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Abstract

:

Planning a well-structured urban green infrastructure (UGI) is essential for cities to counteract the impacts of climate change. Soil carbon and air temperature differences between open and plant-covered sites were used as proxies of carbon sequestration (CS) and temperature regulation (TR) to evaluate the current conditions of UGI in Zaragoza, a medium-sized city in northeastern Spain. Alternative scenarios were constructed, after a stakeholder consultation, at both city and municipal (city plus peri-urban zone) scales, extrapolating the highest values of CS and TR to two groups of UGI types grouped based on the state of their ecological functioning. We employed analysis of variance to compare mean values of CS and TR across diverse scenarios at both city and municipality scales. Statistically significant differences were found in city-scale and municipality-scale scenarios for both CS and TR. Multiplying CS by area did not show significant variation in city scale. Significant differences were found when multiplying TR by area at both scales, with exceptions in certain scenario combinations. These results suggest favoring the restoration of UGI sites in peri-urban zones (such as forests and steppe zones) to increase CS and those in densely urbanized zones (such as urban parks) to provide TR benefits.
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1. Introduction


More than half of the world’s population today lives in cities, and the urban population of the world is expected to continue growing so that by 2050, 66% of the world’s almost 10 billion inhabitants will be urban dwellers [1]. Evidence provided by scientists showed that this rapid urbanization, a major contributor to climate change [2], significantly contributed to deteriorating urban residents’ thermal comfort [3]. The worldwide rising of temperatures causes ocean levels to rise, increases the number of extraordinary climate events such as surges, dry seasons, and storms [4], and increases the spread of tropical illnesses [5]. All these have exorbitant impacts on cities’ essential services, infrastructure, lodging, jobs, and well-being [6]. Therefore, humans are still dependent on nature for their livelihood [7]. The numerous environmental and social advantages of integrating natural areas into urban and heavily populated areas are becoming more widely acknowledged [8].



Urban green infrastructure (UGI) is a term used to describe systems that incorporate natural elements into the design of a built space, and it includes both green and blue ecosystems [9]. UGI is an essential structural part of cities [10], and all around the world, the creation of a UGI is acknowledged as a crucial instrument in combating climate change [11,12]. UGI is also a useful method for spatial planning in a number of national, regional, and local planning, policy documents, and strategies [13]. For instance, the European Green Belt and the European Green Infrastructure Strategy are good examples [14]. UGI provides benefits that play a key role in climate change adaptation, specifically decreasing the urban heat island effect [15]. These benefits are called ecosystem services (ES), essential for human well-being [16]. ES were classified by the MEA [16] into four groups: supporting services (e.g., soil formation) [17], provisioning services (e.g., food production) [18], cultural services (e.g., spiritual and religious values) [19], and regulating services (e.g., carbon sequestration and temperature regulation) [15,16].



Carbon sequestration is the process of capturing and storing atmospheric carbon dioxide and fixing it in terrestrial structures [20]. It is one method of reducing the amount of carbon dioxide in the atmosphere with the goal of reducing the influence of greenhouse gases on global warming by reducing their increase in the atmosphere [21]. Even though, in 2019, the European Green Deal set an objective to make the EU climate neutral by 2050, few peer-reviewed articles acknowledge local case studies about carbon sequestration in intermediate cities [22]. Temperature regulation is essential in the fight against the impact of heat waves in urban areas. An efficient mitigation of this impact involves introducing different UGI elements in urbanized zones, such as urban parks, urban forests, rooftops, gardened squares, and roundabouts that can play the role of climate cooling shelters [23]. As was demonstrated, these UGI sites should have a high degree of naturalness and functioning and less regularity in their design [9].



Scenario analysis plays a pivotal role in understanding the implications of design choices within UGI for the protection and restoration of ES delivery [24], which has been the subject of constant discussion since the release of the Millennium Ecosystem Assessment [25]. Three processes typically make up a scenario analysis: (1) defining the scope, (2) creating alternative scenarios, and (3) evaluating those scenarios [26]. Scenario analysis has grown in popularity as a method for researching future ecosystems, technologies, societies, climates, and other aspects of the future [27], but it still remains in its early development stages, hence the need for more investigation in this field [24]. It is agreed that scenarios are alternative views of the future that result from a certain set of assumptions and relationships rather than forecasts, projections, or predictions [28]. Through the examination of contrasting scenarios, decision-makers can evaluate various options, recognize possible disadvantages, prioritize areas for restoration, and foresee opportunities, thus facilitating the development of more knowledgeable and robust strategies for UGI planning. This way, one can straightforwardly observe how different scenarios affect the provision of ES [29]. Hence, stakeholder involvement and data-driven analysis are necessary to guarantee that scenario analysis for the provision of ES is reliable and helpful for making decisions [30]. However, research has shown that there is a lack of stakeholder involvement that can represent diverse values [24].



In this paper, we apply these perspectives to the city of Zaragoza, an intermediate-size urban zone in Southern Europe, and its municipality in order to develop a prioritization plan for the improvement of its UGI to counteract the impacts of climate change. The objectives of this paper are to (1) define different scenarios of UGI based on a survey distributed among a range of expert stakeholders, (2) apply the evaluation of ES in different scenarios of UGI within two scales: city and municipality, and (3) analyze the contrasting provision of ES between alternative scenarios of UGI. After this, a prioritization plan based on the potential provision of ES by UGI is proposed. Zaragoza can be a paradigm for other intermediate-size urban zones as it is located in an extremely sensitive location to increased air temperature as a consequence of climate change [31]. We hypothesize that in order to fight against climate change in this type of city, there is a need to work on ES provided by UGI not only on the city scale, where urbanization is high and possibilities of UGI improvement are limited, but also at the municipality scale, where large non-built zones dominate the land cover.




2. Materials and Methods


The protocol for scenario analysis comprises three stages (Figure 1). The first stage of the research consisted of data preparation, which involved ES selection, expert interviews, and data collection. The second stage consisted of scenario development. It included constructing the narrative, designing the scenario, and quantifying the ES times area (ES × Area) of the UGI element for each scenario based on the data gathered from the first stage. Finally, a prioritization strategy was developed and presented in the discussion section that could be useful for decision-makers to enhance climate adaptation in cities (Figure 1).



