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Abstract

:

With the uncertainties that our societies are living with (the COVID-19 pandemic and climate change), it becomes essential to provide urban planners and decision-makers with state-of-the-art and user-friendly methodologies to incorporate ecosystem service considerations into their designs for resilient cities. In this regard, urban forests play a crucial role. The quantification of the ecosystem services is geo-specific and needs studies in different urban contexts. At this scope, we evaluated the urban forest of a neighborhood of a densely built-up Italian city (Perugia) with a low level of urban greenery management and with a tree inventory still in progress. Furthermore, we defined a tool helpful in tree-planting decisions and management. This paper involves citizens in field research for trees inventory. Then, it uses i-Tree Eco to evaluate four ecosystem services (carbon storage and sequestration, pollution removal, and runoff avoided) provided by 373 inventoried urban trees belonging to 57 species. Our results show that Italian Municipal tree inventories do not adequately represent their urban forest and that citizens’ participation provides a cost-effective method for integrating field data. Finally, the paper develops an easy tool helping local administrations enhance the ecosystem services provisions in urban green design.
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1. Introduction


In 2050, around 68% of the world’s population will live in urban areas, up from the current estimate of 55% [1], and cities need to increase their resilience to respond to numerous uncertainties (increment of inhabitants, the COVID-19 pandemic, climate change, etc.). To achieve this aim, many scholars evaluated that nature inside cities provides multiple ecosystem services. The Millennium Ecosystem Assessment [2] described ecosystem services as “the benefits people obtain from ecosystems” (p.38), and divided them into supporting, provisioning, regulating, and cultural services. In the urban landscape, trees are essential elements covering 26.5% of urban areas globally, and they provide benefits to the citizens belonging to the four categories of MEA [3]. Concerning the regulating services, urban forests sequester carbon, release oxygen [4], regulate local climate [5], particularly heat islands [6,7,8], reduce the speed of stormwater runoff [9], and help control air and water pollution [10].



Nevertheless, urban tree cover has been declining recently, driven by competition for land in densely built-up cities [11]. In this context, public and political advocacy for urban forest conservation and maintenance could be improved by quantifying the ecosystem services provided by urban trees [12]. Many scholars have researched this issue [6,13,14,15], improving the understanding and appreciation of the numerous benefits that urban forests can cater to, but the results are geo-specific and depend on the urban morphology [8]. Therefore, there is a need for more studies in different urban contexts.



Furthermore, local administrators struggle to define practical rules or suggestions starting from the results regarding local vegetation assessment and the quantification of the service it provides [16]. In this regard, some scholars have developed tools dedicated to enhancing particular ecosystem services, such as urban heat mitigation [8,17,18], stormwater management [19], and carbon stock [20]. Nevertheless, there is a lack of accessible tools to combine different ecosystem services and support decisions for urban green design, offering variable results varying the demanded services.



1.1. Dataset Review of the Urban Forest Inventories of Italian Cities


The Italian Law 10/2013, “Rules for the development of urban green spaces”, requires that all Italian municipalities with over 15,000 inhabitants have an inventory of their trees in public green areas [21]. A successive law decree [22] has organized the inventory into three levels. The first level is mandatory for all the municipalities and asks for general information on the urban public green areas (their identification, localization, and dimensional characteristic). Generally, this first level is used by local administrators to define the tenders for maintenance contractors. The second level is mandatory for the cities with more than 15,000 inhabitants and asks for information on every tree inside the areas belonging to the first level (e.g., localization, genus, species, tree’s characteristics, dimensions, and health). The third level is not mandatory and asks for information on other elements of the public green areas, such as details on shrubs, herbaceous covers, furniture, and equipment.



Since 2000, the Italian National Statistical Institute has acquired yearly data about urban greenery in 110 district capitals and metropolitan cities [23]. Since 2013, these data have also monitored the first two levels of the urban forest inventories (Table 1).



The table shows some issues in Italian urban tree inventories. Only a few municipalities use Geographical Information Systems (25%), and many of them currently do not comply with the provisions of the law (only 31% of the cities have completed their georeferenced urban forest inventory, as required by law).



Furthermore, the Italian legislation requires investigation of the consistency of trees only in public urban green areas [23]. At the same time, various studies [24,25] have indicated the breakdown between evaluation and planning of public and private green spaces as one of the main barriers to an effective ecosystem services assessment in urban contexts.



Considering all these limitations, Italian municipalities need rules to improve the efficiency of the field research, software to evaluate the provided ecosystem services, field research to enhance their knowledge about urban greenery in public and private areas, and easy tools to help in urban green areas design.




1.2. i-Tree Eco to Assess Ecosystem Services


Various software and frameworks have been developed (i.e., ARIES [26], Co$ting Nature [27], LUCI [28], InVEST [29], WaterWorld [30], and i-Tree [31]) to assess the ecosystem services provided by vegetation.



