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Abstract

:

Reducing air pollution is a crucial challenge in urban areas. In this regard, urban green infrastructures could play a pivotal role. In the literature, scholars analyzed both the ability of species-specific and layout-specific green infrastructures to reduce air pollution and the best location sites of new green infrastructures to increase the provision of overall ecosystem services. There is a lack of studies helping green urban planners and designers choose where and which green infrastructure to implement based on vegetation species-specific performance and differentiated demand for the ecosystem services of city areas. This paper uses tree cadastre data from a medium-sized city in central Italy (Perugia) and the traffic open-layers of Gmaps to develop a spatial analysis of the urban trees’ performance in PM10 dust retention, and the PM10 produced by vehicular emissions, respectively. The method generates a spatialized balance between demand (air-polluted sites by traffic) and supply (PM10 dust retention by trees) to support local decisions about the best locations for new green infrastructures and the choice between species. The paper analyzed 6710 urban trees in an area of 42.62 km2 with a linear road density of 15 km/km2. Platanus hybrida Mill. ex Münchh, Celtis australis L., Ulmus carpinifolia L., Pinus pinaster Aiton, Quercus ilex L., Quercus robur L., and Tilia cordata Mill. are the resulting optimal species to reduce PM10, with median values of 219.62, 181.47, 166.67, 154.66, 143.90, 118.61, and 118.04 g tree−1 yr−1, respectively. The paper is a first contribution in developing GIS-based tools that vary the recommended location sites and species for new green infrastructures based on the demanded ecosystem service. Urban planners are called to dynamically use and integrate numerous tools, such as the one developed here, to seek complex solutions capable of increasing the sustainability of urban systems.
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1. Introduction


Sustainability is a critical issue for modern societies, and urban areas are particularly relevant because they are home to a large portion of the global population and are responsible for significant air pollutants emissions and other environmental impacts. Sustainability is a complex concept in which many elements coexist. In cities, assets that are proving to play a crucial role in this regard are Green Infrastructures (GIs). Indeed, when planned and designed according to their performance, GIs represent significant resources in modern urban areas. As defined by the European Commission, they are “a strategically planned network of high quality natural and semi-natural areas with other environmental features, which is designed and managed to deliver a wide range of ecosystem services and protect biodiversity in both natural and urban settings” [1] (p. 7). GIs can be parks, forests, community gardens, representative green spaces, street trees, green roofs and walls, and service and marginal green areas [2]. GIs contribute to the sustainable, inclusive, and smart growth of urban areas, allowing the conservation of values and functions of a natural system [3]. In a climate context characterized by frequent peaks and emergencies, they increase the efficiency of the stressed grey infrastructures. Schaffler and Swilling [4] provide evidence that a strategic location of GIs gives flexibility to grey infrastructures, which remain inactive unless their specific service is required. There is a need for dedicated tools to integrate them into multi-scale urban planning, from local areas to regional and interregional spaces [5].



1.1. GIs and Ecosystem Services in Urban Planning


The “Millennium Ecosystem Assessment,” led by the United Nations Environmental Program (MEA) highlighted that human beings strongly depend on the flow of ecosystem services that include “provisioning services such as food, water, timber, and fiber; regulating services that affect climate, floods, disease, wastes, and water quality; cultural services that provide recreational, aesthetic, and spiritual benefits; and supporting services such as soil formation, photosynthesis, and nutrient cycling” [6] (p. 5).



At the European level, the previous classification of ecosystem services [6] has been replaced by the Common International Classification of Ecosystem Services (CICES) valuable for all European countries [7]. CICES defines three main groups: Provisioning, Regulation and Maintenance, and Cultural Services. Provisioning services are “all nutritional and non-nutritional material and energetic outputs from living systems” [8] (p. 10). Regulation and Maintenance are represented by “all the ways in which living organisms can mediate or moderate the ambient environment that affects human health, safety or comfort” [8] (p. 10). Cultural ones are “all the non-material and normally non-rival and non-consumptive outputs of ecosystems, both biotic and abiotic, that affect physical and mental states of people” [8] (p. 10).