2.1. Data Preparation


2.1.1. Study Area and UGI Types


The study area is the city of Zaragoza and its municipality, which is a European medium-sized urban zone with a population of 693,000, a city area of 167 km2, and a municipality area of 967 km2. It is situated in the autonomous community of Aragon in northeastern Spain [32]. Zaragoza city lies in the center of the Ebro River Valley, and two tributaries (Gallego and Huerva Rivers) flow out in the Ebro River in the city of Zaragoza (199 m.a.s.l.). Additionally, a big canal carrying water diverted from the Ebro River to irrigate agricultural areas crosses through Zaragoza city. Downtown Zaragoza lies in the surroundings of these waterways, and the outskirts of Zaragoza are located in the upper parts of the old river terraces. More recently, Zaragoza city has been expanding beyond the river terraces throughout the steppe (299 m.a.s.l.), herbaceous, and dry agricultural zones, which conform to the landscape of most of its municipality (Figure 2a).



The natural, semi-natural, and artificial areas that comprise both terrestrial and aquatic ecosystems make up the UGI of Zaragoza. Some of them are tiny spots (urban parks and roundabouts) located in the most densely populated portion of the city. However, most of the comparatively large green spaces, such as riverbanks, forests, and meanders, are located in the peri-urban areas that surround the city. These areas cover a wide range of types of UGI sites and show a high variability of characteristics [9].




2.1.2. Land Use Categorization


The most recent (2018) land cover/land use (LULC) map of Zaragoza was downloaded from Copernicus.eu. We categorized these land use types into three groups based on their characteristics to facilitate a scenario analysis for improving existing UGI sites: (1) Group 1: These areas are already developed or under industrial use. They form the existing urban and industrial landscape and may not be suitable for extensive UGI development without significant transformation. (2) Group 2: This group includes areas that may have lower existing development intensity and have the potential for green improvement. These sites also have high naturalness and ecological functioning. They include pastures, forests, rivers, meanders, and herbaceous and steppe vegetation. (3) Group 3: This group consists of artificial and agricultural zones. They are characterized by low values of ecological functioning. However, they can have a high value of naturalness (e.g., urban parks, squares, and roundabouts) and are located inside the city, such as urban parks, roundabouts, cemeteries, and canals, or peri-urban areas such as agricultural land and arable land (annual cropland). These sites, even if characterized by low ecological functioning, can be crucial for UGI development, providing connectivity, temperature regulation, and enhancing climate change adaptation.




2.1.3. Naturalness and Functioning of UGI Sites


Naturalness is measured as the percentage of area covered by natural components within the UGI site, namely, naturalness = (% of the area with natural components)/10. Hence, naturalness values range from completely natural (10) to entirely artificial (0). For instance, a value of 9 means 90% of the total area of the UGI site is covered by natural components (vegetation). An analogous scale was established to assign values for functioning, which was defined as the degree of natural processes driving the dynamics of the UGI site based on the classical concept of ecosystem functioning. It was measured as the area of the UGI site observed with natural dynamic features (wind and water flows, flooding, erosion, and organic matter accumulation). Therefore, functioning = (% of the area with natural hydro-geomorphological features)/10. The values of functioning also ranged from 0 to 10, with 0 indicating non-functional sites highly influenced by humans and 10 pointing to the complete preservation of natural hydro-geomorphological features and processes. Further details on these two indexes are provided in previous work [33].




2.1.4. Stakeholders Engagement


To enhance decision-making regarding the type of scenario analysis, experts in the fields of urbanism, ecology, law, and politics (n = 7) received a semi-structured questionnaire (Appendix A) comprising questions to identify, rank, and rate a number of criteria to prioritize UGI, questions to improve current UGI sites for climate change adaptation, and questions to locate new UGI sites in the city of Zaragoza. The stakeholders were chosen for their dedication to sustainable urban development, which is evident in their involvement in public works, such as contributing to scientific publications and engaging in meetings with Zaragoza residents to gather their ideas and opinions on city development. The selection specifically targeted individuals associated with two organizations that bring together residents, environmental and non-governmental groups, and city officials responsible for managing urban green infrastructure.




2.1.5. Regulating Ecosystem Services


A recent study by Hanna et al. (2023) [9] evaluated and quantified the provision of 8 ESs in UGI sites of the study area (Figure 1). Within the ESs assessed, soil C content and the difference in air temperature between non-vegetated and vegetated zones were used as proxies for carbon sequestration and temperature regulation, which directly link to climate adaptation. Carbon sequestration (CS) is a regulating ES [34]. Soils are a significant carbon sink and have an important role in the fight against climate change [35]. CS values (g of Carbon/m2) were taken from Hanna et al. (2023) [9]. The methodology of sampling consisted of taking 3 soil samples, separated 20–200 m from each other, at a depth of 0–20 cm in the vegetated area of 30 UGI sites representing different elements of UGI in Zaragoza. Temperature regulation (TR) is also a regulating ES [36]. In the context of Urban Heat Island, TR in UGI sites is crucial for mitigating the impacts of climate change [37]. TR values (regulated Celsius/m2) were also derived from Hanna et al. (2023) [9]. Therein, the assessment of temperature regulation (TR) was performed using data loggers (iButton®) installed simultaneously in vegetated and non-vegetated zones and recorded hourly measurements for 1 month during the hot periods of the year (July–August 2022) to assess diurnal variations in air temperature.





2.2. Scenario Development


2.2.1. Scenario Design


The scenario design was performed on two scales: city and municipality. The city scale is represented by the densely populated area;, therefore, it has dense buildings of all types: residential, commercial, and industrial. The city is the central hub of the municipality of Zaragoza. Among the 231 UGI elements found in the city (canals, roundabouts, street trees, rivers, urban forests, university parks, urban natural parks, and green walls), urban parks dominate the landscape of the UGI’s artificially constructed sites. The municipality scale represented the peri-urban areas, where the anthropogenic intervention is smaller in comparison with the artificially constructed UGI elements in the city. Therefore, the municipality area covers the city area plus the peri-urban area. The UGI of peri-urban areas consisted of forests, pastures, arable land (annual crop agricultural land), permanent crop agricultural land, steppes (herbaceous mixed land), meander, and rivers. The total number of green infrastructure sites on the municipality scale is equal to 4902.