This study used i-Tree, a suite of freely available software tools developed by the USDA Forest Service through a collaborative public–private partnership. First released in 2006, i-Tree has grown to include various tools used globally and encompass trees in all contexts (urban and rural) [31]. In particular, we choose the i-Tree Eco tool as it has become an international standard in assessing ecosystem services and economic values derived specifically from urban trees. Numerous studies have been conducted to validate this tool through case study applications [20,32,33] and comparison and synergy with other tools such as allometric equations or direct measurements [34,35,36,37,38]. At first, i-Tree Eco has been extensively applied in the USA [39,40,41]; since 2010, it has been widely used in other countries and various climatic regions [32,35,37,42,43], and, in recent years, its use has also been spreading in southern Europe/Mediterranean contexts [33,44,45].



i-Tree Eco uses a five-step workflow (structure, function, service, benefits, and economic value) following the relationship between biodiversity, ecosystem function, and human well-being, known as “service cascades”, to assess ecosystem services values. The structure contains the basic information on the physical forest resource (i.e., number of trees, species composition, tree sizes, locations, leaf area, etc.). Various tree functions (i.e., gas exchange and tree growth) are estimated from the structure data and local weather data. These functions are then converted to multiple services (carbon storage, carbon sequestration, air pollution removal, and avoided runoff) based on other local data (i.e., pollution concentrations). These services are then turned into benefits (i.e., cleaner air and impacts on human health), and, finally, the benefits are converted to values based on various economic procedures [31]. Detailed methods and equations are given in Nowak [31].



Generally, scholars use i-Tree Eco in urban contexts to define urban green growth models [40], to assess a single ecosystem service as carbon storage [20], or air quality’s improvement [35,37], to evaluate the ecosystem services provided by urban parks [32,42], or to compare urban green designs in ecosystem service provision [33]. However, for politicians and urban planners to consider the value of tree-planting in their daily decisions, there is a lack in the development of tools that are easy to use [8,43].



Based on these considerations and to respond to the needs of the Italian municipalities discussed in the previous section, this paper uses i-Tree Eco to evaluate the ecosystem services provided by the urban forest of a densely populated neighborhood of an Italian city (Perugia). The goals of the research are (i) evaluating the effectiveness of citizens involvement in field research to realize tree inventories, (ii) evaluating the ecosystem services provided by urban trees in Mediterranean urban private and public areas of central Italy that are densely built-up, and (iii) developing an easy tool usable in decision support for urban green system planning and management able to strengthen the regulating ecosystem services.





2. Materials and Methods


2.1. Study Area


The study area is a densely populated neighborhood of Perugia (a medium-sized municipality in central Italy), covering a surface of 475.5 ha and located at the end of one of the built-up branches of the city (Figure 1).



There are 11,988 inhabitants, with a relatively high population density of 2524 people per km2 [46]. There are many industrial buildings and companies and heavy car traffic. The study area has a limited number of public green areas, and the urban green areas are mainly private or marginal ones. Furthermore, the intense real estate development pressure reduces the availability of open spaces to be used as new green areas. For this reason, it also increases the need to enhance the ecosystem services provided by the currently available ones.



The study area is in a temperate zone with dry and hot summers. January is the coldest month, with an average temperature of 4.2 °C; the hottest month is July, with an average temperature of 23 °C. The annual average temperature is around 13 °C. Annual precipitation is generally between 800 and 900 mm with rare snowfalls.



With high population density, air pollution is a crucial topic. CO, O3, and SO2 concentrations are below the legal limit; NO2 concentrations are higher than those in spring, autumn, and winter (47 µg m−3). PM2.5 concentration is slightly under the limit during spring, summer, and autumn seasons, but winter values are almost double the legal limit (up to 70 μg m−3) [47].




2.2. Steps of the Method


Our method consists of six steps: (1) public dataset collection concerning weather data, pollution concentrations, and urban morphology; (2) participatory training meetings involving citizens; (3) definition of the plots object of field research; (4) data collection of urban greenery by citizens; (5) ecosystem service assessment; and (6) development of a geo-specific tool for supporting (6.1) tree-planting decisions to enhance ecosystem services provision and (6.2) economic evaluations differentiated by species in the definition of taxations linked to trees damaged or cut down (Figure 2).



(1) i-Tree Eco requires, as input, local environmental data (weather file, pollution concentration, and land cover) regarding the study area. Hourly meteorological data were obtained by the Decentralized Meteorological and Hydrological Functional center of the Umbria Region [48]. They refer to the meteorological station nearest to the study area. Local air pollution data were provided by the European Environment Agency [47].