There is broad research regarding the ecosystem services provided by green infrastructures, mainly for mapping and evaluating regulating services. Scholars showed that green infrastructures contribute to lowering extreme temperatures [9,10], air pollutants [9], emissions of volatile organic compounds [9], and energy use (as a consequence of mitigating temperatures and shading buildings during the hottest seasons and the block of winds in winter) [9]. GIs increase rainfall in arid cities [11] and decrease stormwater runoff speed during massive precipitation [4,12]. Furthermore, GIs improve the quality of water stocked in the soil [13] and its fertility [14]. In built-up areas, green infrastructures guarantee bird and small animal biodiversity [15], contribute to pest control [16], and act as an essential resource for pollinators [17]. Regarding the provisioning services offered by GIs in urban contexts, they are mainly studied and linked with urban agriculture [12,18,19]. For the provision of cultural services, traditionally, urban green designers have focalized their attention on urban parks. Their approaches have become systemic only in the last decades, involving the whole GI network [20].



Having recognized the importance of GIs in providing ecosystem services in urban areas, the question remains about how, where, and which species to plant. Ferrini et al. [21] report that a correct choice of species needs evaluations of their ecosystem services provision during their life cycles. Ghafari et al. [22], through a multi-criteria analysis, developed a process for selecting the species based on regional adaptation, urban environment, aesthetics, maintenance, growth characteristics, and specific advantages (among which are shading, control of soil erosion, attraction for birds, and pleasant fragrance). Using tree data from the literature, Radhakrishnan et al. [23] developed a list of species evaluated by various criteria, including aesthetical attractiveness, social function, increasing environmental quality, and supporting biodiversity. Using data from a local tree cadastre and i-Tree software, Rossi et al. [24] offered a list of species valuable for Mediterranean areas with good performance in reducing runoff and increasing pollution removal, carbon storage, and sequestration.



Scholars from different fields followed different goals to respond to how and where to plan GIs, such as decreasing the disparity between rich and poor neighborhoods [25] or increasing the economic benefit for local administrators [26]. Scholars generally develop methods to offer solutions with good performance in providing more ecosystem services rather than solutions with optimal performance for a specific ecosystem service. Dobbs et al. [27] provided insights into how the landscape structure can be modified to plan sustainable cities. Lourdes et al. [28] developed a multi-criteria analysis to identify suitable areas for implementing GI strategies to optimize heat mitigation, runoff retention, sediment retention, scenic quality, urban recreation, and agricultural production in a rapidly expanding catchment area. Many authors focalize their research on the continuity of the urban green network. Zhang et al. [29] developed a landscape connectivity analysis to support decisions for expanding cities and avoiding fragmentation of GIs. Whange et al. [30] assessed GIs based on bio-energy landscape connectivity. Ji et al. [31] and Soga et al. [32] conducted a network analysis to investigate spatial distance and the relation between the GIs’ layout and the city’s shape. Menconi et al. [20], in a review regarding the complex system approaches to urban green system design, highlighted that scholars and urban green planners frequently considered the urban green system as homogeneous without evaluating the heterogeneity of its variables.



Indeed, there is a current knowledge gap in performance-based planning methods to integrate the urban green planners’ approaches with species-specific ecosystem services analysis to support decisions about which species to plant to solve a defined urban problem in a defined urban area.




1.2. GIs and Air Pollutants


This paper studies a specific ecosystem service, i.e., PM10 dust retention. PM10 is a mixture of solid and liquid suspended in the air, with dimensions less than ten µm. Particulate matter has increased since the preindustrial period, both in urban and rural areas. It is associated with cardiovascular and respiratory mortality [33], reduction of birth weight [34], sleep disorders [35], and, more in general, with human health [36]. Reducing air pollutants is a target of the 2030 Agenda for Sustainable Development [37]. Indeed Goal 11 is “Make cities and human settlements inclusive, safe, resilient, and sustainable,” Target 11.6 is “reduce cities’ adverse per capita environmental impact by paying particular attention to air quality and municipal and other waste management.” This Agenda also proposed indices to evaluate progress, and index 11.6.2 is the yearly values of PM2.5 and PM10 in cities. The European Union has initially fixed a 24 h limit value for PM10 to 50 µg/m3 (maximum 35 days of exceeding in a year) and the annual limit value to 40 µg/m3 to be met by 2005. After 2005, the European Union maintained the 24 h limit value for PM10 to 50 µg/m3, reducing to 7 the maximum days of exceeding in a year and the annual limit value to 20 µg/m3 [38].