The scenario design reflected the criteria to plan and build spaces that form the green infrastructure of Zaragoza, which ranked highest among all stakeholders. High and low-functioning UGI sites were differentiated based on the ecological functioning assessment [10], ranking from the minimum 1 to the maximum 10. We created 8 scenarios, 4 for each scale.



City scale: (1) high functioning scenario (HF): current situation of sites with high value of functioning (>5/10) (river, urban natural park, and urban forests). (2) Low functioning scenario (LF): current situation of sites with low value of functioning (<5/10) (urban parks, canals, roundabouts, street trees, university park, and green walls). (3) Improving high functionality scenario (IMHF): improvement (or restoration) of sites with high value of functioning. (4) Improving low functioning scenario (IMLF): improvement (or restoration) of sites with low value of functioning.



Municipality scale: (1) HF = current situation of sites with high value of functioning (>5/10) (river, meander, steppe, forests, and pastures). (2) LF: current situation of sites with low value of functioning (<5/10) (arable land and permanent crops). (3) IMHF = improvement (or restoration) of sites with high value of functioning. (4) IMLF = improvement (or restoration) of sites with low functioning value.




2.2.2. Data Analysis


First, we used the average value of carbon sequestration (CS) and temperature regulation (TR) for similar UGI elements sampled in Hanna et al. (2023) [9]. For instance, for urban parks, we calculated the average of CS and TR for the 13 urban parks sampled (3 samples in each site) and extrapolated these data of CS and TR taken to other urban parks. The same was carried out to different UGI types, where their average value of CS and TR was extrapolated to similar UGI sites with similar characteristics or came under a different name in the LULC map of Zaragoza that was taken from Copernicus.eu. For instance, the steppe is described in the map as having herbaceous vegetation associations. This was assessed for the current situation. For the IMLF and IMHF scenarios, we extrapolated the highest value obtained of CS and TR (not the average) from sites with similar characteristics to other UGI sites exhibiting similar features, which can be seen as the potential improvement of CS and TR after restoration works. Additionally, we multiplied the value of CS and TR by the area of each site in order to determine the contribution of each UGI element in relation to its size. Then, using the software R, we conducted an analysis of variance (ANOVA) as a statistical method to assess and compare different mean values associated with CS and TR across various scenarios at the city and municipality scale. Using this approach, we found significant differences (or not) related to temperature regulation and carbon sequestration, which improved our comprehension of how these ES are affected by various scenarios and their implications in climate adaptation. However, a significant result in ANOVA does not indicate which specific scenarios are different from each other. For that, we performed post hoc Tukey tests to conduct pairwise comparisons and identify where these differences lie. This method, which combines ANOVA and post hoc Tukey testing, improved the accuracy and comprehensiveness of our statistical studies by providing a more complete picture of the connections between CS, CS × Area, and TR and TR × Area under various scenarios.



In order to determine which group of UGI sites provided the most CS and TR delivery per type, we plotted bar charts that compared CS and TR delivery across different UGI types for the improvement scenarios at the municipality and city scales. Additionally, to understand what UGI element occupied the most area, we constructed bar charts that summed up the area of UGI sites that belong to the same type to compare it to other types. Finally, to understand which group of UGI sites belong to the same type, providing the largest area and the most CS or TR delivery, we plotted bar charts that summed up CS × Area and TR × Area per type.



Additionally, to prioritize restoration efforts in relation to the requirements and contributions of each scale, we developed priority maps using ArcGIS that could be useful tools for policymakers and urban planners. These tools offer a visual representation of spatial data, assisting in directing their efforts, the efficient allocation of resources, and the making of decisions [38].






3. Results


3.1. Study Area and UGI Types


In the municipality as a whole, pastures represented the highest percentage of the area as UGI sites at 37.5%, followed by forests at 26.9%, which constituted a relatively high percentage of the area. Additionally, rivers showed a lower percentage, at 9.32%, followed by herbaceous vegetation associations at 6.59%. Permanent crops accounted for 4.39%, urban parks 4.08%, and arable land 3.87%. The UGI elements occupying smaller areas were urban forests at 2.37%, meanders at 1.95%, and canals at 1.49%. This was followed by lower percentages of cemeteries at 0.766%, wetlands at 0.317%, urban natural parks at 0.242%, squares at 0.0805%, community gardens at 0.0619%, street trees at 0.0438%, and roundabouts at 0.0134%. The smallest percentage was represented by green walls at 0.00083% (Figure S1a).



At the city scale, urban parks were the dominant UGI type, representing 36.7% of the total area of UGI elements, followed by rivers at 27.5% and urban forests at 18.5%. Smaller percentages of cemeteries were found, constituting 5.61% of the UGI elements, followed by forests at 2.97%, canals at 2.80%, and pastures at 2.16%. The UGI that occupied the smallest area at the city scale was urban natural parks at 1.88%, followed by squares at 0.628%, community gardens at 0.345%, street trees at 0.342%, arable land at 0.232%, herbaceous vegetation associations at 0.155%, and roundabouts at 0.104%. The lowest use was green walls at 0.006% (Figure S1b).



Pastures and forests are therefore the dominant UGI types in peri-urban area, occupying 35, 34% (37.5–2.16%), and 23, 93% (26.9–2.97%), respectively.




3.2. Regulating Ecosystem Services


The findings show temperature regulation (TR) and carbon sequestration (CS) values for all UGI types in the current and improved scenario (Table 1). For CS, urban forests emerged as notable contributors, representing a current state value of 0.048 g C/m2, which increased to 0.058 g C/m2 in the improved scenario. Herbaceous vegetation associations and pastures came after, with a value of 0.020 in the current situation, jumping to 0.042 in the improved situation. Urban natural parks located in the city doubled their value in the improved scenario to 0.04. Similarly, the value of CS in urban parks increased substantially from 0.019 in the current state to 0.037 in the improved state. This was followed by meanders increasing from 0.025 to 0.032 in the improved scenario. Forests also increased modestly from 0.017 to 0.018, and canals from 0.011 to 0.018. As for street trees, they had a value of 0.015 g C/m2 in the current state, which jumped to 0.017 in the improved state. Squares increased to 0.015 in the improved scenario from 0.010 in the existing situation. In the present state, arable lands had a value of 0.012 g C/m2. In the improved state, that value increased to 0.015 g C/m2. Community gardens and permanent crops presented a value of 0.012 (0.015 in the improved scenario). Rivers and cemeteries had a value in the current situation of 0.009 and 0.01, respectively, which increased to 0.012 in the improved scenario. Finally, the value of CS for the roundabout doubled, from 0.005 in the current state to 0.01 in the improved scenario.



