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A B S T R A C T   

The evaluation of ecosystem services (ESs) provided by Nature-based Solution (NbS) in-
terventions is crucial to assess their efficiency and plan their management. This study focuses on 
atmospheric pollutants abatement and carbon mitigation potential of tree species (S. alba L., 
R. pseudoacacia L., C. betulus L., A. campestre L., B. pendula Roth, T. cordata MILL., S. aucuparia L.) 
located in a restored landfill in Dortmund (DE). Leaves from different species were analysed by 
Scanning Electron Microscopy coupled with Energy-Dispersive X-Ray Spectroscopy, obtaining 
density, elemental composition and weight of leaf deposited particulate matter (PM) as a function 
of size fraction and tree species. Experimental PM2.5 removal is compared with that obtained by 
the i-Tree Eco model. Modelled removals of O3, SO2 and NO2 are also presented, as well as carbon 
uptake, from the single tree to the intervention scale. Thus, our study evaluates the provision of 
ESs for air quality and climate change mitigation by the same NbS intervention, at different 
scales, and compares experimental and modelling approaches, to highlight limitations and 
strength points. This represents an important step for the developing of NbS benefits evaluation 
standards, also providing helpful knowledge for stakeholders and landscape planners in terms of 
species mitigation efficiency.   

1. Introduction 

Urban emissions of gaseous pollutants and particulate matter (PM) from vehicular traffic, domestic heating and industrial activ-
ities, such as power plants, foundries or refineries, determine frequent exceedances of the air quality standards set by national or 
international legislations (Rafael et al., 2018; European Environment Agency (EEA), 2016). Combustion processes related to 
anthropogenic sources are responsible for the emission of gaseous pollutants, such as SO2 and NO2. These gases contribute to the acidic 
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deposition, and are precursors of secondary atmospheric PM, with severe consequences on human health and balance of radiative 
forcings (Singh and Tripathi, 2021; Bishal and Sarkar, 2022). Atmospheric PM is a heterogenous mixture of solid and liquid particles 
and it is of great risk for human health for accounting for >5% of lung cancer death globally (Ali et al., 2019). In addition, NOx 
(nitrogen oxides, both NO2 and N2O) are known precursors of tropospheric ozone (O3), which also put at risk human's health and 
ecosystem functioning (Hui et al., 2023). Increasing urban emissions of gases such as carbon monoxide (CO) and carbon dioxide (CO2) 
are also related to climate change, being known as greenhouse gases (GHGs). Atmospheric concentrations of these long-lived GHGs 
have increased significantly in the last decades (Griffith et al., 2021; Tuckett, 2021), and this has been associated not only to a sub-
stantial rise in global average temperatures (Mikhaylov et al., 2020; Lamb et al., 2021) but also to the increased strength and frequency 
of extreme events (Ebi et al., 2021; Tan et al., 2022). 

Therefore, the identification of new and sustainable strategies for the improvement of air quality and climate change mitigation in 
urban environments is extraordinarily important. Since 2015, the newly developed concept of Nature-based Solutions (NbS) has been 
introduced by the European Commission (EC) and later defined by the International Union for Conservation of Nature (IUCN) as 
“actions to protect, sustainably manage, and restore natural or modified ecosystems” (European Commission, 2015; Cohen-Shacham 
et al., 2016). This concept and its applications address several cross-cutting environmental, social, and economic challenges, in a 
sustainable and cost-efficient way (Faivre et al., 2017). Indeed, NbS implementation is not only related to the increase of urban 
resilience, but also to economic and sustainable development, improvement of environmental quality and therefore human health and 
wellbeing (Carrus et al., 2015; Ruangpan et al., 2020). In this context, the recultivation and afforestation of post-industrial sites is 
gaining more and more attention from local authorities, stakeholders and scientists (Escobedo et al., 2019; Panno et al., 2017; Song 
et al., 2019). Among these sites, landfills are a common element of post-industrial landscapes that can be transformed from envi-
ronmental nuisance into elements of urban green infrastructure, through the NbS concept. Initially located on the periphery of cities, 
landfills have become more integrated into the urban fabric. This is extremely relevant if the different environmental risks associated 
to them are considered. For instance, focusing on gaseous emissions, abandoned landfills may release CH4 and CO2, due to aerobic and 
anaerobic decomposition processes. Securing these sites is thus mandatory, and this could be obtained by combining both technical 
and nature-based solutions, such as the use of sealing layers. 

Once safeness is ensured, landfills present a potential for being integrated into the urban green infrastructure as an intervention of 
NbS, thus being able to provide several ecosystem services (ESs), defined as “benefits that humans derive directly and indirectly from 
the processes and functions of an ecosystem” (Costanza et al., 1997). Air quality mitigation is one of the most studied ESs in urban 
contexts (Janhall, 2015; Currie and Bass, 2008), and its provision is linked to the potential of plants to remove gaseous pollutants 
through stomatal uptake and PM through wet or dry deposition on their foliage (Millennium Ecosystem Assessment (Program), 2005; 
Nowak et al., 2006;. PM leaf dry deposition is a complex and dynamic mechanism influenced by the chemical-physical characteristics 
of the particles, by leaves' anatomy and morphology, such as leaf shape, margin and surface structures, and by the meteorological 
conditions (Sæbø et al., 2012; Wang et al., 2015; Sgrigna et al., 2020; Ristorini et al., 2020a). Greenhouse gases mitigation takes place 
through atmospheric CO2 assimilation by photosynthesis and carbon storage (Baro et al., 2014; Myeong et al., 2006). In this case, 
species-specific characteristics such as tree growth rate, leaf area index, and plant biomass can affect the efficiency of the NbS (Nowak 
et al., 2002). 