Scholars demonstrated that GIs contribute to achieving Sustainable development goals [39], among which is reducing PM10 [40,41,42]. Barwise and Kumar [43] studied the urban vegetation’s shape and structure for optimizing the PM10 dust retention to site-specific needs and constraints. Yao et al. [44] built scenarios of GI implementation in a Chinese city, and their findings show that street trees perform better than city park trees in terms of total air pollutant removal.



Regarding species-specific performance evaluation, using the i-Tree Eco tool in central Italy cities, previous findings show that Liriodendron tulipifera L., Celtis australis L., Acer campestre L., Acer platanoides L., and Ulmus minor Mill. are the species with the best performance in capturing PM10 in Bologna [45], and Cedrus spp., Celtis australis L., and Larix decidua Mill in Ponte San Giovanni (Perugia) [24]. The yearly value of remotion per tree ranges from 94 to 140 g in Bologna [45], while it is around 300 g in Ponte San Giovanni [24]. The findings of Mo et al. [46] confirm that coniferous trees such as Cedrus spp. and Larix decidua Mill. perform well thanks to the annual persistence of leaves on the plant.




1.3. Looking for a Balance between GI Performance and Cities’ Needs


In its Emission inventory report, 1990–2020, the European Environment Agency [47] showed that the main categories for PM10 emissions in European countries are “commercial, institutional, and households” (42%), “industrial processes and product use” (19%), “agriculture” (16%), and “road transport” (9%). Regarding road transport, the literature shows a strong relationship between air pollution and vehicular exhausts. Indeed, vehicular traffic increases pollutants released into the air [48] and contributes to total greenhouse gasses [49]. Many open spatial data [50,51] report road networks that can quickly be evaluated in a GIS environment using rules based on the physical characteristics of roads and traffic layers to define potential spatialized values of PM10 emission.



While numerous studies map ecosystem services by GIs, spatial integration of their outputs with their spatialized demand remains challenging. Local administrators and urban city and green planners could benefit from models to define spatialized compensation points between the supply and demand of ecosystem services. In spatial studies, the compensation point is the equilibrium point between the amount of x-resource asked by a community living in an area and the x-resource provided by the same place. In this regard, widespread indices are ecological footprint and biocapacity [52,53]. For example, Menconi et al. [54] and Stella et al. [55] developed a spatialized method to define a GIS-based compensation point between food supply and demand using these indices.



Concerning studies to balance the amount of air pollution and solutions for its absorption, Yao et al. [44] compare PM10 values from a spatial interpolation of monitoring stations and the estimate of PM10 dust retention by a tree cadastre for a Chinese city. This kind of spatialized balancing approach is scarce. Generally, scholars design specific GI solutions tailored to a case study [56] or develop methods to simulate the mitigation of air pollutants varying the chosen GI [45].



There is a need for more research on the supply/demand balancing of ecosystem services, able to suggest which species to choose and where to plant them for finding compensation points tailored for every area.



The paper contributes to this field by developing a spatialized balance between air-polluted sites by traffic in an Italian city and PM10 dust retention by trees. The paper offers a method to support local decisions regarding the best locations and species’ composition for new green infrastructures to reduce urban air pollutants.




1.4. Study Area


The study area is the urban center of Perugia (Italy). Perugia, the main Municipality of the Umbria Region, has a surface area of 449.51 km2 and an altitude between 300 and 500 m. The climate is Mediterranean, with relatively cold winters and hot, sunny summers. The average temperature of the coldest month (January) is 5.3 °C, and the warmest month (August) is 24.3 °C. Precipitation amounts to 820 mm annually, ranging from 35 mm in the driest month (July) to 95 mm in the wettest (November). On average, there are around 2115 sunshine hours per year, ranging from 86 h in December and 300 in July.