(2) The method uses six training meetings to enhance the empowerment of neighborhood residents involved in field data collection: (i) What can urban trees do for me? Concept of ecosystem services, 2 hours training / (ii) What can you do for our urban trees? Reflections about spatial and management needs of trees for healthy growth in an urban context, 2 hours training. (iii) Observing the characteristic of urban trees and their environment. The method develops three sheets (Supplementary Materials A) dedicated to data collection regarding the whole plot, trees, and shrubs. We explained the rules for their use during this meeting,2 h. (iv) Visual evaluation of urban trees’ health, 2 hours training. (v) Field tests with experts. During this meeting, participants tested their ability in data collection helped by experts, 4 hours training (vi) Discussion about the main problems in surveys filled by citizens, 2 hours training



A forest engineer and an agronomist held the course in the local community headquarter called Pro Ponte association. Fifty people participated in the training course and half of them in the field collection. The activity was also communicated to all citizens through an article published in a local magazine.



(3) The whole surface of the study area is 475.5 ha. To facilitate the data collection for homogeneous urban contexts, i-Tree Eco suggests randomly selecting plots inside the study area to perform field research. We selected 100 randomly located 0.4 ha plots, using a software function developed to this aim (Figure 3).



(4) Plot locations were transferred to the Google Maps mobile application and used by the field data collectors. In August–October 2019, citizens collected coordinates, number of trees, tree cover ground percentage, and land use (Supplementary Materials A, Sheet 1). For every tree belonging to the plot, we trained people to collect a dedicated sheet with these contents (Supplementary Materials A, Sheet 2): tree ID number, planted/self-seeded/unknown, tree species, deciduous or coniferous (in case the species was not identifiable) type, diameter at breast height (DBH, cm), crown dieback percentage, total crown height (m), height to crown base, crown diameter (N-S/E-W), canopy missing percentage, number of crown light exposure sides, closest building direction and distance (meter and sexagesimal degrees), and general tree health condition (1 to 10). A manual hypsometer and/or the mobile app Distance Meter released by My Mobile Tools Dev were used to estimate trees’ height. In some cases, the trees’ height was measured empirically by comparing the detector height with objects of known size on the site (fences, buildings, walls, etc.). To identify the species, a dichotomous botanic key was adopted. During the last training meeting, the main difficulty that emerged from citizens concerned species identification. During the meeting, we decided with citizens to use the smartphone app Pl@ntNet. Pl@ntNet is a mobile app that allows users to identify plants by merely photographing them with the smartphone’s camera and then comparing the photo with a gallery of plants already identified by the community of users. The canopy area of trees was assessed using measurements of crown dimensions and the percentage of crown canopy missing. All field data were collected during the leaf-on season to assess tree canopies accurately. Furthermore, we asked participants to also collect data regarding shrub species, total height (m), the percentage in the volume of the species on the total of shrubs present in the plot, and general health conditions (Supplementary Materials A, Sheet 3).



(5) The characteristic of the urban forest collected during Step 4, and the local environmental data (step 1) were input into i-Tree Eco to assess the ecosystem services provided by the inventoried trees (annual pollution removal by trees: ozone, sulfur dioxide, nitrogen dioxide, carbon monoxide, and particulate matter less than 2.5 microns, carbon storage, annual sequestration, and avoided runoff).



i-Tree Eco uses multiple equations to evaluate every ecosystem service [31,49,50,51]. To estimate avoided runoff, the software uses hourly rain data and the characteristic of trees in several equations that calculate evapotranspiration and water interception by tree leaves [52]. Rain is also crucial in setting the periods of no-leaf suspension in pollution removal estimates [31,36]. In fact, during precipitation events, the accumulated PM2.5 is assumed to be washed off to the ground surface depending upon the magnitude of the precipitation event, modifying deposition velocity in variable quantities [53]. Air temperature data are also essential because temperature affects leaf stomatal opening, which is fundamental in the flux of pollutants, CO2, and other gases between the air and the leaf [34,54]. Wind tends to resuspend the particulate matter from the leaves’ surface, so PM2.5 is again spread in the air [36]. Windspeed influences the portion of particulate matter resuspension, so a resuspension percentage is applied to the pollution removal estimate according to windspeed [53]. Solar radiation, used as photosynthetically active radiation, is specific for study area location and contributes to pollution removal and carbon sequestration by leaves [54]. Then, i-Tree Eco allows for using the results of inventoried trees in random plots to estimate the ecosystem services provided by the urban greenery inside the whole study area.



(6) As a tool to support tree planting decisions, the method develops a list with performance values in ecosystem services provision differentiated by tree species. We selected adult and healthy trees from the inventoried ones and assessed their average performance to implement this list. Then, we developed two easy macros in Excel to support municipalities in urban green system design and management. (i) The first macro is helpful in green area design. The macro requests the required ecosystem service in the studied area as an input file. It then outputs a list of tree species belonging to the class with higher performance in providing the requested ecosystem service. For every ecosystem service, the method divides the dispersion between tree performance values into five classes with homogeneous width (tree species belonging to Class 1 have the higher performance, while tree species belonging to Class 5 have the lowest one).



