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Unplanned urban expansion in Latin America has profoundly disturbed the natural hydrological processes of watersheds, particularly in tropical regions with extreme weather conditions. This has resulted in substantial runoff volumes, necessitating extensive engineering interventions to avoid damage. Urbanization has led not only to flooding problems, but also to a lack of recreational spaces for residents and an ecological degradation, negatively affecting the watersheds health. This study shows a methodology for creating scenarios making use of available sites for Nature-based-Solutions (NbS). Taking account of existing land cover, the methodology harnesses NbS multifunctionality to achieve hydrological, ecological and social benefits counteracting the threats to the health of a 23 km2 urban tropical watershed located in Costa Rica. In these scenarios, suitable public roads in residential areas were used as sites for implementing permeable pavement, bioretention cells, infiltration trenches and street planters, while appropriate flat roofs and car parks were converted into green roofs and permeable pavements in industrial areas. In addition, several green public spaces were transformed into multifunctional storage areas. Hydrological and hydraulic modeling was used to evaluate the performance of each scenario, while the increase in green area of each scenario was used as an indicator of the ecological and social benefits. The concurrent implementation of the residential, industrial and green space scenarios provides an area available for NbS of 165.3 ha (7.2% of the watershed area), potentially leading to a decrease of up to 63.7% in peak flow and up to 46.2% in runoff volume for a specific rainfall event. As haphazard urban growth is a common feature of most urban watersheds in Latin America, this methodology, based on the use of different land cover types to create scenarios for NbS implementation, is transferable to and adaptable for other tropical urban watersheds.
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1 Introduction

Latin America is a highly urbanized region, with the majority of its population concentrated in urban areas. The continuing haphazard urban growth in Latin America is leading to increased water body channelization, sewage discharge, solid waste disposal, and reduced green spaces, which threatens connectivity, biodiversity, and riparian habitats (Walteros and Ramírez, 2020) without proper development plans for a healthy balance between impermeable built-up areas and permeable water-sensitive surfaces (Barros, 2004; Dos-Santos et al., 2021; Hack et al., 2024), resulting inter alia in accelerated runoff during precipitation, in turn increasing the risk of flooding and compromising the safety of residents.

Especially in the tropics, this hydrological response is exacerbated by intense, short-duration rainfall events. These generate higher peak flows in shorter times, causing more frequent flooding (Oreamuno and Villalobos, 2015). The traditional stormwater systems prevalent in Latin America prioritize rapid runoff conveyance, neglecting natural retention processes of the water cycle (IANAS and UNESCO, 2015; Jha et al., 2012).

Increased urbanization not only disrupts hydrological responses but also causes ecological degradation (e.g., habitat destruction, fragmentation and pollution) and social issues (e.g., heat islands, aesthetic degradation) (Hack et al., 2020; Hughes et al., 2014; Ohwo et al., 2015; Wiegels et al., 2021), and traditional drainage systems fail to address these problems, aggravating the health of watersheds and becoming unsustainable over time (Beißler and Hack, 2019; Hack and Schröter, 2021; Silveira, 2002; Verworn, 2002; Yazdanfar and Sharma, 2015).

A healthy watershed, according to the United States Environmental Protection Agency (U.S. EPA), is defined by the natural soil cover sustaining dynamic hydrological and geomorphic processes. This includes a habitat that supports native aquatic and riparian species, with water quality fostering robust biological communities (U.S. EPA, 2012). A healthy watershed is crucial for human wellbeing, acting as a natural filter for water, providing essential ecosystem services like pollination and pest control, and offering recreational opportunities such as fishing and hiking. Preserving watershed health is essential for sustaining ecosystems and enhancing human quality of life.

Urban watershed health is impacted by land cover changes disturbing hydrology, habitat, and water quality and leading to a complex set of stressors known collectively as the “urban stream syndrome”. With multiple factors contributing to degradation, a new integral focus on the recovery of hydraulic, ecological and social aspects is required (Hughes et al., 2014). Watershed recovery refers to systematic efforts aimed at improving or restoring the health of a hydrographic watershed, constituting an iterative adaptation process that requires updated methodologies to develop more effective results and protection strategies over time (U.S. EPA, 2012). The effectiveness of recovery strategies depends on matching interventions to the scale of the issue, whereby results may not be immediate due to prolonged recovery times (Hughes et al., 2014).