The correct assessment of the ESs provided by specific NbSs could allow to evaluate their impact, which is a mandatory step to 
compare the efficiency of different solutions (Calliari et al., 2019), thus improving the knowledge about NbS design and imple-
mentation. However, this task is very complex, and it rarely accounts for the integrative and cross-sectoral approach of the NbS 
concept, often addressing single ES or challenges (Ordóñez et al., 2019; Farrugia et al., 2015). This is due to complexity and multi- 
dimensionality of NbSs, which often address different societal challenges at the same time, sometimes at different spatial scales 
(Cohen-Shacham et al., 2016). This means that interdisciplinary conceptual and methodological advancements must be considered 
and taken in account. However, case-studies present in the literature are often focused on single challenge areas or even on single ES 
(Abson et al., 2014), at specific spatial/temporal scales (Zang et al., 2014). Additionally, and even if more than one ES is assessed, the 
evaluation of synergies or trade-offs among theme is still a challenge (Seddon et al., 2020; Al Sayah et al., 2021). 

To this aim, we focused on an experimental and modelled assessment of the atmospheric pollutants reduction and of the carbon 
impact of a restored landfill in Dortmund (GE), thus evaluating different ESs provided by the same intervention, at different spatial 
scale, from the single tree to the whole site. The combination of two methodological approaches, and the comparison of the obtained 
results, allowed to identify strength points and limitation of the proposed methods. This is extremely important, especially when the 
modelled approaches are used for the evaluation of ESs, since this often represents a simplification of phenomena, thus being certainly 
a useful and fast tool, but also requiring consistent validation with experimental data. Furthermore, the single tree approach of our 
study provided fundamental knowledge on the impact of macroscopic (i.e. tree growth rate, biomass and leaf area) and microscopic (i. 
e. leaf anatomy or surface roughness) characteristics on the species-specific efficiency in the provision of ESs. Such a species-specific 
knowledge is crucial to design increasingly efficient NbS in the future, further improving urban life quality and citizen health and well- 
being. 

2. Materials and methods 

2.1. Study area 

The former landfill of Deusen is in the Northwest of the city (51◦32′48” N, 7◦25′8′′ E), in the borough of Huckarde, characterized by 
the presence of a former mining site and a coking plant, and the district Deusen, from which it takes its name (Fig. 1). Since the 
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beginning of the 20th century, urban waste has been disposed on this site and until its closure in 1992, the Deusen landfill reached a 
height of 55 m above the surroundings, with 11,000,000 m3 of waste. Basic recultivation started in 1997, with the step-by-step 
plantation of about 150,000 trees and shrubs, after drainage and soil cover operations. Within the boundaries of this restored area 
of about 58 ha, zones with different plant species composition can be identified (indicated by A to F in Fig. 1). As shown in the next 
Sections, this zonation has been considered for the i-Tree Eco modelling of the pollutant removal and carbon impact of the NbS 
intervention. Biometric details and health status information on the plants located in each zone have been summarized in the Sup-
plementary Materials, S1. 

The initial recultivation of the site has been enhanced in stages towards a multifunctional greenspace and it has been further 
improved within the Horizon 2020 Innovation Action - proGIreg (productive Green Infrastructure for post-industrial urban regen-
eration) (Jafari et al., 2021). To date, the solutions implemented on the Deusen landfill include different elements as shown in Fig. 2, 
such as a new path for better access to the site, the plantation of pollinator-friendly vegetation, a mountain bike arena and solar panels. 

2.2. Experimental evaluation of the atmospheric PM abatement 

2.2.1. Leaf sampling 
The potential of this NbS intervention towards the abatement of airborne PM was assessed through the characterization of leaf 

deposited particles. Fully-grown leaves were collected from four different tree species: Acer campestre L., Betula pendula Roth, Carpinus 
betulus L. and Salix alba L.. The leaf sampling was carried out on the 18th of September 2019, one month after a precipitation event 
characterized by a cumulative rainfall of about 12 mm, with a maximum intensity of 6.5 mm/h (occurred in August 15th, 2019; 
Climate Data Center - Deutscher Wetterdienst - https://cdc.dwd.de/portal/). Indeed, when leaves are sampled to monitor their 
capability to capture PM, it is important to consider the occurrence of rain events that can remove leaf deposited particles, thus 
affecting the proper evaluation of PM leaf deposition; generally, the collection of leaves is performed at least one week after a rain 
event exceeding an intensity of 30 mm/h or 12 mm of cumulative rain (Xu et al., 2017). For each species, six leaves were sampled with 
telescopic pruning shears, from trees in the East part of the NbS (51◦32′51.88”N, 7◦25′7.82′′E; see Fig. 1) (Sgrigna et al., 2020; 
Tomašević et al., 2005). Fully grown sun leaves were collected with different cardinal exposures, at 2 m height from ground level. 
Additionally, and to ensure homogeneity, leaves with a similar position along each branch were selected for SEM/EDX microanalysis. 
Leaves collected were preserved in paper bags to avoid external contamination and stored in at 4 ◦C until further analysis. 