(ii) The second macro is helpful in the definition of rules of taxation linked to tree damage or cut down. The macro requests as an input file the species of the tree that is damaged and/or that must be removed following private projects. Then, based on the class of structural value in which it falls, it helps define its value. Economic value was determined for the following ecosystem services: carbon storage, carbon sequestration, air pollution removal, and avoided runoff. Because there are no accurate local data, pollution removal values were estimated based on European median externality values [55] and Ben MAP regression equations [51] that incorporate user-defined population estimates in 2010; values are then converted to local currency. Prices were EUR 1100 per metric ton for carbon monoxide, EUR 9253 per metric ton for ozone, EUR 1382 per metric ton for nitrogen dioxide, EUR 503 per metric ton for sulfur dioxide, and EUR 321,227 per metric ton for PM2.5. Estimates for carbon storage and sequestration are based on the carbon value for the United States in 2015 [56] and converted to Euros for EUR 161 per metric ton. The value of avoided runoff was based on the national average value for the United States in 2005 [57,58] converted to Euros, and it was estimated as EUR 1.90 per m3.





3. Results


The tree cover percentage in the neighborhood is around 30%. The total area of the plots is 47,549 m2. We inventoried 373 trees, so the resulting tree density of the site is 78.44 trees per ha.



The studied trees belong to 57 species. The most common species are Olea europaea L. (9.9%), Pinus pinea L. (6.4%), and Laurus nobilis L. (6.2%) (Figure 4).



The majority (around 70%) of the trees are less than 30.5 cm DBH. The most common species have >50% of their trees with DBH less than 30.5, except for Pinus pinea L., Cupressus arizonica E. Greene, Cupressus sempervirens L., and Populus alba L., which have more large trees (Figure 5). During the field research, researchers and citizens also analyzed the shrubs. Supplementary Materials B (Sheet 2) reports the complete list of the 82 species (57 trees and 25 shrubs). The dominant species in terms of leaf area are two shrubs, Hedera helix L. and Rubus ulmifolius Schott., followed by several tree species.



Ecosystem Services Assessment and Development of Species-Specific List to Support Decisions in Tree-Planting


The inventoried 373 trees (Supplementary Materials B, Sheet 1) removed 46.2 kg of air pollution (O3, CO, NO2, PM2.5, and SO2) in 2019, with an associated value of EUR 748. Gross sequestration by studied trees is 2635 kg per year with an associated value of EUR 423, while trees have stored 63,806 kg of carbon (EUR 10,252). Populus alba L. has the best performance in carbon storage and sequestration (approximately 18% of the total carbon stored and 14.7% of all sequestered carbon) of the sampled species. The inventoried trees have reduced runoff by 88 m3 in 2019, with an associated value of EUR 169. In total, the 373 trees allow yearly saving of EUR 1291. Then, we have used i-Tree Eco to estimate the ecosystem services provided by the whole urban forest of the study area (Supplementary Materials B, Sheet 3.) Overall, i-Tree Eco estimated in the study area 40,680 trees (Standard Error 17%, ±6920 trees). The urban forest removed an estimated 6.46 metric tons of air pollution (O3, CO, NO2, PM2.5, and SO2) in 2019, with an associated value of EUR 111,000. Pollution removal is most significant for ozone (Figure 6), with 5 metric tons removed for a value of EUR 46,000.



Trees and shrubs’ removal of PM2.5 pollution is worth EUR 63,300, in the study area, which is 197 metric kilograms. In 2019, trees emitted an estimated 4.6 metric tons of volatile organic compounds (VOCs) (3.251 metric tons of isoprene and 1.322 metric tons of monoterpenes). Fifty percent of the urban forest’s VOC emissions were from Populus alba L. and Quercus pubescens Willd.



The gross sequestration by urban forest was 287.2 metric tons per year with an associated value of EUR 46,100 (Figure 7). Net carbon sequestration in the urban forest is about 243.7 metric tons. Trees are estimated to store 6960 metric tons of carbon (EUR 1.12 million). Populus alba L. stores and sequesters the most carbon (approximately 18% of the total carbon stored and 14.7% of all sequestered carbon) of the sampled species.



Urban forest reduced runoff by 12,300 m3 in 2019, with an associated value of EUR 23,000. In total, the urban forest in the study area has an economic value of 45 million euros.