Optimizing the multifunctionality and connectivity of open spaces can enhance the carrying, adaptive, and regenerative capacities of urban landscape systems (Schlee et al., 2012). Watershed recovery projects emphasizing ecological, urban, and social aspects through participative management (de Alencar da Silva and do Amaral Porto, 2021) require a holistic approach integrating watershed hydrological processes (Hack and Schröter, 2021; Ward et al., 2001). Furthermore, recent watershed recovery projects are increasingly considering social and environmental challenges amid urbanization conflicts (Travassos and Schult, 2013). Nevertheless, despite theoretical progress, more work is needed to integrate all relevant aspects to guarantee effective water management (Bernhardt and Palmer, 2007).

Nature-based solutions offer an alternative to traditional drainage systems, promoting the conservation, improvement and creation of green spaces. NbS offer multifunctional benefits, such as pollutant reduction, runoff control, heat island mitigation, and ecosystem connectivity, significantly enhancing the quality of life. (Kabisch et al., 2017; Raymond et al., 2017).

However, NbS implementation in urban watersheds is limited by the scarcity of and competition for available space, the specific land use characteristics of settlements and the competing aims of the stakeholders concerned (Fluhrer et al., 2021). Each urban area has specific social and environmental conditions requiring tailored NbS designs, such as using streets and sidewalks in densely built residential areas with limited green spaces. By contrast, industrial areas are often characterized by large buildings with flat roofs and extensive parking lots that can constitute a significant portion of a watershed's impermeable area (Aparicio Uribe et al., 2022). However, they hold great potential for conversion to NbS for runoff control (Jayasooriya et al., 2020). The conservation and expansion of public green spaces are crucial in the rehabilitation of an urban watershed, however, within uncoordinated urbanized watersheds they are usually scarce and lack connectivity (Arthur and Hack, 2022), a situation exacerbated by informal settlements in river protection zones hindering habitat conservation and biodiversity enhancement.

With the help of hydrological models, considerable effort has been invested in analyzing the effects of urban growth on increasing flood risks (Bonilla Brenes et al., 2023; Osuide, 2021). Simulating site conditions, these models allow the magnitude and spatial distribution of the problem to be assessed (Rossman and Huber, 2016). Moreover, they can incorporate NbS in various scenarios, assessing their effectiveness in mitigating flood risks. However, such scenarios can only be evaluated by these models from a technical, i.e., hydrological perspective. Applying a scenario approach and including further functional perspectives—alongside hydrological recovery—this study assesses how NbS can contribute to the ecological and social recovery of an urban watershed. Based on a detailed, multi-level spatial analysis of the existing urban green infrastructure (UGI) and urban land use, the siting potential for different NbS types was determined for residential and industrial areas as well as for open green spaces. In combination with a deficit analysis of the ecological and social service provisions of the existing UGI, NbS implementation scenarios aimed at improving hydrological functions, ecological connectivity and public green space accessibility were developed as watershed recovery strategies. These scenarios were subsequently modeled to assess their hydrological performance with regard to flood reduction.

Within a six-year research project, the SEE-URBAN-WATER (SUW) research group (www.see-urban-water.uni-hannover.de) developed multifunctional NbS scenarios based on different area characteristics aiming the improvement of existing green infrastructure and reducing flood risks in tropical urban watersheds, using the Quebrada Seca watershed in the Greater Metropolitan Area (GAM) of Costa Rica as a case study area (Hack et al., 2023). The watershed faces significant environmental and safety challenges due to extensive residential and industrial development, including reduced pervious land cover, inadequate graywater treatment, and solid waste disposal issues. Legal actions, such as Resolution 4050 of the Constitutional Court of Costa Rica, highlight the need for alternative water management solutions, where NbS can play a crucial role in mitigating runoff, enhancing water quality, and restoring biodiversity.