As for TR, canals, with a value of 0.579 °C/m2 in its current state, exhibited a substantial increase to 2.514 °C/m2 in the improved scenario. Next, squares increased to 1.832 in the improved state (0.814 in the current situation). The value of TR in meanders improved modestly, from 1.115 in the current situation to 1.492 in the improved situation. For urban parks, the value increased substantially from 0.256 to 1.331 in the improved situation. Street trees, rivers, herbaceous vegetation associations, and pastures came after with values of 0.388, 0.618, 1.022, and 1.022 in the current situation, jumping to 1.1 in the improved situation. Subsequently, cemeteries had a value of 0.0254 in the current state, jumping to 0.95 in the improved state. Forests, with a value of 0.586 in the present state, increased to 0.7 in the improved scenario. Community gardens and permanent crops presented a value of 0.4 compared to 0.66 in the improved scenario. Moreover, concerning the value of TR for roundabouts, it increased to 0.511 in the improved situation. Likewise, the value for arable land increased to 0.5 (0.425 in the present situation). Finally, urban forests and urban natural parks came after with values of 0.275 and 0.12, which increased to 0.468 and 0.4, respectively, making urban natural parks the lowest contributors in terms of temperature regulation (Table 1) (Figure S2).




3.3. Scenario Design and Data Analysis


At the city scale, for CS, a one-way ANOVA revealed that there was a statistically significant difference in mean between the different types of scenarios (p-value < 0.001; Figure 3). However, when multiplying the CS by area, no significant difference was found (p-value = 0.498) (Table 2). Tukey’s post hoc test for CS found that the mean value was significantly different between all different scenarios (p < 0.05). Tukey’s post hoc test cannot be applied for CS × Area because ANOVA already proved that there was no significant difference.



Likewise, a one-way ANOVA for TR revealed that there was a statistically significant difference in mean between the different types of scenarios (p-value < 2 × 10−16). Contrary to CS × Area, the ANOVA for TR × Area exhibited a significant difference (p-value = 0.0149). Tukey’s post hoc test for TR found that the mean value was not significantly different from IMHF–HF (p-value = 0.105) and IMLF–IMHF (p-value= 0.548) but was significantly different for all other scenarios (p < 0.05). Tukey’s post hoc test for TR × Area revealed that there was a statistically significant difference in mean only for LF–IMHF (p-value-0.027) and LF–IMLF (p-value = 0.035). For the rest, there was no significant difference (Table 2) (Figure S3).



At the municipality scale, for CS, a one-way ANOVA revealed that there was a statistically significant difference in mean between the different types of scenarios (p-value < 2 × 10−16) (Figure 3). The same thing happened when multiplying the CS by area, and a significant difference was found (p < 2 × 10−16). Tukey’s post hoc test for CS found that the mean value was significantly different from all different scenarios (p < 0.05). As for CS × Area, the post hoc revealed that there was no significant difference except for the LF–IMLF scenario (p-value = 0.93). For the rest, there were significant differences (Table 2).



The ANOVA for TR revealed that there was a statistically significant difference in mean between the different types of scenarios (p-value < 2 × 10−16). The same thing happened when multiplying the TR by area, and a significant difference was found (p < 2 × 10−16). Tukey’s post hoc test for TR found that the mean value was significantly different between all different scenarios (p < 0.05). Tukey’s post hoc test for TR × Area revealed that there was no significant difference in mean except for HF–IMHF (p-value = 0.152) and LF–IMLF (p-value = 0.298). For the rest, there was a significant difference (Table 2) (Figure S3).





4. Discussion


4.1. Typology of the UGI


The results highlighted the landscape difference between the urban and peri-urban areas. In particular, they show that peri-urban areas are dominated by sites with high ecological functioning, while urban areas are dominated by low-functioning green zones because these urban green areas were constructed mostly as recreational hubs to contribute to the overall well-being of urban residents [39]. Additionally, the presence of natural ecosystems, such as rivers in this city, holds ecological importance. Rivers and their riparian areas, being high-functioning sites, provide a habitat for diverse flora and fauna [40] that can counter-balance the low functioning of more artificial sites, such as urban parks. Hence, there is an important need for the conservation and careful restoration of these rivers and their riparian zones, as well as other natural sites, in order to balance human needs and environmental conservation in the city [41].




4.2. Insights into Carbon Sequestration and Temperature Regulation at City and Municipality Scales


Overall, the restoration scenarios showed positive trends in both carbon sequestration and temperature regulation for various UGI types. At the city scale, a statistically significant difference in carbon sequestration among scenarios was observed. However, when considering carbon sequestration by area, the difference became non-significant. These findings reveal that improving carbon sequestration under improved scenarios is not influenced by the area of the UGI site but by the type of the green infrastructure site. For instance, for climate adaptation, city planners should think cost-effectively. They should focus on restoring and conserving urban green sites with high carbon sequestration potential, such as urban forests, as they act as carbon sinks inside the city [42], instead of wasting resources on restoring lower-performing sites such as roundabouts. Another approach is to imitate the complexity of urban forests by planting different species with different numbers of strata when designing new urban green zones. This sheds light on the importance of our approach and could lead policymakers to decide where to prioritize their efforts for the restoration and conservation of urban green infrastructure.