Starting with differentiated evaluations per inventoried tree (Supplementary Materials B, Sheet 1), we have evaluated ecosystem service provision per tree species in terms of services provided on average by one adult healthy urban tree (Table 2). The table also reports columns referring to the classes of performance. We used the four classes evaluating the ecosystem services to build the first macro, while we used the last class’ column for the second macro. Then, we have provided the following table and the two macros to the Local Administration.





4. Discussion


4.1. Efficiency in Citizens Involvement in Field Research to Build Tree Inventories


Italian municipalities need to improve the efficiency of urban tree inventories. In this regard, this paper used the input data requested by i-Tree Eco to develop surveys that are usable during the field research (Supplementary Materials A). The paper showed that these surveys are fillable even by non-expert users. Indeed, i-Tree Eco requests as input data field research easy to perform. They do not require instrumental evaluations or the collection of contaminable information. Anyway, there is the need to provide basic training to recognize the tree and shrub species and do a visual assessment. The case study showed how citizens, after six training sessions, can collect the data autonomously. The resulting main issue was linked to species recognition, overcome by installing the Pl@ntNet app.



Citizen involvement in urban green system studies is not a novelty. Several studies directly involve citizens to evaluate their perception linked to the ecosystem services provided by trees in an urban environment [15], their recreational value [59], or their willingness to pay for ecosystem services [60].



Our results show as citizens’ participation should also be carefully considered for realizing the urban tree inventories since it provides a cost-effective method for obtaining field data. Furthermore, their involvement has provided the raising of the awareness toward the urban forest and understanding the crucial values of trees in the urban context by the citizens.




4.2. Tree Species Composition in the Urban Forests of Dense Built-Up Mediterranean Cities and Ecosystem Services Assessment


The study area is a neighborhood of Perugia. This municipality has its tree inventory ongoing (in 2022). Respecting the Italian law requirement [21,22], Perugia, like the other Italian municipalities, is building its municipal tree inventory only for public green areas (mostly urban parks) and along the main public roads [23]. The public online municipal dataset, which refers to the current state of the tree inventory, reports 48,261 trees (year 2019) [61]. The most common tree species are Pinus pinea L. (8%), Tilia spp. (7%), Cupressus sempervirens L. (6%), Quercus ilex L. (5%), Populus spp. (3.2%), Robinia pseudoacacia L. (3.2%); Aesculus hippocastanum L. (3%), Olea Europea L. (2.6%), Cupressus arizonica E. Greene (2.5%), and Acer spp. (2.3%). Unfortunately, this dataset does not report data necessary to use i-Tree Eco (Supplementary Materials A). Nevertheless, it is interesting to compare this urban forest composition with our results. A total of 70% of our inventoried trees are in private areas, 25% in private gardens, and only 6% in urban public parks. The dominant species in terms of the number of trees are Olea Europaea L. (9.9%), Pinus pinea L. (6.4%), and Laurus nobilis L. (6.2%) (Figure 4). Our results show that Italian municipal tree inventories do not adequately represent the urban forest in dense built-up Mediterranean cities. Indeed, they report only trees in public green areas. In contrast, in built-up areas, trees are mostly located in private plots and private gardens or have marginal functions linked to vegetation (i.e., trees at the entrance to a public building). It is essential to evaluate urban forests’ composition in public and private spaces to define their role in ecosystem services provision [24,25,62].



At the same time, local administrations struggle in building municipal tree inventories, even limited to public areas. In this regard, they could successfully involve citizens, as discussed in the previous section. In private areas, the simulation tool of i-Tree Eco could be beneficial, reducing the field research to random plots and using their results to simulate the performance of the whole. Our study reports results for 373 inventoried trees (Supplementary Materials B, Sheet 1), and then we simulated the urban forest composition for the whole study area (Supplementary Materials B, Sheet 3; Figure 6 and Figure 7). Our simulation has a standard error of 17% due to the low number of plots used to perform the field research. Nevertheless, we used the simulation’s results only to provide urban planners with approximative quantification using identifiable boundaries (the studied neighborhood). The local Administration could increase the area covered by the field research to decrease the standard error [31].



Looking more in-depth at the tree species composition, our results show the most representative tree species in our case study is Olea Europea L. Indeed, even if Olea Europea L. is a productive tree, in the urban contexts of central and southern Italy, it is a traditional tree also used with an ornamental aim, a common trait of various Mediterranean contexts such as Greece and Spain. As with most tree species primarily used for production purposes, Olea Europea L. has many varieties with different structural characteristics (e.g., the leaves size and diameter) and, consequently, variable performances linked to differentiated regulating services. i –Tree Eco does not consider the variety but only the species. In our case, the varieties are Frantoio, Leccino, Dolce Agogia, San Felice, Pendolino, and Maurino.



This consideration outlines the geo-specificity of these inventories in ecosystem services assessment. Figure 8 shows the distribution between the resulting values among tree species for our study area.