Its urban center has a surface area of 42.62 km2, a 639 km road network, and an urban green availability per capita of 34.7 m2 per inhabitant [57] (Figure 1). The study area has a sprawling shape because the settlement was historically developed on the top of hills interspersed with valleys. The European Union emission inventory report, 1990–2020 [47], shows for Perugia an average 24 h concentration of PM10 of 34.0 µg/m3. In 2015, the municipal administration started its urban tree cadastre. To date (February 2023), Perugia has inventoried 6710 trees belonging to different types of GIs (Figure 2), covering 14.2% of the urban green areas (Figure 1).





2. Materials and Methods


Figure 3 sketches the steps of the method: building the dataset in a GIS environment, spatializing the data, and performing a GIS-based balancing. We used QGIS (version 3.22.5), a free, open-source, and continuously updated GIS software [58].



The first step is building the GIS dataset with the physical characteristics of the road network and traffic layer. The method defines differentiated layers based on the speed limits, intersections, and road tunnels. Indeed, Hao et al. [59], in a study of the PM10 distribution along roads, showed that it increases near crossings due to variations in the speed or stops. In the same paper, the scholars highlighted high concentrations of PM10 near road tunnels. Regarding traveling speed, Wang et al. [60] observed that high speeds cause dust re-entrainment as a secondary pollutant, increasing the roadside PM10 level. In contrast, Amato et al. [61] showed that motorways produce less PM10 due to constant speed and the absence of crossings and traffic lights. The road network was downloaded from the OpenStreetMap platform [50] and clipped with the boundaries of the study area. The table of attributes of this layer reports the type of roads, speed limits, and road tunnels. For the urban vehicular fluxes, the method uses the typical hourly fluctuations available in the Google Maps platform [51]. After acquiring the previous GIS dataset, the method uses a network analysis tool of QGIS called “Branches and nodes” to extract intersections between the road network and the entrances of the tunnels. From these starting elements, we calculated their surrounding areas, weighing them using the speed limit of roads.



The source of information for tree cadastre is the Municipality of Perugia [62], which is building a geo-referred inventory of urban trees with the following attributes: age of the tree, diameter at breast height, height of the tree, height of the first branch, crown’s width and transparency. To estimate the PM10 dust retention by the tree, the Municipality of Perugia uses the UFORE Model developed by Nowak and used in i-Tree Eco tools [63]. Specifically, the UFORE-D model calculates the yearly grams of dry deposition of PM10 for every studied tree using Equation (1) [64].


  P  M  10   =   ∑   n = 1   8760       V  d n  ×  C n  × 3600   × L A I × C C      



(1)




where Vdn is the hourly velocity of deposition of PM10 on leaves (m/s); Cn is the hourly concentration of PM10 in the air (g/m3·h) in the area; 3600 are the seconds (s) in one hour; and 8760 are the hours in one year. The multiplication of these first three values provides the hourly dry sedimentation flux of PM10 per unit area (g/m2). This flow is then multiplied by the value of the Leaf Area Index (LAI) and the value CC, representing the tree-canopy coverage (m2). For deciduous trees, the calculation of Equation (1) is limited to the in-leaf period.



To spatialize the built GIS dataset, having polylines (road network) and points (road intersections, entrance of tunnels, and urban trees), the method calculates a heatmap of every layer using a kernel density estimation with variable radius weighted on traffic fluxes, and PM10 dust retention capacity of trees, respectively, for demand and supply layers. Kernel density is a statistical technique used to estimate the probability density function of variables (potential PM10 emission by vehicular traffic and potential PM10 retained by urban forest) based on a set of observations or data points (characteristic of the road network, traffic fluxes, performance of urban trees). It is a non-parametric method that places a kernel function at each data point and then sums the contributions of all the kernels to obtain probability values of the presence of the studied variable. Kernel density estimation is commonly used in data analysis, signal processing, and machine learning to model data distribution (heatmaps in Qgis) and perform density-based clustering. The resulting heatmaps’ values are first normalized to a standard range of 0–1; then, the three demand layers are summed and normalized again based on the same range.