Regarding temperature regulation at the city scale, there was a statistically significant difference in mean between the different types of scenarios. Contrary to CS × Area, the ANOVA for TR × Area showed significant differences. Tukey’s post hoc test for TR found that the mean value was not significantly different between the scenario of the current state of high-functioning sites and the scenario of improving high-functioning sites. Similarly, there is no significant difference between the scenarios of improving low-functioning sites and improving high-functioning sites. These findings suggest that the impact of urban planning interventions may not be significantly different for high-functioning urban green infrastructure sites if planned only to reach the maximum TR observed currently. However, such was not the case for low-functioning sites because there were statistically significant differences only between the scenario of the current state of low-functioning sites and the scenario of improving high-functioning sites, analogously between the scenario of the current state of low-functioning sites and the scenario of improving low functioning sites. These significant differences suggest that there are meaningful changes in temperature regulation outcomes when transitioning from the current state of low-functioning sites to either improving high-functioning sites or improving low-functioning sites. Hence, decision-makers should propose restoration strategies that involve restoring low-functioning sites or even improving the functioning of low-functioning sites. This is in good agreement with previous studies highlighting the cooling effects of urban parks (low-functioning UGI sites) in assisting urban planning and decision-makers in mitigating the urban heat island effect and improving urban sustainability [43,44]. Other low-functioning UGI sites have the same importance. For instance, street trees, as urban green infrastructure sites with low functioning values, play an important role in temperature regulation in cities, presenting cooling refuges, providing shading for the citizens, and playing a role in the evapotranspiration process, which can help in cooling their surroundings [45].



At the municipality scale, for CS, there was a statistically significant difference in mean between all different types of scenarios. The same thing happened when multiplying the CS value by area, and a significant difference was found. As for CS × Area, there was no significant difference between the scenario of current low-functioning sites and improving low-functioning sites scenario. This suggested that carbon sequestration is not only influenced by the total amount of carbon accumulated but also by the area and distribution of UGI across the municipality. Additionally, the results indicated that when multiplying CS by area, the carbon sequestration of the scenarios of restoring low-functioning sites is statistically similar to the current state of low-functioning sites. Therefore, at a municipality scale, policymakers should focus their efforts on restoring and conserving high-functioning sites, as it has been proven that restoring these green zones is a winning strategy for storing carbon. Moreover, restoring the ecological functioning of those UGI sites, where it is still possible, would increase carbon sequestration. The results are consistent with previous studies, showing the importance of managing and restoring high-functioning sites (such as forests) due to their significant role in absorbing carbon and mitigating climate change [46,47]. As for temperature regulation, at a municipal scale, the results showed that the restoration scenarios were only effective in regulating temperature but inefficient in doing so relative to their area. Hence, policymakers and urban planners are encouraged to explore other factors, such as vegetation density, local climate conditions, the location of green sites, and the role of these green zones (green corridors connecting the peri-urban to the urban) that could influence the regulation of temperature at municipality scale, especially in peri-urban areas where the results of restoration of TR × Area in the city are significant. However, it is important to note that in peri-urban areas, the impact of individual UGI sites on temperature regulation could be localized, providing cooling effects to the immediate surroundings, because there are few people living in these areas. Thus, it has less importance except in the case that these green zones are strategically planned and interconnected (corridors and patches), which can result in landscape connectivity, producing a combined influence contributing to the reduction of urban heat islands [48].




4.3. The Importance of Peri-Urban Areas


Comparing the city scale and municipality scale (city + peri-urban areas) has shown that the green infrastructure in peri-urban zones has an important role in the provision of ecosystem service. Our study has proved that UGIs in peri-urban areas are big areas that tend to show higher capacities for carbon sequestration compared to their city counterparts. These vast lands not only facilitate the growth of more complex vegetation but also enable the development of ecologically diverse landscapes, causing increased carbon absorption and storage [49]. The results are in line with previous studies, highlighting the importance of maintenance and restoration of large functional UGIs dominated by natural processes, dynamics, and structures that display permeable surfaces and undisturbed hydro-morphology that can threaten the livability of urban areas in the short term as a consequence of global warming [9,50]. These peri-urban zones can play a crucial role in mitigating climate change by acting as valuable carbon sinks [51]. Additionally, they offer a diversity of urban green infrastructure elements that are not present in the city, such as pastures [52], where soils under a range of pasture types have considerable potential for sequestration of atmospheric CO2. Furthermore, the magnitude of this potential can be greatly modified by pasture management practices [53].



Forests were another type of green infrastructure dominant in the peri-urban area of Zaragoza. They can play a large role in climate change through the sequestration of carbon through biological growth, which can increase carbon fixation. Carbon is captured not only in tree biomass but mostly in forest soils [54]. Management practices for enhancing soil C stock in forests consist of careful site preparation, adequate soil drainage, growing species with a high net primary production, applying N and micronutrients (Fe) as fertilizers or biosolids, and conserving soil and water resources [55]. However, forest restoration should not be performed in other types of habitats, such as steppe zones, because the latter have intrinsic features and provide specific ecosystem services (e.g., they harbor a highly valued specific biodiversity, both plant and animal communities, based on gypsum soils).



In addition, the steppe (herbaceous vegetation associations) zones of Zaragoza, occupying large areas in the north and south peri-urban zones, are highly covered by herbaceous vegetation associations. Despite their seemingly harsh conditions, they possess extensive root systems that play a crucial role in storing carbon below the ground, thus having high sequestration potential [56,57,58]. However, herbaceous vegetation cannot provide TR, like forests do, because of its low height and density compared to tree associations.



Thus, the peri-urban areas of Zaragoza consist of a great variety of UGI types, which, if adequately restored and connected, have the potential to contribute high CS net values that could help to address the challenges of climate change. Such is not the case for the highly urbanized zones of Zaragoza.




4.4. Priority Analysis


Providing temperature regulation by urban green infrastructure sites had a direct impact on the city scale due to the need for cool and shade refuges for citizens in the face of heat [59]. However, on the municipality scale, carbon sequestration is most significant due to the importance of peri-urban areas contributing as carbon sinks to reduce the effect of climate change [51]. In terms of temperature regulation, urban parks and rivers have the highest priority for restoration, so urban planners and decision-makers should focus on restoring the riparian areas of the rivers and restoring parks through revegetation and providing comfortable shelters. These areas have a high potential to be climate refuges, especially in the hot summer weather of Zaragoza [60], due to their dominant presence in the city (Figure S4). This is followed by urban forests, canals, and cemeteries. It is important to restore and preserve these areas as they come in second place in priority (Figure S4). The other 13 types are of less importance in terms of carbon storage.



