) was observed when the
PM; levels were low. When high levels of PM;o were registered, the
correlation was positive (p < 0.01), indicating a decrease in PMjq
dispersion due to the high density of the plant canopy (Fig. 5).

5.2. Urban vegetation as a tool for soil pollution control through
phytoremediation: case studies in Italy

Soil contamination, is a global widespread concern affecting both
industrialized and non-industrialized countries, which is extremely
harmful to both human and environmental health. These so-called
"brownfields" represent a complex issue for urban managers. Because
of the low economic value of these sites, many have not been claimed for
ownership or development, thereby resulting in a lack of knowledge
about contamination levels in polluted soils (Wang et al., 2023).
Brownfields usually contain a complex mix of compounds, mainly
organic and inorganic pollutants. Traditional brownfield remediation
and redevelopment approaches are based on high-maintenance tech-
niques (e.g., excavation and off-site disposal, thermal desorption,
chemical treatments, solidification/stabilization), which show high
reclamation performances but are in many cases expensive and display a
high environmental footprint (Hou et al., 2023). Due to these short-
comings, new approaches have been proposed for managing these areas.
One of the most promising is phytoremediation because of its low
environmental footprint, operational cost, high social acceptability, and
potential to provide several ecosystem services (Guidi Nissim et al.,
2023). The technology is very simple, relying basically on living plants
and their associated rhizosphere and endophytic microorganisms to
clean up (i.e., degradation, removal, or stabilization) polluted soil.
However, specific aspects, including the long time taken to achieve
remediation goals, often limit its application on a real field scale.

Five main phytoremediation approaches are possible based on the
nature of the contaminant and the interaction established with the plant
(Shmaefsky, 2020). Inorganic contaminants, such as metalloids and
heavy metals, are either taken up by the roots, translocated to aerial
parts (shoots and leaves) and removed off site (phytoextraction) or their
solubility and mobility within the rhizosphere can be dramatically
reduced by the production of specific metabolites by the plant roots
(phytostabilization). Organic contaminants are mainly targeted with
degradation or volatilization strategies. The former (phytodegradation)
is frequently assisted by microorganisms take-up and transformation of
contaminants into less harmful compounds. The latter (phytovolatili-
zation) occurs when plants can take up the pollutant and transpire it to
the atmosphere as a gas, hence removing it from the site. Another
common technique is rhizodegradation, where soil contaminants are
broken down by external plant processes mediated by microbial activity,
and the plant basically sustains these communities by providing
nutrients.

Many plant species have been investigated for phytoremediation,
most of them belonging to different families and having different
habitus. In a recent review, Capuana (2020) recorded more than 80
ornamental species commonly used in urban greening, which have been
proven suitable for some type of phytoremediation. Among them, 23
trees, 11 shrubs, and 27 herbaceous species are suitable for phytor-
emediation of inorganic pollutants, whereas 6 trees, 3 shrubs, and 17
herbaceous species are suitable for remediation of organic pollutants.
Noteworthy is that some species represent common species in urban
green infrastructures. For instance, trees like Betula pendula Roth., Cin-
namomum camphora (L.) J. Presl., Eucalyptus camaldulensis Dehnh.,
Fraxinus excelsior L., Populus alba L., Populus nigra L., Salix viminalis L.
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frequently used in urban gardens and parks, show some efficiency in
heavy metal phytoextraction or phytostabilization. Likewise, some
common shrubs belonging to the genus Lonicera, Buddleja, Euonimus,
and Osmanthus show an avenue for heavy metal phytoremediation in
urban settings. The choice of herbaceous plants for phytoremediation of
inorganic compounds is also very wide, and many reported species (e.g.,
Amaranthus caudatus L., Helianthus annuus L., Iris pseudacorus L., Salvia
splendens Sellow ex Nees, Tagetes erecta L., Sedum alfredi Hance) are
commonly used in urban parks for their high aesthetic value. Trees
belonging to the Salicaceae family (Populus and Salix) are also very
efficient as phytoremediation of organic compounds (e.g., herbicides,
TCE, PAH, PCB) as well as some shrubs (Cytisus striatus (Hill) Rothm.,
Nerium oleander L.) and herbaceous plants (Aster amellus L., Dianthus
chinensis L., Lolium arundinaceum (Schreb.) Darbysh. and Medicago sativa
L.).

In Italy, soil contamination affects about 4689 brownfield sites
spread out in several regions (Araneo et al., 2021), often within or in the
neighbourhoods of cities. This has stimulated in the last decades the
application of different technologies in several regions, some of them
providing valuable scientific information (Table 4).

Very few studies carried out in Italy have dealt specifically with
phytoremediation of organic contaminants at a field scale. A rhizor-
emediation approach using different poplar (Populus spp.) clones and
bacterial strains in the Fiume Sacco Valley near Rome, polluted by
hexachlorocyclohexane (HCH), reported a significant decrease (- 57 %)
in soil y-HCH concentration after two years (Bianconi et al., 2011).