2.2.2. SEM/EDX microanalysis of leaf surfaces 
A total of 24 leaves (6 leaves per species) were analysed by a Phenom ProX (PhenomWorld, The Netherlands) scanning electron 

microscope, equipped with an X-ray analyser (SEM/EDX). Two sections of 0.5 cm2 (adaxial and abaxial surface) were cut from the 
same leaf part and mounted on aluminium stubs, by using double coated carbon conductive PELCO Tabs (Ted Pella, Inc.). The two 
sections were slightly fluxed with compressed air, as recommended by the user manual, and then inserted in the SEM with a charge 
reduction sample holder, suitable for biological samples. Then, operating in backscattering electron mode, with an incident electron 
energy of 5 keV, ten micrographs of 150 × 150 μm width (1024 × 1024 pixels resolution) were acquired from each section, for a total of 
120 micrographs for each species (60 micrograph for the adaxial and 60 for the abaxial surfaces). Gwyddion v. 2.49 (Nečas and 

Fig. 1. Deusen previous landfill location and zoomed image, with shown leaves sampling site and areas (A to F) identified for the zonation used for 
the i-Tree Eco modelling, based on the area plant species composition. 
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Klapetek, 2012) was used to acquire the number of particles and their equivalent sphere diameter (deq) (Baldacchini et al., 2017; 
Merkus, 2009). Therefore, particles density for each species (expressed as the number of particles per unit leaf area in mm2), was 
obtained for adaxial (AD) and abaxial (AB) surfaces as a function of size fraction (specifically PM0.2–1, particles with aerodynamic 
diameters from 0.2 μm to 1.0 μm, PM1–2.5 with 1.0 μm ≤ a. d. ≤ 2.5 μm, and PM2.5–10 with 2.5 μm ≤ a. d. ≤ 10 μm), thus averaging 
density values obtained from the 60 corresponding micrographs. Standard deviations were also calculated. More detailed information 
is reported in Baldacchini et al., 2017 (Baldacchini et al., 2017). 

Five micrographs of 50 × 50 μm width and same resolution as before were also acquired, with an incident electron energy of 15 
keV. From each one, 10 particles were randomly selected for the EDX spectrum acquisition, for a total of 600 particles analysed for each 
species. Relative percentages of the elemental components, Na, Mg, Al, Si, Cl, K, Ca and Fe,P, S, Ti, Cr, Mn, Ni, Cu an Zn, were acquired. 
To obtain an estimation of the total PM elemental composition, the weighted volume percentage (W%x) of each element (x) was 
calculated by multiplying, for each particle (i), the particle volume (Vi = 4/3 π (deqi/2)3) by the element x relative percentage, by 
summing together the quantities obtained by all the measured particles, and then normalizing the obtained volume by the total 
measured particle volume (Eq. (1); Baldacchini et al., 2017). 

W%x =

∑N

i=1
Cxi × Vi

∑N

i=1
Vi

(1) 

For this part, deq was obtained through the ImageJ software (Schneider et al., 2012). Then, by averaging these results, mean 
elemental composition W%n for each leaf sample (n) and standard deviations, for each size fraction and each species, were obtained. 
The weight of leaf deposited particles per unit leaf area (μg cm− 2) was then calculated taking in account the W%n of each element, 
multiplied by the total volume of SEM analysed particles, per each sample, and the corresponding elemental atomic mass per volume 
(https://www.webelements.com/periodicity/density/), as reported in Baldacchini et al., 2019. These values and standard deviations 
were calculated for each species and size fraction, thus averaging and combining results from both the AD and the AB surfaces. 

2.3. I-Tree Eco model 

2.3.1. Biometric, meteorological, and atmospheric pollutants concentrations data 
In 2019, data on biometric and health status of trees located in the Deusen NbS were collected. Data such as tree height, diameter of 

the trunk at the breast height (DBH, approximately 1.3 m from the ground), crown base height and width, percentage of crown missing, 
crown health and light exposure are required by the i-Tree Eco model as input data for estimating parameters such as the leaf area (LA) 
and the plant dry biomass (Pace et al., 2018), and then modelling the NbS provision of ESs (i-Tree Eco v.6.0, 2023). As previously 

Fig. 2. Different NbSs and other measures combined to make the Deusen landfill a multifunctional green infrastructure: greening with trees and 
shrubs, accessibility of vistas by steps and walkways, a mountain biking parkours, solar panels and diversified greening for enhancing pollinator 
friendliness. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stated, to increase the spatial accuracy in assessing the pollutant removal and carbon impact of the NbS intervention, the landfill area 
has been divided in the six zones reported in Fig. 1 (A-F), characterized by a different plant species composition, and a significant 
number of trees for each species was surveyed in each zone, to obtain the average parameters per species per zone. The collected 
information was then averaged over the total number of trees for each species and within each zone (Supplementary Materials, S1). 

The i-Tree Eco model also requires hourly meteorological and atmospheric pollutants concentrations data that are retrieved from 
stations included in the i-Tree Eco model database. The closest station to the sampling area have been selected: the Dortmund city 
airport provided atmospheric concentrations of O3, NO2 and PM2.5, the station of Recklinghausen (30 km from Dortmund) provided 
SO2 concentration, while the nearest station with a complete meteorological data was the station in Maastricht airport (National 
Center of Environmental Information, NCEI ID: 063800–99,999; 170 km from Dortmund). The most recent available data in the i-Tree 
Eco database were referred to the year 2014. 