Looking for a response to the following research question: What are potential ecological and social benefits of NbS scenarios for different land uses and how do they relate to flood reduction for the entire watershed and in different parts of it? This study builds on and integrates the findings from prior research conducted in the Quebrada Seca watershed on how NbS can mitigate flood risks and improve environmental and social conditions in the Quebrada Seca watershed, considering different land cover types and the available space for NbS in different land use contexts. Addressing the hydraulic issue of recurrent floods exacerbated by urban growth, NbS implementation offers a holistic (multifunctional) approach integrating social and ecological considerations, while enhancing watershed resilience and promoting comprehensive recovery. Fostering a system of complementary solutions, this approach contrasts with conventional hydraulic structures which fail to address broader environmental and social challenges associated with urbanization, such as pollution, deforestation, and fragmentation.



2 Materials and methods


2.1 Study area

The Quebrada Seca watershed, located in the northwestern sector of the Greater Metropolitan Area (GAM) on the Pacific side of Costa Rica, encompasses approximately 23 km2, with elevations ranging from 869 m.a.s.l. to 1,626 m.a.s.l. (Chen et al., 2021) With an average slope of 20%, it consists of three watercourses: Quebrada Seca, Burío River, and Quebrada Aries (Masís-Campos and Vargas-Picado, 2014). Politically, the watershed covers six municipalities: Alajuela, Barva, Belén, Flores, Heredia, and San Rafael (Figure 1).
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FIGURE 1
 Location of the study area, Real-World Lab, drainage areas, municipal limits and land cover classification.


The watershed experiences distinct dry and rainy seasons, with an average annual temperature of 24.8°C and around 2,000 mm of precipitation (Masís-Campos and Vargas-Picado, 2014; Solano and Villalobos, 2012). The watershed is home to ~116,000 people, with an average density of 4,160 per square kilometer, nearly half of whom reside in the canton of Heredia (Masís-Campos et al., 2020).

Currently, 66% of the watershed is urbanized, a sharp increase from just 1.6% in 1,945 when the land was primarily coffee plantations, pastures, and wooded vegetation (Bonilla Brenes et al., 2023). Unfortunately, the increase in impermeable coverage occurred without a comprehensive land-use plan guiding residential and industrial expansion or road infrastructure development. In the same vein, there was little or no planning of drainage systems to control the extra runoff volume generated by urban growth. The 64% increase in impermeable coverage between 1,945 and 2,019 resulted in an almost 80% surge in the basin's total runoff volume and a reduction of 25 min (20%) in the time-to-peak of the hydrograph, essentially tripling its peak flow and maximum specific discharge (Bonilla Brenes et al., 2023).

Offering < 7.4 m2 of green space per inhabitant (Arthur and Hack, 2022), the remaining green areas feature limited connectivity and biodiversity, underscoring the urgent need for coordinated efforts toward sustainable urban development.



2.2 Watershed recovery

The methodology for analyzing the recovery potential of the Quebrada Seca watershed is based on the U.S. EPA approach (U.S. EPA, 2012) in which six main aspects of a healthy watershed are defined: (1) Landscape condition, (2) Habitat, (3) Hydrology, (4) Geomorphology, (5) Water Quality, and (6) Biological State. These aspects were analyzed within an urban context, to identify key issues characterizing specific vulnerabilities of the study area. Figure 2 shows the aspects considered to detect the watershed's vulnerabilities and recovery potential, forming the foundation for NbS implementation scenarios. The focus of this study lies on landscape condition, habitat, hydrology and geomorphology, while water quality and biological condition were not evaluated due to a lack of relevant information.
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FIGURE 2
 Vulnerabilities and recovery potential for the Quebrada Seca watershed.


After identifying vulnerabilities, recovery potential was assessed for each aspect. Using insights from previous SUW studies, scenarios were created for residential, industrial, and green spaces to explore the achievable recovery levels for each land type.