We recommend decision-makers follow the Pareto principle that states that roughly 80% of outcomes (temperature regulation) come from 20% of causes (urban green infrastructure sites) [61] when allocating resources for restoring urban green infrastructure to fight climate change in the city. In our case, restoring the elements of the urban green infrastructure of first and second priority, which represents 27.7% of the total area of UGI, could be enough to produce an 80% outcome of temperature regulation. However, decision-makers do not have to restore all elements of urban green infrastructure, i.e., all types (Figure 4 and Figure S4).



Priority analysis also showed that the highest restoration priority goes to pastures due to their large area and their capacity for carbon intake. Forests and steppes (herbaceous vegetation associations) come second in priority. All are high-functioning green infrastructure sites. Hence, the importance of these sites cannot be neglected. We recommend decision makers focus their efforts on restoring and conserving these areas as they present high potential in storing carbon in the soil and thus maintain a balance with the potential pollution that comes from the city (Figure 4 and Figure S4).




4.5. Contribution to a Climate Neutral Municipality


According to the European Union (https://research-and-innovation.ec.europa.eu accessed on 18 November 2023), cities play a pivotal role in achieving climate neutrality by 2050, the goal of the European Green Deal. They take up only 4% of the EU’s land area, but they are home to 75% of EU citizens. Furthermore, cities consume over 65% of the world’s energy and account for more than 70% of global CO2 emissions. In this study, the results showed that there is no significant difference when we multiply the value of carbon sequestration by area in the improved scenario on a city scale. So, new UGI areas could be required to achieve a significant impact and contribute to the climate neutrality of a European city like Zaragoza, Spain. We raised two questions: supposing that the restoration scenarios are already in place in the city, how much area is required to improve carbon sequestration delivered by UGI in cities by 50%? Additionally, can policymakers find space to build these areas? To answer the first question, we calculated the area needed for the different percentages of CS increase.


  A r e a     f o r   50 %   i n c r e a s e   o f   C S   =   ∑ ( a r e a   o f   U G I   e l e m e n t s   i n   t h e   c i t y ) × 0.5 × ∑ ( C S   i n   c i t y )   ∑ ( C S   i n   c i t y )     ,  










  A r e a     f o r   50 %   i n c r e a s e   o f   C S   = ∑   a r e a   o f   U G I   e l e m e n t s   i n   t h e   c i t y   × 0.5      










  A r e a     f o r   50 %   i n c r e a s e   o f   C S   = 4,603,038.90   s q u a r e   m e t e r s  











The LU/LC map showed that there is land without current use with a total area of 2,591,334.30 m2 (Figure S5), if we suppose that the municipality can interfere and build new UGI elements on these sites. If so, it will achieve a 28.14% (not 50%) increase in the carbon sequestration provided by the UGI elements in the city, helping Zaragoza city to reach their objective to be a neutral city by 2030 (Figure S6). We also recommend that city planners design UGI elements with high functioning in these lands according to the biogeographic location of the site. In any case, it was demonstrated that high-functioning sites are efficient in storing carbon in the soil.




4.6. Value and Limitations of the Approach


In this paper, we aimed to contribute to filling the gap in research on the subject of ecosystem services and climate adaptation strategies in medium-sized cities [62]. Many investigations studied the potential of greeneries to mitigate urban heat islands and greenhouse gas emissions through carbon storage [63,64,65]. However, to the best of our knowledge, a comparative study assessing carbon sequestration and temperature regulation separately in relation to climate adaptation of urban zones is lacking. To make informed decisions about the restoration strategies for the improvement of UGI, it is important to know which types of sites can provide better carbon accumulation and regulate air temperature, the two most relevant ESs to buffer climate change impacts.



The presented approach allows us to prioritize restoration at a municipality and city scale, selecting areas according to their CS and TR capacities in the face of climate change. The majority of restoration research was planned at the ecosystem scale, with reference ecosystems being used to define restoration operations and success [66]. Restoration plans based on the provision of multiple ES at the territory scale are an innovative approach [67]. In order to determine the zones where high values of services are present, which increases the significance of the selected zones, the evaluation of various ESs is based on the location of the UGI sites that provide these two ESs.



Focusing restoration efforts not only at the city scale but also at a larger scale is important for addressing the intricate challenges of environmental conservation and climate resilience [68]. While working on a city scale provides an easy and direct perspective on urban health [69], working on a larger scale allows for a more global approach. Hence, broadening the perspective could be cost-effective in the long term and reveal hidden information and mechanisms that urban planners might have neglected [70]. For instance, they might design restoration strategies for urban parks only dominant on the city scale (not present in peri-urban areas). If decision-makers provide targeted restoration measurements for urban parks that have specific characteristics and neglect the other types of urban green infrastructure dominantly present in peri-urban areas, such as pastures that play an important part in carbon sequestration, they could be wasting resources. Thus, our approach ensures a comprehensive and informed restoration strategy for policymakers, decision-makers, and urban planners, optimizing environmental benefits and resource utilization in the context of climate adaptation.



Although our approach to scenario analysis of green infrastructure delivery of ecosystem services to reduce the impact of climate change is robust and strategic, it is important to recognize that it has certain limitations. One important factor is that the spatial data used may become outdated with time, and the effectiveness of interventions can be influenced by future urban developments. For instance, in our approach, we used an LU/LC map from Copernicus dated 2018. Changes in land use and land cover may have occurred, though not drastically. Additionally, the LU/LC map does not differentiate between the different types of UGI in the city. Therefore, we had to use the data of UGI sites that were studied by Hanna et al. (2023) [33], which evaluated UGIs in Zaragoza. Furthermore, our approach focused primarily on the ESs of TR and CS. Other ecosystem services, such as water regulation [71] and habitat biodiversity [72], could also contribute to climate adaptation. Further investigation is required to study the scenario analysis of other ecosystem services provided by urban green infrastructure and their relation to climate change adaptation and urban planning. This approach could also be combined with other UGI characteristics of interest, such as connectivity between sites, which can be relevant for the contribution of UGI to buffer climate change.