Finally, the method develops a GIS-based balancing map through the difference between the demand and supply layers. High values of this map represent sites achieving a point of compensation between PM10 emission by vehicles and PM10 dust retention by GIs. In contrast, low values represent sites with high demand for new green infrastructures performing well in PM10 dust retention. The method also suggests which species could be used with Equation (1).




3. Results


To date, the tree cadastre of Perugia has 6071 trees. The cleaning of the dataset has highlighted a large amount of corrupted, incorrectly formatted, duplicate, or incomplete rows, so we performed the analysis with 51% of them (3097 trees). These trees belong to 108 species, but only 5 species represent 50% of the cadaster (Figure 4): Cupressus sempervirens L. (537 trees), Quercus ilex L. (337), Robinia pseudoacacia L. (315). Populus nigra L. (202), Aesculus hippocastanum L. (200).



Table 1 reports statistics regarding the biometric parameters of the inventoried trees (tree cadastre of the study area, to date). This table shows that the urban trees of the case study have high variability in their biometric parameters. Table 2 shows the resulting species with the best performance in PM10 dust retention, using Equation (1). Due to the high dispersion between values (high values of standard deviation), the table reports a ranking based on the median value of the species. The remaining species have a median value lower than 100 g tree−1 yr−1 of PM10 dust retention or less than 10 individuals. Data from Table 1 helps in understanding as studied trees have a wide variety of performances (high standard deviations, Table 2) also due to the different dimensions among trees belonging to the same species.



The road network has a density of 15 km/km2, with a speed limit between 30 and 110 km/h. Following the method described in the previous section, the heatmaps differentiated for the input layers (vehicular speed, road tunnels, road intersections, and trees) were realized. Then, the GIS-based balancing map was calculated. Figure 5 shows an example of the first findings for the road intersections layer, and Figure 6 shows the demand, supply, and balancing maps.



Following the steps sketched in Figure 3, the paper spatialized the supply and demand layer using the kernel density function of Qgis. The resulting supply map (Figure 6, green infrastructure performance) shows a low level of urban trees with high performance in PM10 dust retention. The demand layer (Figure 6, potential vehicular PM10 emission) shows that, in urban centers, those areas with complex road intersections have a remarkably high value of PM10 emissions. The balancing map (Figure 6, map on the right) shows a variable composition of the balance. The dark blue areas in Figure 6 represent high demand for GIs having high performance in reducing PM10, which could be supplied by developing a new green design or requalifying the existing one by replacing those trees with low performances. Table 2 supports choices between species based on their performance in PM10 dust retention. Very light blue areas in Figure 6 correspond to places with reasonable compensation, and they are those near urban parks and away from the main roads.




4. Discussion


Urban GI planning involves developing and managing natural and semi-natural spaces in urban areas, such as parks, green roofs, urban forests, and greenways. The societal impacts of GI planning can be significant, particularly in improving cities’ sustainability [3,20].



This paper contributes to achieving this goal by developing a method for the spatial distribution of ecosystem services provided by GIs. Indeed, even if some of the ecosystem services GIs provide, such as carbon storage, are characterized by widespread demand across the territory, most of them are defined by differentiated needs in different city areas [4]. This paper develops a performance-based approach evaluating species-specific ecosystem services provision and giving tailored neighborhood solutions. This approach contributes to developing methods for giving flexible solutions resulting from constant monitoring of the city system [20]. Following an ecosystem services approach, generally, urban green planners identify synergies and tradeoffs between services and assess the cooccurrence and overlap of hotspots between multiple services in green areas’ design [28]. Scholars developed methods to balance ecosystem services’ provision, such as multicriteria analysis [28] evaluation of the landscape structure [27], building connectivity between GIs [29,30,31,32], and function combination between types of urban green area [65]. Instead, using a performance-based approach, the choices regarding tree species and locations for GIs are based on the specific ecosystem service that the decision-maker needs to emphasize in each urban area, giving custom-fit solutions.



The novelty of our paper consists of responding to a specific question with the best solutions tailored to a neighborhood rather than finding solutions of compromise between ecosystem services applicable to the whole city system. The method contributes to developing smart urban green system planning based on technical management tools and tailored innovative applications [65].