A higher number of applied field studies have been conducted in Italy
on sites polluted by inorganic contaminants. Four species, including
Populus x canadensis Moench, Salix matsudana Koidz., Medicago sativa L.,
and Cannabis sativa L., were tested for the phytoextraction of Cu, Pb, and
Zn on a site belonging to the Italian Navy Base located in Southern Italy.
Poplar and willow were able to extract and accumulate the highest
amount of Zn (3200 and 5200 g ha™! year™!, respectively) and Cu (182
and 116 g ha™! year '), whereas hemp, with 36 g ha~! year™!, showed
the best phytoextraction potential for Pb (Guidi Nissim et al., 2018). The
same authors also reported that despite these positive results, the total
concentration of soil trace elements was not significantly reduced after 2
years, highlighting important challenges to be addressed by further
investigation. Another study was conducted near Venice (Porto Mar-
ghera) contaminated by toxic elements (Cd, Hg, Zn) using two agro-
nomic plant species with high annual biomass yield (Helianthus annuus
L., Brassica juncea (L.) Czern) and chelating agents (Guarino and Sciar-
rillo, 2017). Brassica juncea was able to remove all pollutants more than
twice compared to H. annuus. Also, adding EDTA and Ammonium
Thiosulfate positively enhanced the phytoextraction rates of all pollut-
ants. Also, species from the Poaceae family have been tested for soil
phytoextraction of inorganic pollutants. Giant reed (Arundo donax L.)
inoculated with Trichoderma harzianum A6 was successfully used for the
removal of Cd from a polluted soil near Naples (Fiorentino et al., 2013).
The same species, along with switchgrass (Panicum virgatum L.) and
mixed spontaneous meadows, was also investigated in another trial
carried out in Northern Italy (Brescia) on the Caffaro area to remove
heavy metals from the soil. Arundo donax was the best choice for phy-
toextraction, being able to take up the highest amounts of Zn and Cu
(3.87 and 2.09 kg ha™\, respectively), also providing a valuable amount
of biomass that could be potentially used for energy purposes (Danelli
et al., 2021).

Other information originates from field studies carried out on sites
characterized by mixed (i.e., organic and inorganic) contamination. The
Monviso (P. generosa x P. nigra) poplar clone was used on a very polluted
site located in the city of Taranto (Southern Italy) characterized by the
co-occurrence of organic (PBC) and inorganic (Heavy Metal - HM)
contamination. Results show that 2.5 years after planting a significant
decrease in the overall soil HM concentration was observed compared to
the initial values, highlighting HM concentrations under the national
regulatory thresholds. Moreover, the poplar hybrid genotype Monviso
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Table 4
The main research projects on phytoremediation carried out in Italy on a field scale.
Systems Studied Italian Pollutant  Target Soil Phytoremediation Key Findings Public Policy Reference
City/ pollutant approach Implications
Region

Rhizoremediation of soil Valle del Organic Hexa- Rhizoremediation / Significant decrease in Emphasize that Bianconi et al.,
contaminated with Sacco / chlorocyclohexane Phytodegradation soil y-HCH improvement of the 2011
hexachlorocyclohexane Lazio (HCH) concentration after inoculation techniques
(HCH) isomers two years may provide a better

distribution of
degrading bacteria in
the contaminated soil

Heavy metal extraction by Taranto/ Inorganic Cu, Pb, Zn Phytoextraction Poplar and willow are Strategies enhancing Guidi Nissim
Populus x canadensis, Apulia able to extract and metal availability for et al., 2018
Salix matsudana, Medicago accumulate the highest  the plant are essential to
sativa and Cannabis sativa amount of Zn and Cu, increase the

whereas hemp show functionality of the
the best system
phytoextraction

potential for Pb.

Phytoremediation using Porto Inorganic Cd, Hg, Zn Phytoextraction B. juncea is able to The increase of Guarino and
Helianthus annuus and Marghera/ remove more than bioavailable fraction of Sciarrillo,
Brassica juncea and Veneto twice than H. annuus. potentially toxic 2017
chelating agents on a EDTA and Ammonium elements in soil by
multicontaminated Thiosulfate are adding synthetic
industrial site favorable for chelator can be reduced

enhancing heavy metal  effectively in a short

phytoextraction period of time, and with
the affordable costs of
regular agronomic
practices

Giant reed (Arundo donax) Acerra/ Inorganic Cd Phytoextraction Giant reed is suitable Further research is Fiorentino
in association with Campania for assisted needed to assess the et al., 2013
Trichoderma harzianum phytoremediation with  residual effects of the
and compost fertilisation the use of compost treatments on Cd
for Cd phytoextraction fertilization and bioavailability and on

T. harzianum. the phytoremediation
efficiency in the long
term

Giant reed, switchgrass Brescia/ Inorganic Heavy metals Phytoextraction Giant reed was the best ~ Possibility to use the Danelli et al.,
(Panicum virgatum), and Lombardy performing species for biomass for bioenergy 2021
mixed spontaneous Zn and Cu
meadows for phytoextraction
phytoremediation of
heavy metals and biomass
production