5. Conclusions


The UGI of Zaragoza was mostly characterized by low functioning sites located in the densely urbanized area of the city. High-functioning UGI sites were located in the peri-urban area of the city. A similar pattern was found in other European cities [73]. Therefore, the methodology proposed here for the restoration of UGIs could be applicable in other medium-sized cities.



Scenario analysis based on ecosystem services is a useful tool for predicting the impact of restoration measurements to fight against climate change in urban zones. Restoring high ecological functioning green infrastructure sites (forests, steppes, and riparian areas) in peri-urban zones is of high importance. This will improve the provision of carbon sequestration due to the increase of both the carbon sequestration rate and the area of available sites. However, in densely built zones, the provision of carbon sequestration will not improve because of the generalized lack of large areas of sites with good ecological functioning. Temperature regulation will increase in both city and peri-urban zones after restoration. However, it is recommended to restore green infrastructure sites for temperature regulation in densely populated zones because of their direct benefit to more inhabitants. This presented research makes a significant contribution to the growing body of literature in the field of adapting to climate change. It maximizes environmental benefits and resources, helping urban planners and policymakers prioritize UGI sites to address carbon accumulation and temperature regulation within the context of climate adaptation.
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Questionnaire on criteria for improving and creating green infrastructure in the city of Zaragoza to adapt to climate change (Translated from Spanish).






Green infrastructure refers to all types of spaces with natural components (soil, vegetation, and water) and artificial components (spaces for recreation, shows, and rest), including aquatic spaces, which provide environmental services for the human population (e.g., carbon accumulation, wind or flood buffering, and recreation) and are subject to natural processes (water flows, connection with water channels, wind erosion, etc.) or artificial processes (garbage and leaf litter cleaning, irrigation, planting, etc.).



The objective of this survey was to obtain the opinion of experts and stakeholders on the characteristics and spatial distribution that the green spaces of Zaragoza should have to mitigate the effects of climate change.



The study focuses on green spaces larger than 1 ha, excluding those with highly artificial morphology, such as streets with tree alignments. The following table includes various criteria for planning and building spaces that form Zaragoza’s green infrastructure with the aim of mitigating the impacts of climate change and adapting the city to these changes.









	Criteria
	Definition
	Ranking

(0–10)
	Rating

(0–100%)



	Naturalness and functioning
	Naturalness: percentage of surface covered with natural components (soil, vegetation, water).

Functioning: percentage of surface subject to natural processes (water flows, accumulation and decomposition of leaf litter contributing to soil formation).
	
	



	Cultural use
	Contribution of the site to recreational functions (games, concerts, shows, entertainment) enjoyed by the population.
	
	



	Economic cost
	Expenses associated with maintaining or building a green space
	
	



	Biodiversity
	Capacity to harbor biodiversity
	
	



	Potential users
	Population density around the green space
	
	



	Connectivity
	Degree of connectivity between the different green spaces
	
	



	Size
	Surface area occupied by the green space
	
	








	
Question 1: Review the list of criteria from the previous table and add or remove criteria as you consider them interesting or important for planning and building green spaces that form the green infrastructure network of the city of Zaragoza.






Please write them in the first column of the table and define them in the second column.



	
Question 2: Rate from 0 to 10 the importance of each green infrastructure criterion for mitigating the effects of climate change or adapting to them in the city of Zaragoza, with 10 being the highest value and 0 being the lowest.






Write your evaluation (including decimals if you consider it appropriate) in the third column of the table (Ranking).



	
Question 3: In the fourth column (Rating), distribute 100 points among the criteria in the table so that the total adds up to 100%. That is, if one criterion is assigned 100%, the other criteria should be assigned 0%; or if one criterion is assigned 50%, then the remaining 50% will be distributed among the other criteria.






	
Question 4: Which option from the following list do you consider most suitable for mitigating the effects of climate change in Zaragoza? Mark with a cross your preferred option (only one response)






	○

	
Leave the green spaces as they are because they are already sufficient in number and extent;




	○

	
Improve existing green spaces;




	○

	
Create new green areas;




	○

	
Both improve existing ones and create new ones;




	○

	
Other:







	
Question 5: In your opinion, how can existing green spaces be improved? Assign an order of importance to each of the following options, with 1st being the most important. If you consider it appropriate, you can assign the same order of importance to more than one option, as well as add new options.












	Expanding their size
	



	Improving their naturalness and functioning
	



	Increasing connectivity with other green spaces
	



	Adding recreational and entertainment elements
	



	Facilitating access to green spaces
	



	Increasing investment in maintenance
	



	Other:
	



	Other:
	






	
Question 6: Where would you establish new green spaces in different areas of Zaragoza? Assign a preference order to each of the following options, with number 1 being the most important. If you consider it appropriate, you can assign the same preference order to more than one option, as well as add other options.












	In the consolidated urban area: from the old town to the third belt (Z-30)
	



	In the non-consolidated urban area: areas between the third (Z-30) and fourth (Z-40) belt, where buildings are being constructed or planned
	



	In the peri-urban area: areas beyond the fourth belt (Z-40) and also some non-built areas or orchards between Z-30 and Z-40.
	



	In the consolidated urban area: from the old town to the third belt (Z-30)
	



	Other:
	



	Other:
	






	
Question 7: Mark on these maps some locations where you suggest new green areas could be created to improve Zaragoza’s green infrastructure and adapt to climate change. (You can move the star with the cursor to the right of each map to the suggested position and copy it to as many locations as you believe are appropriate to establish new green areas)





[image: Land 13 00280 i002][image: Land 13 00280 i003][image: Land 13 00280 i004]

Thank you very much for your participation! Please send this completed document to co-min@ipe.csic.es.