In this paper, the method spatializes only one ecosystem service (PM10 dust retention) provided by urban trees (supply) and only one source of demand (vehicular traffic). Its findings are a piece of a complex puzzle. For a systemic urban green planning process, local administrators should integrate this method with further balancing tools based on different sources of supply and demand of ecosystem services. For this reason, there is a need for more research regarding tools to spatialize the ecosystem services provided by GIs (such as PM2.5 retention [66]), spatialize the corresponding city demands, and then offer custom-fit solutions for their provision. Few scholars have developed methods of spatialization dedicated to stormwater management [67], daily recreation [57], sediment retention [28], and temperature control [68], which could be the first tools integrable with our findings.



In addition to having spatialized only a specific ecosystem service (PM10 dust retention), the paper spatializes only a source of PM10 emissions (vehicular traffic), so before integrating results with other ecosystem services, the method must take into account other sources of PM10. As reported by the European Environment Agency, historically [47] and in recent years [69], the leading sources of PM10 emissions are household, institutional, and commercial buildings. In urban contexts, vehicular traffic produces a quantity of PM10 smaller only than the particulate produced by the air conditioning systems of buildings [47,69]. Traffic flow trend monitoring is possible thanks to Google Maps traffic layers [51], while open access data sources for monitoring air conditioning systems in buildings throughout the year are lacking. A future contribution will include the spatial estimation of PM10 emissions linked to urban structures’ heating and air conditioning, using the kernel density function weighted with the volumes and uses of the buildings. These layers of demand (potential vehicular emissions of air pollutants, developed in this paper, and air conditioning evaluation, following works) could also be used to estimate the distribution of PM2.5 emission because the leading urban sources are the same [47].



The European Union emission inventory report, 1990–2020 [47], shows for the case study an average 24 h PM10 concentration of 34.0 µg/m3. The municipality of Perugia has four monitoring stations, but only two are in the study area (Cortonese and Fontivegge stations). The Environmental Regional Agency of Umbria region [70] reports a daily average of PM10 concentration during the last year (2022) of 46 µg/m3 for the Cortonese station and 59 µg/m3 for the Fontivegge station. At the urban scale, to obtain continuous pollutant concentration data, scholars have developed spatial interpolation methods to estimate data for unmonitored areas by using the data from existing monitoring stations [44]. At the design scale, computational fluid dynamics models have been applied to simulate the turbulent flow dynamics and the dispersion of atmospheric pollutants within GIs [71,72]. The method proposed in this paper has used previous findings regarding the relationship between the physical characteristic of the road network and PM10 emission [48,49,59,60,61,73] to define the potential vehicular PM10 emissions along roads and a non-parametric method for estimating the probability density function of PM10 distribution based on kernel density. The resulting spatialization provides probability classes instead of quantitative estimations of air pollutants’ distribution. To achieve values of PM10 concentration, an emission model should be implemented using local data regarding numerous climatic and physical variables, as carried out by Wang [60] and Jiang [71] in China. A strength of the method of this paper is to offer an easy tool to support public administration and urban green planners in greening choices, using only data regarding road and GI networks.



The literature has shown that the removal values of air pollutants, such as particulate matter, vary between cities depending on the importance of tree cover, their transpiration and deposition rate, and health status and size [9]. This paper uses local tree cadastre data and the UFORE-D equation to include all these aspects. Indeed, according to the Italian law requirement [74,75], Perugia, like other Italian municipalities, is building its municipal tree cadastre. The used tree cadastre’s characteristics strongly influence the findings because they currently cover only 14% of the area, and the data cleaning has deleted 49% of inventoried trees. This result outlines that local governments struggle to find skilled personnel capable of implementing a rigorous cadastre, even though it could be an important source of information to organize methods for developing urban green system planning to improve cities’ resilience.