2.3.2. Modelled removal of O3, SO2, NO2, PM2.5 and comparison with experimental PM2.5 SEM/EDX results 
The I-Tree Eco model estimates the removal of O3, SO2, NO2 and PM2.5 by the vegetation via deposition or stomatal uptake 

throughout the year. Pollutant flux (F; expressed in g m− 2 s− 1) of gaseous pollutants is calculated as the product of each pollutant 
deposition velocity (Vd in m s− 1) and their atmospheric concentration (C in g m− 3) (Hirabayashi et al., 2012) The Vd for gaseous 
pollutants (O3, SO2, NO2) are calculated as the inverse sum of the aerodynamic resistance (Ra), quasi-laminar boundary layer resis-
tance (Rb) and canopy resistance (Rc). Ra is calculated using meteorological data, while Rb and Rc are calculated separately for each 
pollutant (Pace et al., 2018). PM2.5 flux and Vd calculations are mainly affected by wind speed and LA (Nowak et al., 2013). Each 
modelled pollutant flux is multiplied for the modelled LA, to achieve the mass removed through dry deposition (PM2.5) or stomatal 
uptake (gaseous pollutants) by the vegetation. The removed mass of each pollutant in one year, by single trees of each species and by 
the total number of trees located in this NbS intervention were accurately estimated. For those species that have been reported to have 
trees with different biometric characteristics and/or health status, results were summed together (Supplementary Materials, S1), 
obtaining a single value for each species. Since we are interested in comparing the potential removal of the different zones by taking 
into account only their plant species composition, while these zones are characterized also by different areas, the removal values of 
each zone and of the total NbS intervention have been normalized by their areas in hectares, obtaining the kg of pollutants removed 
throughout the year per unit area (kg ha− 1 year− 1). For each modelled value obtained (single tree, zone upscale, total NbS) the 
associated uncertainty was calculated (Taylor, 1982). Specifically, percentage uncertainties were calculated as the square root of the 
sum of squared percentage uncertainties for each single factor considered in the modelling and in the upscale. The single factor un-
certainties were estimated by the experimental data dispersion or by the standard deviation, depending on the data structure. 

Finally, modelled removal results of PM2.5 were compared with the experimental ones obtained from SEM/EDX. The comparison 
concerned only the species analysed by SEM/EDX. Species-specific mass concentrations of PM2.5 obtained through the SEM/EDX 
procedure were multiplied by the LA (in cm2) modelled by i-Tree Eco for single trees of Acer campestre L., Betula pendula Roth, Carpinus 
betulus L. and Salix alba L.. These latter results were considered representative of about one-month PM leaf dry deposition, due to the 
occurrence of last intense precipitation event in Dortmund city (15th of August 2019) before the leaf sampling date (Climate Data 
Center - Deutscher Wetterdienst - https://cdc.dwd.de/portal/). To finalize the comparison, the yearly i-Tree Eco PM2.5 outputs were 
normalized accounting a leafy period length of eight months. 

2.3.3. Carbon storage and carbon gross sequestration 
Carbon storage describes the difference between the amount of carbon stored in the plant dry biomass via total photosynthesis, and 

the one lost by respiration, while carbon gross sequestration is the yearly rate of carbon removal from the atmosphere (Martin et al., 
2012). The above-ground plant dry biomass is calculated through DBH and allometric equations. To estimate the total biomass (above 
and below ground), a root to shoot ratio of 0.26 was applied. Since the allometric equations are diameter-based and developed for 
closed canopies, biomass was reduced by a factor of 0.8, to account the influence of urban open-growth conditions on the above ground 
biomass (Pace et al., 2018). 

The modelled carbon gross sequestration is calculated thus considering a standard diameter growth of tree which accounts of the 
tree light exposure and the number of frost days in the studied years (Nowak and Crane, 2002; Nowak, 1994). Specifically, for open- 
grown trees with a Crown Light Exposure (CLE) ranging from 4 to 5, the Standard diameter Growth (SG) is calculated as SG 0.83 cm/ 
year × (number of frost-free days/153); for park trees (CLE = 2–3) and forest trees (CLE = 0–1), SG is calculated by dividing the 
corresponding value for open-grown trees by 1.78 and by 2.29, respectively. 

As for the removal of atmospheric pollutants, the individual tree results for carbon storage and gross sequestration (expressed in kg 
and kg year− 1, respectively) were then upscaled for the total number of trees for each species. Results of each zone and of the total NbS 
were furtherly normalized by their areas in hectares, obtaining the kg ha− 1 of carbon stored/sequestrated in one year. Also, for these 
parameters, uncertainties were calculated as reported in Section 2.3.2. 

3. Results and discussion 

3.1. PM abatement estimated by SEM/EDX microanalysis 

3.1.1. Density of leaf deposited PM 
The averaged species-specific particle densities (number of particles per unit leaf area in mm2), with standard deviations were 

obtained from the SEM images of the adaxial (AD) and abaxial (AB) leaf surfaces (Supplementary Materials, S2), for three size 
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fractions: ultrafine (PM0.2–1), fine (PM1–2.5) and coarse (PM2.5–10) PM (Supplementary Materials, S3). The mean particle density on the 
AB surfaces of the selected trees (1.96 ± 0.23 * 104 particles mm− 2) was about the 70% of that on the AD surfaces (2.90 ± 0.37 * 104 