If you have any comments or suggestions about the survey or about Zaragoza’s green infrastructure, feel free to write them here or contact us directly via email.
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Figure 1. Methodology describing the steps used for the scenario analysis. Ecosystem services (ES), carbon sequestration (CS), temperature regulation (TR), and urban green infrastructure (UGI). Hanna et al. (2023) [9]. Copernicus: https://land.copernicus.eu/ (accessed on 1 October 2023). 
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Figure 2. (a) LU/LC map of the study area (Zaragoza) at municipality scale. (b) Functionality map of urban green infrastructure (UGI) sites of Zaragoza at municipality scale. (c) LU/LC map of the study area (Zaragoza) at city scale. (d) Functionality map of UGI of Zaragoza at city scale. 
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Figure 3. One-way ANOVA comparing the delivery of carbon sequestration (CS) and temperature regulation (TR) under four types of scenarios. LF: current state of low functioning sites. HF: current state of high-functioning sites. IMLF: improvement/restoration scenario of low-functioning sites. IMHF: improvement/restoration scenario of high functioning sites at city and municipality scale. Hollow dots represent outliers. Black dots represent the mean value. 
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Figure 4. (a) Priority map of restoration for temperature regulation (TR) in the city. (b) Priority map of restoration for carbon sequestration (CS) in the municipality. 
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Table 1. Values of carbon sequestration (CS, gram of Carbon/m2) and temperature regulation (TR, °C/m2) for the current and improved scenario for different elements of urban green infrastructure. Diff stands for the difference between each value of CS in the current conditions and CS in the improved scenario (CS improved–CS current), and also between TR in the current conditions and TR in the improved scenario (TR improved–TR current).
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	Type
	Abbreviation
	Functioning
	CS
	CS Improved
	Diff
	TR
	TR Improved
	Diff





	Canal
	C
	Low
	0.011
	0.018
	0.007
	0.579
	2.514
	1.935



	Square
	S
	Low
	0.010
	0.015
	0.005
	0.814
	1.832
	1.018



	Pastures
	P
	High
	0.020
	0.042
	0.022
	1.022
	1.100
	0.078



	Meander
	M
	High
	0.025
	0.032
	0.007
	1.155
	1.492
	0.337



	Urban Park
	UP
	Low
	0.019
	0.037
	0.018
	0.341
	1.331
	0.990



	Street trees
	ST
	Low
	0.015
	0.017
	0.002
	0.388
	1.100
	0.712



	River
	R
	High
	0.009
	0.012
	0.003
	0.618
	1.100
	0.482



	Herbaceous vegetation association
	H
	High
	0.020
	0.042
	0.022
	1.022
	1.100
	0.078



	Cemetery
	CE
	Low
	0.010
	0.012
	0.002
	0.254
	0.950
	0.696



	Permanent crop
	PC
	Low
	0.012
	0.015
	0.003
	0.400
	0.660
	0.260



	Forest
	F
	High
	0.017
	0.018
	0.001
	0.586
	0.700
	0.114



	Community garden
	CG
	Low
	0.012
	0.015
	0.003
	0.400
	0.660
	0.260



	Roundabout
	RB
	Low
	0.005
	0.010
	0.005
	0.398
	0.511
	0.113



	Arable land
	AR
	Low
	0.012
	0.015
	0.003
	0.425
	0.500
	0.075



	Urban forest
	UF
	High
	0.048
	0.058
	0.010
	0.275
	0.468
	0.193



	Urban natural Park
	UNP
	High
	0.020
	0.040
	0.020
	0.120
	0.400
	0.280










 





Table 2. p-values for ANOVA for different types of scenarios, LF (current situation of sites with low value of functioning), HF (current situation of sites with high value of functioning), IMLF (improvement of sites with low value of functioning), and IMHF (improvement of sites with high value of functioning), for carbon sequestration (CS). CS × Area, temperature regulation (TR), and TR × Area for the city and municipality scale, as well as the p-value for the post hoc tests between different scenarios for the city and municipality scale. Diff stands for the difference between the means (* stands for significant (p-value < 0.05). N/A stands for non-available).
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C

I

T

Y

	
ANOVA

	
ES/ES × Area

	
CS

	
CS × Area

	
TR

	
TR × Area




	
p-value

	
2.00 × 10−16 *

	
0.498

	
2.00 × 10−16 *

	
0.0149 *




	
P

O

S

T

-

H

O

C

	
Scenario comparison

	
Diff

	
p-value

	
Diff

	
p-value

	
Diff

	
p-value

	
Diff

	
p-value




	
IMHF-HF

	
0.0158

	
2.00 × 10−16 *

	
N/A

	
N/A

	
0.145

	
0.105

	
18,519.069

	
0.556




	
IMLF-HF

	
0.0036

	
0.0172 *

	
N/A

	
N/A

	
0.221

	
0.0007 *

	
13,065.233

	
0.732




	
LF-HF

	
−0.0053

	
0.0001 *

	
N/A

	
N/A

	
−0.447

	
2.00 × 10−16 *

	
−16,962.728

	
0.540




	
IMLF-IMHF

	
−0.0122

	
2.00 × 10−16 *

	
N/A

	
N/A

	
0.076

	
0.548

	
−5453.836

	
0.973




	
LF-IMHF

	
−0.0211

	
2.00 × 10−16 *

	
N/A

	
N/A

	
−0.592

	
2.00 × 10−16 *

	
−35,481.797

	
0.027 *




	
LF-IMLF

	
−0.0089

	
2.00 × 10−16 *

	
N/A

	
N/A

	
−0.668

	
2.00 × 10−16 *

	
−30,027.961

	
0.035 *




	
M

U

N

I

C

I

P

A

L

I

T

Y

	
ANOVA

	
ES/ES × Area

	
CS

	
CS × Area

	
TR

	
TR × Area




	
p-value

	
2.00 × 10−16 *

	
2 × 10−16 *

	
2.00 × 10−16 *

	
2 × 10−16 *




	
P

O

S

T

-

H

O

C

	
Scenario comparison

	
Diff

	
p−value

	
Diff

	
p−value

	
Diff

	
p−value

	
Diff

	
p−value




	
IMHF-HF

	
0.020

	
2.00 × 10−16 *

	
247.295

	
0.0000001 *

	
0.085

	
2.00 × 10−16 *

	
2745.848

	
0.152




	
IMLF-HF

	
−0.004

	
2.00 × 10−16 *

	
−249.110

	
0.0000082 *

	
−0.422

	
2.00 × 10−16 *

	
−10,681.095

	
2.00 × 10−16 *




	
LF-HF

	
−0.008