Table 2 shows that the species with a high performance in PM10 dust retention are Celtis australis L, Platanus hybrida Mill. ex Münchh, Pinus pinaster Aiton, Quercus ilex L., Quercus robur L., Tilia cordata Mill., and Ulmus carpinifolia L., all of them absorbing more than 100 g tree−1 yr−1. These values have high internal variability, depending on different urban locations (e.g., monumental cemeteries and streets) and tree conditions (dimensions, age, and state of health). Baraldi et al. [45] compare medium size trees in an exact location to estimate tree performance. Tree cadastres could provide information regarding the characteristic dimensions of different species depending on the geographic contexts to help define medium size trees. Results show that local administrators need arborists and specialized personnel during data collection and interpretation to use tree cadastre data to build a ranking between species based on ecosystem service provision, as did Rossi et al. [24]. Indeed, local administrators need experts with knowledge about the implementation of datasets and tree behavior. Beside evaluations regarding their PM10 dust retention, experts need to evaluate how plants react to PM10 produced by vehicular emissions, which can cause morphologic variation in the tree [76]. For example, Quercus robur L. has good foliar wettability, which allows it to retain more airborne particles [77], and good resistance to foliar contamination due to pollutants [78], which does not imply, in this specie, an early foliar fall as happens in other even better performing species. Moreover, if subjected to stress from contamination given by pollutants, it can produce waxes [78], increasing resistance and retaining further airborne particulate. Overall, these characteristics last listed would give it more functionality than some more performing species reported in other studies [79,80,81,82].



Generally, the planting of a tree in areas with high levels of PM10, as well as following an integrated assessment of ecosystem services provided [20,28] and its reaction to PM10 emissions [76], as previously discussed, needs to evaluate its necessities, such as light requirement, its good qualities, such as the resistance to breakage [83], and its undesirable qualities (e.g., high mortality rates and allergenicity, VOC emissions.) Indeed, trees are a significant source of VOCs [84,85,86] such as isoprene and monoterpene, which are organic compounds that can react with other atmospheric pollutants, forming secondary pollutants such as ozone [85,87], which can also have significant health impacts. Apart from Quercus ilex L. [88,89], our resulting species are not usually considered significant VOC emitters [84,85]. It is essential to recognize that air quality is a complex issue, and reducing pollution requires a comprehensive approach that considers all relevant pollutants and their sources. While focusing on one specific pollutant is a good start, it is essential to also address other pollutants to ensure that air quality standards are met, and public health is protected. In this regard, i-Tree Eco tool could also be used to estimate the retention of other air pollutants (PM2.5, CO, NO2, O3, SO2) by trees using the same biometric parameters with hourly values for every pollutant [64].



Arborists should also evaluate the benefits of associations between more species [90], the continuity of the GI networks [27,29,30], and collaborate with urban green designers to design optimal layouts for GIs [91]. Furthermore, the existing layout of urban green areas must be evaluated before adding new trees to guarantee enough space for their growth. Trees ranking on their performance could be used to suggest eventual replacements. Still, it must be considered that large and mature trees, with full crowns and significant leaf surface areas, provide more ecosystem services than smaller ones [92]. For this reason, to evaluate whether a tree should be replaced with more performant species, it is necessary to assess its level of growth and state of health.



In general, methods that consider the specific characteristics of urban environments, as well as the social and economic factors that influence urban sustainability, can help guide decision-making and policy development in these areas. This paper has the potential to provide a valuable framework for sustainable urban development, both in terms of addressing specific environmental and social challenges and in guiding broader policy discussions around urban sustainability. Overall, this paper offers a valuable contribution to urban planners for co-planning GIs with roads, according to Schäffler and Swilling’s [4] recommendations, which highlight the importance of co-planning green areas with other urban infrastructures for efficient urban green system planning.



Furthermore, the continuous recalibration of the developed method in response to changing circumstances and evolving knowledge guarantees that it remains relevant and effective over time. Overall, urban green system planning is a complex process [20], and this method contributes to the current lack of dedicated tools to integrate urban with GI planning [5].