In the case study, the tree species with the higher performance in carbon storage are Populus alba L. (0.8184 metric ton per tree), Quercus pubescens Willd. (0.6740), Platanus x acerifolia Mill. (0.6161), and Cedrus spp. (0.5614). Other studies in Italy [34] confirm these species as a very effective carbon sink. Platanus x acerifolia Mill., Populus alba L., Quercus pubescens Willd., and Celtis australis L. are the best for carbon sequestration. The tree species with an amount of yearly avoided runoff higher than 0.7 m3 per tree are Cedrus spp. (0.9882 m3/year), Celtis australis L. (0.8643), Larix decidua Mill. (0.8007), Pinus halepensis Mill. (0.7789), and Juglans regia L. (0.7278). There is not much literature on the ranking of the best-performing trees for avoided runoff in urban areas, so new studies should be carried out from this perspective. Indeed, many studies report overall evaluations for the urban forest [7,19] and are not differentiated by species. Trees with the best performance in pollution removal are Cedrus spp., Celtis australis L., and Larix decidua Mill, which remove more than 0.3 × 10−4 metric tons of pollutants from the air yearly per tree. Thanks to their wide leaf area and roughness, they are excellent in pollution removal. The coniferous trees such as Cedrus spp. and Larix decidua Mill. also perform well thanks to the annual persistence of leaves on the plant [63], particularly for PM2.5 [64]. These results depend on the composition of the inventoried species, climate characteristics, and urban morphology.




4.3. Tool Supporting Decisions for Enhancing Ecosystem Services Provided by Urban Greenery


As discussed by Acosta et al. [8], the success of ecosystem service provision depends largely on the decisions made by urban planners and politicians. Thus, user-friendly tools to support their choices are fundamental.



Table 2 shows the evaluations of the regulating ecosystem services provided by an adult tree in good health status in a densely built-up Mediterranean area, differentiated by the 57 species studied. Using this list, we developed a tool composed of two Excel macros.



The first macro (the result of Step 6.1 of the method) requests as the input file the demanded ecosystem service and outputs the more performant tree species. In this way, the tree species choices could be based on the specific ecosystem service that the decision-maker needs to emphasize in each green area. For example, in urban areas subject to frequent flooding, urban designers will look for trees helping in stormwater management; along streets with high levels of traffic, they will look for trees helping pollution removal. Indeed, the concentration of pollutants varies along the roads or inside the parks [36], such as rainwater runoff and the consequent flooding problems [65]. At the same time, the need for carbon storage is not linked to localization specifications. Current mobile sensors could help administrations make timely assessments of the demand for ecosystem services in their contexts. Furthermore, the first macro could be used by a local administrator to encourage choices that enhance environmental benefits for the citizens. Municipalities could georeference the areas with frequent flooding then provide built-up potentialities increase to the residents, also transferable to other areas, if they plant inside their propriety trees belonging to Class 1 or 2 of “runoff avoided.” For Italian municipalities, it is usual to establish rules to transfer development rights inside their municipal plans linked to specific aims [65]. In the case of the Municipality of Perugia, the current implementation rules of its Urban Plan [66] offer an increase in built-up potentialities to citizens who implement a retrofit intervention in their buildings to improve their energy efficiency.



The second macro (the result of Step 6.2) requests, as the input, the tree species file. It provides, as a result, an economic evaluation of the species based on the average characteristics in the study area (state of health and dimension) of trees of the same species and on their performance in providing ecosystem services. This macro is valid in the definition of rules of taxation linked to tree damage or cut down (i.e., a citizen has the permit to cut down a private tree to realize a new building). The economic values refer to the years 2005–2007. Nevertheless, they are helpful to distribute the tree species in five classes of differentiated monetary value. The minimum value is 31 euro for Citrus limon (L.) Osbeck, and the maximum value is 4970 euro for Cedrus spp. The low weight of Citrus limon (L.) Osbeck is because the trees in the study area were not in good health (the climate of the study area does not allow to grow this species permanently outdoor through the year). Indeed, they should be kept in greenhouses during winter.



The two macros offer an easy tool usable by the end-users (e.g., urban planners, decision-makers, etc.) once the tree inventory and the i-Tree Eco evaluation are fully developed. Anyway, it is essential to define some limitations of the developed tool.



First, the study focuses on carbon storage, carbon sequestration, pollution removal, and runoff avoided, not considering other ecosystem services provided by the urban forest, such as cultural services [14,67] humidity control, temperature control [8], and many others. Other scholars developed tools for using ecosystem services assessment in urban planning, such as the one designed by Acosta et al. [8] for urban heat island mitigation by an urban forest, or the one developed by Menconi et al. [67] to enhance the cultural ecosystem services’ provision by urban parks. For local administrators, it would be essential to integrate these tools to achieve an overall awareness of the value of the urban forests.