particles mm− 2), with density values that are consistent with those previously reported for leaf-deposited PM in urban context 
(Weerakkody et al., 2017; Baldacchini et al., 2017; Baldacchini et al., 2019). The observed difference between particle densities on the 
AD and AB leaf surfaces is a direct consequence of their orientation and, therefore, different interaction with wind turbulence (Bal-
dacchini et al., 2017; Ottele et al., 2010; Shi et al., 2008). If the total PM0.2–10 leaf deposited particles were considered, no statistically 
significant differences were detected among the four species. Concerning the size fractions, the PM0.2–1 was the most abundant one in 
terms of particles density, ranging from 90% to 93.1% for AD surfaces (respectively for A. campestre and S. alba) and from 91.7% to 
93.6% for AB surfaces (respectively for B. pendula and S. alba). The PM1–2.5 was represented by percentages ranging from 6.3% (S. alba) 
to 8.8% (A. campestre) in the AD surfaces, while for the AB ones, these percentages ranged from 6.0% (A. campestre) to 7.5% 

Fig. 3. Relative elemental composition and standard deviations, as estimated by the W% obtained from the SEM/ EDX analysis, for the 3 PM size 
fractions (a. PM0.2–1; b. PM1–2.5; c. PM2.5–10), for all the species. 
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(B. pendula). Finally, the AD coarse particles (PM2.5–10) ranged from 0.5% (B. pendula) to 1.1% (A. campestre), comparable to the range 
of AB ones (0.5% - 0.8%). However, the mean density values per size fraction and per species are not significantly different, with the 
exception of the high PM2.5–10 density observed on the AD surface of A. campestre (400 ± 50 particles mm− 2). The high accumulation of 
coarse particles in A. campestre leaves was also described in Dzierżanowski et al., 2011, which reported a high accumulation of PM2.5–10 
particles both in superficial parts of leaves and in waxes. 

3.1.2. Elemental composition of leaf deposited PM 
For all the considered size fractions and species, sodium (Na), magnesium (Mg), aluminium (Al), chlorine (Cl), potassium (K), 

calcium (Ca) and iron (Fe) were the major components of leaf deposited particles, being characterized by a W% higher than 1%. Some 
general trends could be described for the size distribution of these major elemental components. All the accounted tree species were 
characterized by a decrease of W% for elements such as Na, Cl, Mg, Al, and Si, from coarse particles (PM2.5–10) to ultrafine ones 
(PM0.2–1) (Fig. 3). These elements are known to be typical crustal components and for this reason often used as tracers for natural soil 
resuspension (Abhijith and Kumar, 2020). In our study, the size distribution detected for these elements (higher W% in the coarse PM) 
confirmed the origin of these particles and also the role of these elements as selective tracers for this kind of natural emission source 
(soil resuspension) (Amato et al., 2009). On the other hand, Fe, which is often associated to anthropogenic emission sources, such as 
vehicular traffic and industrial activities (Massimi et al., 2020; Ristorini et al., 2020b), was mostly abundant in the ultrafine particles 
fraction (Fig. 3), as well as trace elements, i.e. those element with W% lower than 1%, such as titanium (Ti), chromium (Cr) and 
manganese (Mn) (data not shown). Also in this case, the size distribution of these elements (higher W% in the ultrafine PM) may 
confirm the origin of these particles, which are characterized by a smaller aerodynamic diameter, thus connecting their prevalent 
emission to combustion related processes (Massimi et al., 2019; Davila et al., 2006). 

Interestingly, and in contrast to what was detected for the particle density, differences between the elemental composition of PM 
were observed across the four tree species. S. alba leaves had the highest number of iron-containing particles, in both PM2.5–10 and 
PM0.2–1 fractions, with a Fe W% of 10.8% and 18.8%, respectively. These were the highest percentages measured for all the species and 
for all the fractions (Fig. 3). S. alba confirmed this trend in PM1–2.5 fraction also for others trace elements, such as chromium (Cr, W% =

0.19%) and titanium (Ti, W% = 0.26%), thus revealing a specific affinity for the removal of heavy metal from the atmosphere. On the 
other hand, A. campestre leaves were characterized by PM0.2–1 with a significantly higher concentrations of Si (W% = 3.99%) and Ca 
(W% = 1.58%), thus indicating a low affinity of this species towards heavy metal containing particles also in the ultrafine fraction, 
where these latter elements are generally more abundant. No significant differences were found between the W% of the other elemental 
components, for all the size fractions. 

3.1.3. Mass concentration of leaf deposited PM 
The mass of removed PM per unit leaf area (μg cm− 2), for each species and size fraction, is shown in Fig. 4. S. alba and A. campestre 

had the highest total PM0.2–10 mass accumulated on their leaves, corresponding to 3.84 ± 0.36 μg cm− 2 and 3.23 ± 0.23 μg cm− 2 

respectively, while C. betulus leaves were the less efficient, with a mean load of 1.92 ± 0.14 μg cm− 2. The same trend was obtained for 
the coarse PM size fraction (PM2.5–10), which is known to mainly drive the mass load of PM0.2–10 (Cai et al., 2017). Instead, for both 
PM1.2,5 and PM0.2–1 fractions, only S. alba leaves showed a particle load that was significantly higher than the others (0.68 ± 0.11 μg 
cm− 2 for PM0.2–1 and 1.07 ± 0.13 μg cm− 2 for the PM1.2,5). 