5. Conclusions


GI planning can have significant societal impacts that can help improve cities’ sustainability, health, and well-being. This paper contributes to developing performance-based GI planning to ensure community-tailored solutions based on the main weaknesses of their neighborhoods. Indeed, the paper develops a performance-based method for planning GIs in urban contexts, balancing the supply and demand of ecosystem services and contributing to building a nexus between urban planning and green planning. Starting from a defined ecosystem service, the method suggests the best location and tree species composition of GIs based on its spatialized demand and trees’ performance in its provision. In particular, this paper analyses air pollutant removal (PM10). The paper uses only vehicles as a source of PM10 emission and spatializes the demand using its relation with the characteristic of the road network (speed limits, road intersections, tunnels, traffic fluxes). To build the supply layer, the method uses the municipal tree cadastre of the study area, evaluating the species-specific performance of trees in PM10 dust retention. In a GIS environment, the method balances supply and demand to highlight which urban areas achieve a point of compensation between vehicular PM10 emissions and PM10 dust retention by trees and which of those have high demand for GIs performing well in PM10 dust retention. The resulting GIS dataset needs continuous updates based on the newly implemented design solutions and the climatic and morphology changes in the urban context. This paper contributes to methods for improving the ecosystem services’ provision, giving tailored solutions as the areas studied and the problems to be solved vary. These methods support local administrators and urban green planners in understanding the complexity of the urban green system and in defining differentiated green solutions. Furthermore, results help sensibilize local administrators to the significance of a consistent urban tree cadastre to support design (best location and specie) and management (pruning, replacement of unhealthy trees) decisions. In conclusion, the paper contributes to developing methods to study GIs as solutions integrable with other technological infrastructures to design resilient cities.
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Figure 1. Localization of the Municipality of Perugia, Italy (a), and its urban center (study area) (b). 
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Figure 2. The number of trees inventoried by type of urban green area, to date, in the study area. The dark green line represents the cumulative frequency in percentage. 
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Figure 3. Steps of the method for a GIS-based compensation between potential vehicular PM10 emissions and PM10 dust retention capacity of urban trees. 
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Figure 4. Main species of the tree cadastre of Perugia, covering in total 73% of the evaluated species. 
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Figure 5. Levels of potential vehicular PM10 emission due to road intersections. 
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Figure 6. Geo-Spatial Balancing for PM10 dust retention in the Urban Center of Perugia. 
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Table 1. Statistics of the biometric parameters for the inventoried trees: Diameter at Breast Height (DBH), height of the tree, height of the first branch, minimum and maximum crown width.
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	DBH (cm)
	Tree Height (m)
	Branch Height (m)
	Max Crown Width (m)
	Min Crown Width (m)





	Mean
	30.3
	11.7
	3.0
	6.4
	5.4



	Standard deviation
	20.2
	6.4
	2.8
	4.0
	3.4



	mode
	10.0
	12.0
	2.0
	6.0
	2.0



	minimum
	0.8
	1.0
	0.5
	4.0
	0.5



	first quartile
	15.5
	6.5
	1.6
	3.0
	2.6



	median
	26.0
	11.6
	2.3
	6.0
	5.0



	third quartile
	40.2
	15.5
	3.6
	9.0
	8.0



	maximum
	80.0
	40.5
	20.0
	32.5
	24.0
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Table 2. Species having high performance in yearly PM10 retention (g tree−1 yr−1) and over 10 individuals.
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	Mean
	Standard Deviation
	Minimum
	First Quartile
	Median
	Third Quartile
	Maximum
	N of Trees





	Platanus hybrida Mill. ex Münchh
	197.69
	122.50
	4.31
	105.44
	219.62
	289.19
	399.48
	42



	Celtis australis L.
	175.50
	135.95
	1.63
	42.40
	181.47
	300.77
	187.95
	46



	Ulmus carpinifolia L.
	176.32
	99.75
	10.12
	134.47
	166.67
	227.32
	390.07
	13



	Pinus pinaster Aiton
	178.42
	105.68
	59.63
	107.67
	154.66
	22.89
	384.93
	27



	Quercus ilex L.
	162.59
	117.17
	4.51
	59.04
	143.90
	239.72
	407.51
	337



	Quercus robur L.
	115.18
	108.60
	0.74
	32.28
	118.61
	171.08
	380.60
	14



	Tilia cordata Mill.
	141.16
	97.87
	0.51
	68.10
	118.04
	238.17
	329.09
	31
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