Second, this could be a helpful tool in tree planting decisions, which goes alongside other data that could be used to filter tree species. These data refer to the characteristics of the tree, such as light requirement, its undesirable qualities (i.e., high mortality rates and allergenicity), resistance to breakage [18], and the characteristics of the urban area object of the design (shape, dimension, and function of the area) [36].



Finally, the tool helps in tree species selection, but the overall design of the green area influences its performance. In this regard, Tahvonen [19] described how to integrate water and vegetation better to enhance stormwater management, scaling up from pilot-scale garden designs to habitats at the block scale.





5. Conclusions


In recent sector legislation, Italian municipalities were identified as the keepers of urban greenery, despite suffering from a lack of funds and staff and often administering historic densely built-up cities where it is harder to plan and execute appropriate interventions. Therefore, local administrators require decision-making tools to evaluate and compare design alternatives and, thus, make more informed choices. The paper develops an easy tool to compare values of urban trees clearly and transparently and therefore allow, more competently, to make the best choices to increase the overall positive impact on the urban forest ecosystem.



We also evaluated the ecosystem services provided by the urban forest of a neighborhood of a densely built-up city of central Italy. Starting from geo-referred local climate data, land use, and field research to evaluate the local urban forest structure, we used i-Tree Eco to perform the evaluation. Our results show that the Italian Municipal tree inventories do not adequately represent the urban forest in dense built-up Mediterranean cities. Indeed, they report only trees in public green areas. In built-up areas, trees are primarily located in private plots, private gardens, or public open spaces with marginal functions linked to vegetation.



Finally, our method involved citizens in field research and shows that tree inventories can benefit from their engagement. The proposed method offers an interesting testimony to this effect and pushes us to design new applications to other areas and other cities to strengthen its validation.
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Figure 1. Study area. The neighborhood has a few sections sparsely populated that we did not consider in this study. 
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Figure 2. Methodology flowchart. 
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Figure 3. Waypoints for the 100 random plots generated by i-Tree Eco for collecting field data. The zoom shows an example of seven plots. 
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Figure 4. Inventoried trees. Tree species composition. 
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Figure 5. Top 10 species and their percentage distribution by diameter class (DBH–stem diameter at 1.37 m). 
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Figure 6. Annual pollution removal (bars) and economic value (points) by the urban forest. 
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Figure 7. Estimated annual gross carbon sequestration (bars) and economic value (points) for urban tree species with the most significant sequestration. 
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Figure 8. Box-plots showing the distribution between values of performance in providing ecosystem services of inventoried tree species. 
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Table 1. The monitoring results regarding the urban forest inventories in Italian district capitals and metropolitan cities (31 December 2020).
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Percentage of Urban Forest Inventory Implemented

	
First-Level

	
Second-Level




	
%

	
%






	
for the whole municipal green area

	
47

	
33




	
partial/in progress

	
44

	
53




	
total

	
91

	
86




	
Inventories using georeferenced data

	
%

	
%




	
for the whole municipal green area

	
31

	
31




	
partial/in progress

	
36

	
32




	
total

	
65

	
63




	
within a geographical information system

	
25
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Table 2. Evaluations of the regulating ecosystem services provided by an adult tree in good health status in a densely built-up Mediterranean area, differentiated by the 57 species studied. The species are listed in alphabetic order. They rank from Class 1 (excellent performance in providing the studied ecosystem service) to Class 5 (low performance).
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Species

	
Carbon Storage

	
Gross Carbon Sequestration

	
Avoided Runoff

	
Pollution Removal

	
Structural Value




	

	
Class

	
(Metric ton)

	
Class

	
(Metric ton/yr)

	
Class

	
(m3/yr)

	
Class

	
(Metric ton/yr)

	
Class

	
(EUR)






	
Abies alba Mill.

	
5

	
1.04 × 10−1

	
5

	
4.60 × 10−3

	
5

	
1.70 × 10−1

	
5

	
9.17 × 10−5

	
5

	
1006




	
Acacia Mill.

	
5

	
4.0 × 10−4

	
5

	
2.00 × 10−4

	
5

	
6.80 × 10−3

	

	

	
5

	
47




	
Acer campestre L.

	
5

	
3.67 × 10−2

	
5

	
2.80 × 10−3

	
5

	
5.98 × 10−2

	
5

	
3.33 × 10−5

	
5

	
171




	
Acer pseudoplatanus L.

	
5

	
8.09 × 10−2

	
5

	
5.60 × 10−3

	
5

	
1.69 × 10−1

	
5

	
9.17 × 10−5

	
5

	
854




	
Acer spp.

	
3

	
4.18 × 10−1

	

	

	

	

	

	

	

	




	
Ailanthus altissima Mill.