P. generosa x P. nigraonsoil  Taranto/ Mixed PBC, Heavy metals Phytodegradation/ Monviso promoted Understanding of the Ancona et al.,
contaminated by PBCand  Apulia Phytostabilization PCB degradation and plant-microbial 2017 Ancona
HMs HM stabilization consortia in the et al., 2020

rhizosphere will Ancona et al.,
enhance our ability to 2021
engineer plants for

phytostrategic purposes

The phytoremediation of an ~ San Mixed Zn, Pb, Cd, Ni, Cu, Phytodegradation/ Paulownia tomentosa The remediation process ~ Macci et al.,
organic and inorganic Giuliano Cr, TPH, PCB Phytoextraction and Populus alba were is efficient both in terms 2016
polluted soil using Populus ~ Terme/ the most efficient of contaminant removal
alba, Cytisus scoparius and  Tuscany species and in soil quality
Paulownia tomentosa improvement

Phytoremediation of Livorno/ Mixed TPH and Heavy Phytodegradation/ Significant reduction Plant-root activity Masciandaro
dredged marine sediment Tuscany metals Phytoextraction in contaminants was promoted the sediment et al., 2014

obtained in planted
sediments

transformation into a
soil-like matrix

promoted PCB degradation through rhizodegradation operated by
several occurring bacteria able to transform PCBs. These findings sug-
gested that this hybrid can be used for efficient control of HM phytos-
tabilisation and PCB phyto/rhizodegradation (Ancona et al., 2017;
Ancona et al., 2020, Ancona et al., 2021). Another experience was
conducted in Central Italy (Pisa) using three common urban ornamental
plant species, Populus alba L., Cytisus scoparius (L.) Link, and Paulownia
tomentosa (Thunb.) Steud., on a soil polluted by HMs (Zn, Pb, Cd, Ni, Cu,
Cr), TPHs, and PCBs. Paulownia tomentosa and Populus alba were the
most efficient species in contaminant removal, suggesting their suit-
ability as species for phytoremediation of urban polluted soils (Macci
et al., 2016). Finally, phytoremediation has been investigated in Italy for
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the reclamation of polluted dredged marine sediments. Different trials
were carried out around the port of Livorno in Central Italy, showing the
potential of different plant species (Paspalum vaginatum Sw., Spartium
junceum L., Tamarix gallica L.) and combinations in containing both
organic (TPHs) and inorganic (HM) pollutants (Doni et al., 2013; Mas-
ciandaro et al., 2014; Doni et al., 2015).

This overview highlights active research in phytoremediation in
many Italian regions, also showing that considerable research efforts are
currently addressed to evaluate the performance of these technologies
under actual field conditions. In addition, in the last few years, the use of
plants for the reclamation of urban brownfields has been considered as a
tool to provide ecosystem services. In this regard, more research is
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needed in the future to assess the actual role of this technology on
several environmental (and economical) benefits potentially provided
including soil quality and regeneration, regulating urban temperature,
urban hydrology, carbon sequestration, air pollution control, noise
attenuation, and social benefits also evaluating potential disservices
related to release of specific bVOC and allergenics in the atmosphere in
urban settings (Guidi Nissim, Labrecque.,2021).

6. Conclusions

This review presents the crucial role of urban greenery in improving
air and soil quality in Italy and highlights the importance of incorpo-
rating urban planning and environmental policies for sustainable and
healthier cities.

Scientific knowledge regarding urban green ecosystem services en-
ables us to look at urban green as an effective strategy for pollution
mitigation across different urban contexts. Considering the close re-
lationships and interdependencies between air and soil compartments in
urban settings, urban forestry planning strategies should consider both
elements to ensure the health of vegetation and maximize its effects on
pollution reduction. However, several limitations remain insufficiently
quantified, such as (1) empirical studies not well geographically
distributed, (2) experiments often of short duration, and (3) potential
urban green disservices, including; the presence of high bVOC emission
species, that may exacerbate O3 formation; use of allergenic pollen
species; or reduced pollutant dispersion under dense canopies. Futher-
more, uncertainties in soil contaminant baselines and the long term
required for effective phytoremediation further constrain the general-
ization of these results.

Based on the evidence reviewed, we recommend for policy and
practice to (1) discuss and promote long term monitoring networks,
especially to verify the capacity to cope air pollution and improve soil
quality in new GI; (2) optimize species selection based on scientific
evidences and following dedicated guidelines; (3) create participatory
governance and dedicated funding streams to ensure maintenance, risk
management and adaptive management that address emerging climate
stresses.

Future research should address key gaps and implementation chal-
lenges by developing coupled atmosphere-soil-vegetation models, as
well as standardizing metrics and protocols for measuring pollutant
removal and soil recovery. Additional priorities include advancing high-
resolution species mapping tools for decision support. Addressing these
challenges will improve scalability, reduce uncertainty and help fully
realize the pollution-mitigation potential of urban vegetation.
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