Overall, S. alba resulted to be the species with the highest mass of leaf deposited particles, for all the studied size fractions. Particles 
density on leaves was comparable among the species, as discussed, but S. alba showed the highest affinity towards heavy metal 
containing particles, which are characterized by a higher elemental atomic mass and, therefore, weight mass (Section 3.1.2). This 
results in the higher PM load observed on S. alba leaves, and it could be used as a valid proxy for its potential removal affinity towards 
airborne PM. Instead, the high PM mass concentrations detected for total PM (PM0.2–10) and coarse fraction (PM2.5–10) in A. campestre 

Fig. 4. PM mass concentration on leaves (μg cm− 2), as obtained from SEM/EDX, through the combination of PM density and elemental composition 
results, as averaged values over the six leaves per each species. Standard deviations are given for each size fraction and each species. 
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leaves can be explained by the high particle densities detected on its leaf samples in the coarse size fraction (Section 3.1.1). C. betulus 
and B. pendula were then the species with the lowest accumulated PM loads, for every considered size fraction. For C. betulus, in 
particular, our results may highlight the impact of species-specific anatomical characteristics on PM capturing capabilities, since its 
leaves are known to be characterized by smooth surfaces, which may negatively interfere with their ability to withhold deposited 
particles (He et al., 2020; Przybysz et al., 2019; Sgrigna et al., 2020). However, in our study, inter-specific variability was lower than 
expected, and often not significant, and this may be explained by taking in account the proximity of the sampled plants in a densely 
forested area, which could have determined a quite homogeneous conditions of leaf exposure to airborne PM. 

3.2. I-Tree Eco model evaluation of atmospheric pollutant removal (O3, SO2, NO2 and PM2.5) 

Modelled results relative to the removal of O3, SO2, NO2 and PM2.5 by single trees showed a high inter-specific variability (Table 1). 
For PM2.5, the highest removal efficiency was observed for S. alba, followed by R. pseudoacacia, C. betulus and A. campestre, while 
S. aucuparia, B. pendula and T. cordata were the less efficient species. Yearly removal of PM2.5 ranged from a minimum of 0.10 ± 0.02 g, 
detected for single trees of S. aucuparia, to a maximum of 11.8 ± 2.1 g, for S. alba (Table 1). Similar trend could be observed also for O3, 
SO2 and NO2, confirming S. alba as the species with the highest removal modelled values, which are up to 162.8 ± 27.4 g for O3, 93.1 
± 27.4 g for NO2 and 8.6 ± 1.5 g of SO2 (Table 1). Biometric and health status data, which are required by the model to calculate the LA 
associated to each plant, determine a higher or lower removal of atmospheric pollutants, thus being the main factors affecting the 
modelling of this ESs. Indeed, plants with the highest biometric/health status values (Supplementary Materials S1) are also those with 
the highest modelled values of LA and, therefore, those for which the highest removal of atmospheric pollutants is obtained. The 
described approach may be considered to deduce which species are the more adapted to survive and grow in urban environments, thus 
providing relevant information for the preliminary stages of NbS design and for the selection of the most efficient tree species. 

Zone E, characterized by the co-presence of two different types of B. pendula trees, which differ for the percentage of crown missing 
(20% or 40%) and for their crown light exposure (3 or 4), was the most effective towards the removal of PM2.5, followed by Zone A and 
B (Table 1). Likewise, Zone E was confirmed as the one with the highest annual removal of gaseous pollutants that was 189.8 ± 38.0 kg 
ha− 1, 109.2 ± 21.2 kg ha− 1, 9.7 ± 2.0 kg ha− 1 for O3, NO2 and SO2, respectively (Table 1). Conversely, Zone D, characterized by two 
S. aucuparia trees having different percentage of crown missing (20% or 40%) and crown light exposure (1 or 4), was the least efficient 
one (6.8 ± 1.3 kg ha− 1 of O3, 3.9 ± 0.7 kg ha− 1 of NO2 and 0.4 ± 0.1 kg ha− 1 of SO2 removed each year). In Zone E, the high tree 
density overcame the limited removal of its main species (B. pendula), while the high removal values obtained for zone A and B, may be 
due to the presence of highly removing species, i.e. R. pseudoacacia (zone A) and S. alba (zone B). The sum of the various zones provides 
the pollution removal by the total NbS: 46.4 ± 10.7 kg ha− 1 of O3, 26.5 ± 6.0 kg ha− 1 of NO2, 2.4 ± 0.6 kg ha− 1 of SO2 and 3.4 ± 0.8 
kg ha− 1 of PM2.5, for a total of 78.7 ± 15.7 kg ha− 1 of pollutants removed (Table 1). 

As previously described (Section 2.3.2), the i-Tree Eco modelling of air pollutant removal is strongly affected by the field data 
collection used to calculate the LA of each single tree. The plants with a highest modelled LAs have also the highest removal potentials. 
Indeed, when trees were surveyed in this NbS, S. alba trees were the most healthful and grown ones, thus showing the highest values for 
each biometric or health status category, such as DBH, crown width, health, and light exposure, and on the other hand, lower per-
centages of crown missing (Supplementary Materials S1). On the contrary, S. aucuparia trees significantly differed from the others, 
having the lowest recorded biometric values. Also, trees from B. pendula and T. cordata species were characterized by low crown width 
(1.5 m), low light exposure and a high percentage of crown missing (up to 50%), thus resulting in a low removal efficiency. It is 
important to underline that the species-specific affinity towards the removal of atmospheric pollutants, described in this Section, as 

Table 1 
I-Tree Eco modelled potential removal of atmospheric pollutants O3, SO2, NO2 and PM2.5. Single tree results for each species (g of pollutant removed 
year.1) together with zone and total NbS results (kg of pollutant removed ha− 1 year− 1) are presented. The uncertainties associated to each value are 
also presented.  