	
5

	
7.20 × 10−3

	
5

	
1.40 × 10−3

	
5

	
9.82 × 10−2

	
5

	
5.24 × 10−5

	
5

	
92




	
Carpinus betulus L.

	
5

	
3.84 × 10−2

	
5

	
6.10 × 10−3

	
5

	
1.53 × 10−1

	
5

	
9.17 × 10−5

	
5

	
597




	
Cedrus spp.

	
2

	
5.61 × 10−1

	
4

	
1.20 × 10−2

	
1

	
9.88 × 10−1

	
1

	
5.16 × 10−4

	
1

	
4970




	
Celtis australis L.

	
4

	
2.47 × 10−1

	
3

	
1.61 × 10−2

	
1

	
8.64 × 10−1

	
1

	
4.59 × 10−4

	
4

	
1689




	
Cercis siliquastrum L.

	
5

	
2.46 × 10−2

	
5

	
2.80 × 10−3

	
5

	
1.19 × 10−1

	
5

	
9.17 × 10−5

	
5

	
471




	
Citrus limon (L.) Osbeck

	
5

	
6.00 × 10−4

	
5

	
3.00 × 10−4

	
5

	
1.08 × 10−2

	

	

	
5

	
47




	
Corylus avellana L.

	
5

	
3.06 × 10−2

	
5

	
2.50 × 10−3

	
5

	
1.71 × 10−1

	
5

	
9.17 × 10−5

	
5

	
508




	
Crataegus monogyna Jacq.

	
5

	
1.28 × 10−2

	
5

	
2.50 × 10−3

	
5

	
1.44× 10−1

	
5

	
6.88 × 10−5

	
5

	
213




	
Cupressus arizonica E. Greene

	
4

	
1.95 × 10−1

	
4

	
6.20 × 10−3

	
3

	
4.32 × 10−1

	
3

	
2.25 × 10−4

	
4

	
1755




	
Cupressus sempervirens L.

	
4

	
2.84 × 10−1

	
4

	
9.20 × 10−3

	
4

	
3.43 × 10−1

	
4

	
1.78 × 10−4

	
3

	
2592




	
Cycas revoluta Thunb.

	
5

	
9.40 × 10−3

	
5

	
1.00 × 10−4

	
4

	
3.13 × 10−1

	
4

	
1.84 × 10−4

	
5

	
369




	
Eriobotrya japonica (Thunb.) Lindl.

	
5

	
7.09 × 10−2

	
5

	
6.00 × 10−3

	
5

	
1.46 × 10−1

	
5

	
6.88 × 10−5

	
5

	
736




	
Ficus carica L.

	
5

	
1.06 × 10−1

	
4

	
6.20 × 10−3

	
5

	
1.96× 10−1

	
5

	
1.05 × 10−4

	
5

	
788




	
Ilex aquifolium L.

	
5

	
4.40 × 10−2

	
5

	
3.90 × 10−3

	
5

	
7.86 × 10−2

	

	

	
5

	
567




	
Juglans regia L.

	
4

	
2.04 × 10−1

	
4

	
1.19 × 10−2

	
2

	
7.28 × 10−1

	
2

	
3.85 × 10−4

	
5

	
890




	
Lagerstroemia indica L.

	
5

	
3.97 × 10−2

	
5

	
4.10 × 10−3

	
5

	
6.14 × 10−2

	
5

	
3.44 × 10−5

	
5

	
521




	
Larix decidua Mill.

	
5

	
1.21 × 10−1

	
5

	
5.00 × 10−3

	
1

	
8.01 × 10−1

	
1

	
4.59 × 10−4

	
4

	
1457




	
Laurus nobilis L.

	
5

	
2.25 × 10−2

	
5

	
2.50 × 10−3

	
5

	
7.24 × 10−2

	
5

	
3.59 × 10−5

	
5

	
262




	
Ligustrum lucidum Aiton

	
5

	
6.98 × 10−2

	
5

	
3.00 × 10−3

	
5

	
4.85 × 10−2

	
5

	
2.29 × 10−5

	
5

	
365




	
Ligustrum sinense Lour.

	
5

	
2.46 × 10−3

	
5

	
1.83 × 10−4

	
5

	
1.31 × 10−2

	

	

	
5

	
59




	
Ligustrum vulgare L.

	
5

	
1.10 × 10−3

	
5

	
3.00 × 10−4

	
5

	
1.11 × 10−2

	

	

	
5

	
31




	
Magnolia grandiflora L.

	
4

	
2.10 × 10−1

	
4

	
9.90 × 10−3

	
4

	
2.44 × 10−1

	
4

	
1.22 × 10−4

	
4

	
1330




	
Magnolia liliiflora Desr.

	
5

	
2.85 × 10−2
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