Grams per single tree per year PM2.5 O3 NO2 SO2 

S. alba L. 11.8 ± 2.1 162.8 ± 27.4 93.1 ± 15.0 8.6 ± 1.5 
R. pseudoacacia L. 5.5 ± 1.0 76.5 ± 12.9 43.7 ± 7.1 4.0 ± 0.7 

C. betulus L. 4.5 ± 0.8 61.6 ± 10.4 35.2 ± 5.7 3.3 ± 0.6 
A. campestre L. 2.5 ± 0.4 34.5 ± 5.8 19.7 ± 3.2 1.8 ± 0.3 
B. pendula Roth 1.2 ± 0.2 16.3 ± 2.7 9.3 ± 1.5 0.9 ± 0.2 
T. cordata MILL. 0.6 ± 0.1 9.2 ± 1.5 5.2 ± 0.8 0.4 ± 0.1 
S. aucuparia L. 0.10 ± 0.02 1.4 ± 0.2 0.8 ± 0.1 0.10 ± 0.02   

Kilograms per hectare per year PM2.5 O3 NO2 SO2 

Zone A 9.6 ± 2.0 132 ± 26 75.6 ± 14.7 7.0 ± 1.4 
Zone B 3.4 ± 0.7 47.9 ± 9.6 27.4 ± 5.3 2.3 ± 0.5 
Zone C 1.7 ± 0.3 22.7 ± 4.5 13.0 ± 2.5 1.2 ± 0.2 
Zone D 0.4 ± 0.1 6.8 ± 1.3 3.9 ± 0.7 0.4 ± 0.1 
Zone E 13.7 ± 2.9 190 ± 38 109 ± 21 9.7 ± 2.0 
Zone F 2.9 ± 0.6 40.2 ± 7.6 23.0 ± 4.2 2.1 ± 0.4 

Total NbS 3.4 ± 0.8 46.4 ± 10.7 26.5 ± 6.0 2.4 ± 0.6  
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well the carbon impact described later in this study, may change over time, if the different growth rates of the trees species are 
considered. 

The i-Tree Eco model has been often applied to assess air pollution mitigation at the city level, while very few examples of NbS 
modelling can be found. In our case, the identification of the restored landfill of Deusen as study area, allowed the evaluation of this 
regulating ES at this smaller scale (NbS one), thus providing a quantitative estimation of the provision of these air quality related 
benefits by the vegetation. Even if the use of no-local meteorological data may have affected the annual O3, NO2 and SO2 removal 
estimation obtained for the Deusen NbS, these resulted to be within the ranges reported in other studies (Nowak et al., 2006. This is an 
important result considering the high number of factors affecting air pollution removal such as tree species, plants health status, 
meteorological conditions and finally pollutants atmospheric concentrations (Guidolotti et al., 2016). 

3.3. Intercomparison between SEM/EDX and i-Tree Eco PM2.5 removal results 

The scaled up values of the amount of PM2.5 removed in one month by a single tree per each tree species were estimated from the i- 
Tree Eco modelled values and from the loads obtained by SEM/EDX, and then compared in Fig. 5. Although the general trend showed 
by the two techniques was similar, the modelled values were always lower than those assessed by SEM/EDX, especially in the case of 
S. alba. 

This could be explained by the presence of some gross approximations in the i-Tree Eco model. Firstly, the modelling of the at-
mospheric pollutant removal in the model is based on a Vd that is dependent on the pollutant type and not on the tree species, thus 
neglecting that species-specific traits and their impact on PM leaf deposition such as leaf morphological traits (Sæbø et al., 2012; 
Sgrigna et al., 2020; Dzierżanowski et al., 2011) and structure of the vegetation as a function of height and density (Abhijith and 
Kumar, 2020). This may be connected to the larger underestimation detected especially for single trees of S. alba, which among the 
other species is characterized by peculiar characteristic both in terms of crown structure and morphology (high density of leaves) and 
in terms of leaf anatomy (presence of trichomes). Then, the model assumes that hourly meteorological and atmospheric pollutants 
concentration data are homogeneous over a region (Cabaraban et al., 2013), this implying that only one station can be sourced for each 
type of data, within the model database. This further approximation can be certainly considered as relevant in negatively affecting the 
modelling of the air quality improvement by urban trees, thus often determining a model underestimation (Riondato et al., 2020). A 
better parameterization of the i-Tree Eco model, accounting for species-specific deposition velocities, together with a wider set of 
usable meteorological/pollution stations may guarantee a more accurate estimation and a better validation with experimental data 
(Pace et al., 2021). 

3.4. I-Tree Eco model evaluation of carbon storage and gross sequestration 

The Deusen NbS showed a total dry biomass of 352.6 ± 88.9 tons ha− 1 and an annual carbon gross sequestration of 12.8 ± 2.4 tons 
ha.1 year− 1. Carbon storage of single trees ranged from a minimum of 17.7 ± 4.5 kg for S. aucuparia to a maximum of 4844.2 ± 1223.6 
kg for S. alba (Table 2). This latter species, with 3500 trees on a total of 63,000 trees, accounted for 82% of the total NbS carbon 
storage, followed by relatively small percentages of B. pendula (7.5%) and R. pseudoacacia (4.6%). Also in this case, the results were 
strongly dependent on the field data collection, in particular DBH, as described in Section 2.3.3. Indeed, the higher values obtained for 
S. alba trees corresponded to the highest DBH values among all the studied species. 

The carbon gross sequestration (expressed as kg year− 1) was directly influenced by the crown light exposure (Supplementary 
Materials, S1). The i-Tree Eco model assigns to this parameter a high influence on trees growth and therefore their ability to sequestrate 

Fig. 5. Kg of PM2.5 removed in one month by single trees of the four considered species (A. campestre, B. pendula, C. betulus and S. alba). Standard 
deviations calculated for SEM/EDX experimental mass concentrations and uncertainties calculated for the i-Tree Eco modelling results are also 
reported. The dashed line represents the 1:1. 
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atmospheric carbon. Indeed, this was connected to the 110.3 ± 20.4 kg year− 1 detected also in this case, for S. alba, followed by 
B. pendula (11.6 ± 2.1 Kg year− 1), C. betulus (7.4 ± 1.4 kg year− 1) and R. pseudoacacia (6.0 ± 1.1 kg year − 1) (Table 2). For all these 
species, higher light crown exposures were reported, with values ranging between 4 and 4.5. As in the case of air pollutant removal, the 
species-specific affinity towards these carbon related ESs, which are directly influenced by the tree health and grown status, may 
indirectly provide information on the adaptability of single species to this specific urban context. This is true since the most grown 
plants are expected to be also the ones with higher adaptability to the highly stressful living conditions of these environments. The 
highest tree density detected in the NbS and the massive presence of B. pendula trees in the Zone E, determined higher values per unit 
area for both carbon storage and carbon sequestration (1277.4 ± 322.1 tons ha− 1 and 130.2 ± 24.0 tons ha− 1 year− 1, respectively). 
Also Zone B, composed by 5500 trees distributed between A. campestre and S. alba, resulted in high carbon storage (984.7 ± 248.5 tons 
ha− 1) and sequestration (20.0 ± 3.7 tons ha− 1 year− 1) (Table 2). 

It is important to underline that when the carbon mitigation potential of urban green areas is investigated, it should be also needed 
to compare these data to urban carbon emissions data, to evaluate their real impact. The Global Covenant of Mayors for Climate and 
Energy, which gathers a multitude of local governments engaged in the reduction of GHGs emissions, reported for Dortmund city a 
baseline (referred to the year 2008) of GHGs emission of about 9 million tons (https://www.globalcovenantofmayors.org/). The 
Deusen NbS, that is only one of the several green areas of the city of Dortmund covering about the 0.21% of the city, was able to store in 
its dry biomass the 0.22% of the carbon emitted by the city. Interestingly, this percentage results to be in agreement with those re-
ported for other green areas of different European cities (Baró et al., 2015). Taking into account the previously described results, it is 
worth noticing that if this urban forest was exclusively composed by S. alba trees, the ones with the higher adaptability, it would be 
able to store up to 3.4% of carbon emitted, with about 305 thousand tons stored in its biomass. This underlines the importance of a 
proper selection of species, based on an accurate quantification of their affinity towards the provision of ESs and their adaptability, in 
the design of highly efficient NbS. For a proper assessment of the climate change mitigation potential of urban green areas, it would be 
necessary to consider the whole carbon balance (Kabisch et al., 2017; Nicese et al., 2021) thus accounting also for all GHG emissions 
connected to the NbS implementation and maintenance (e.g soil preparation, pruning, etc), decomposition rate of removed plants and 
also the role of soil as natural carbon sink and source. 

4. Conclusions 

This study is focused on the evaluation of the atmospheric pollutants removal and the carbon sequestration of an NbS intervention 
on a former landfill in Dortmund (DE), while assessing the efficiency in ES provision of the different tree species present in the study 
site. Firstly, the PM removal, per size fraction, has been experimentally obtained, from the single leaf to the whole tree scale. S. alba 
resulted as the most efficient species towards the PM removal via leaf deposition, in every size fraction considered, being able to 
remove a maximum of 3.8 ± 0.4 μg cm− 2 of leaf unit area of PM0.2–10., likely due to its high affinity towards heavy metal composed PM 
particles. The experimental PM removals have been compared with the output obtained by i-Tree Eco model, with the confirmation of 
the species-specific trend, despite the modelled data were systematically underestimated. This shows the limitation of modelling 
approaches, when they include strong approximations, such as the lack of species-specific parametrization of the PM deposition ve-
locity in i-tree Eco, and thus the need of experimental validations of modelling approaches, due to their exponentially growing 
application in the estimation of ESs' provision. However, despite these limitations, the modelling outputs we obtained confirmed their 
usefulness, for instance by demonstrating how plant morphology and adaptability can compensate for low PM removal efficiency at the 
leaf level, as in the case of B. pendula. Moreover, modelled carbon impact of Deusen trees gave important information about the 
relation among carbon storage and gross sequestration and plant health status, which is directly connected with the amount of dry 
biomass and the trees rate of growth. Among the tree species, S. alba emerged as that having the major impact for all the ESs, both in air 
pollutant removal and in carbon mitigation being the ones with highest values of biometric and health status, due to the good 
adaptability of this species in the study area. Thus, as a further result, our study underlines how some of the main advantages that may 
be connected to the implementation of NbS such as the afforestation of post-industrial sites, are largely dependent on the species 
selection and related plant resilience, which will be more and more important in view of future climatic scenarios. 
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