The SUW project employed a Real-World Laboratory (RWL) approach (Fluhrer et al., 2021) as a tool for conducting transdisciplinary research to explore public perceptions, social acceptability, and willingness to adopt NbS, as well as investment capacity and local implementation costs, through activities such as meetings, interviews, workshops, and environmental initiatives in addition to the co-design and experimental prototyping of NbS (Chapa et al., 2020, 2023; Neumann and Hack, 2020, 2022; Perez Rubi et al., 2024; Pérez Rubi and Hack, 2021). A four-step methodology for assessing the implementation of retrofitted, multifunctional NbS in public spaces was developed, including: (1) site analysis, (2) setting design criteria and strategies, (3) exploring multifunctionality to create spatial typologies, and (4) evaluating spatial suitability for NbS placement (Fluhrer et al., 2021). The prioritized criteria for NbS implementation were: runoff control in the hydrological dimension to reduce stormwater via infiltration and retention; biodiversity promotion in the ecological dimension by enhancing connectivity and ecological value; and accessibility in the social dimension to improve walkability, traffic calming, and connection to green spaces for recreation. Subsequently, the knowledge acquired in the RWL was applied to formulate NbS implementation scenarios in specific drainage areas designated for residential and industrial use, as well as for the entire watershed (Aparicio Uribe et al., 2022; Chen et al., 2021). These were developed with the aim of optimizing the existing urban green infrastructure, emphasizing crucial aspects of its multifunctionality (Arthur and Hack, 2022).

To mitigate the vulnerabilities identified (Figure 2), the study assessed the multifunctional benefits of NbS scenarios, focusing on hydrological, ecological, and social aspects. Going beyond a purely technical perspective focused on reducing flood risk in the watershed, the study uses a comprehensive approach encompassing progress in the social domain and enhancements in ecological conditions and aiming to provide a tool for urban planning policy-making fostering economic sustainability.

The hydrological benefits were quantified using the results from the model to determine the level of improvement of each scenario in reducing flood risk based on estimations of runoff volume, peak flow, and maximum specific flow in each drainage area within the watershed. This indicator is directly related to the hydrological and geomorphological aspects of the methodology shown in Figure 2, as it describes the hydrological efficiency of each scenario in terms of its capacity to re-establish the natural processes of the hydrological cycle and educe flood risk.

To quantify ecological benefits, it was hypothesized that increasing vegetative cover at strategic sites would enhance connectivity of biological corridors and contribute to habitat recovery (Figure 2) (U.S. EPA, 2012). This would be achieved by increasing structural habitat heterogeneity and providing habitats for biodiversity in urban green areas (Monberg et al., 2018). Therefore, the expansion of green areas achievable through each proposed scenario was considered as an indicator of ecological benefit.

Turning to the social benefits, an increase in green public space per inhabitant and improved spatial distribution (accessibility to citizens) were regarded as variables for quantifying potential social benefits offered by NbS, following the consideration that providing urban biodiversity will facilitate environmental recreation and education (Rupprecht and Byrne, 2014) as well as enhancing human health (Grahn and Stigsdotter, 2003) and improving landscape conditions.



2.3 Scenario development

Complementing the available space aspect with the watershed health aspects for hydrological, ecological and social recovery potential, three types of NbS implementation scenarios were defined. Reflecting the main land uses in the watershed, these focused on the potential of the urban area (residential and industrial) and the pasture and vegetation areas (types of green spaces) (Figure 1). These scenarios were based on previous research results of the SUW research group. Figure 3 outlines the methodology used to construct the scenarios.
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FIGURE 3
 Methodology based on previous studies for creating NbS implementation scenarios and reflecting the three defined main land uses in the watershed: residential, industrial and green spaces.



2.3.1 Residential area scenario (RWL co-design insights, space availability)

The residential area analysis was initiated at neighborhood level with the objective of defining the potential for NbS implementation at specific key sites. This analysis laid the groundwork for upscaling to watershed-level scenarios.


2.3.1.1 Neighborhood level

The focus of the residential level scenarios was on land cover classification, with the aim of identifying potential sites for implementing NbS in public spaces. Leveraging the findings of Fluhrer et al. (2021) in a Real-World Lab (RWL) established by SUW in the watershed's midsection (Figure 1), this methodology starts out from residents' preferences for NbS types and strategic sites identified during a comprehensive co-design process in the RWL, followed by a thorough physical analysis of each site. Key landscape elements, topography, the spatial distribution of properties, green spaces, land uses, drainage systems, and the road network were meticulously evaluated to define the area's physical characteristics.

Following a site's characterization, design criteria and NbS types were formulated, creating hypotheses to harness the multifunctional nature of NbS. Priority goals for each NbS type, including flood risk reduction, ecological recovery, social cohesion, and urban planning, were established. Subsequently, an evaluation of potential NbS elements was conducted in accordance with their functions, with the most suitable ones selected on the basis of multifunctionality, geometric characteristics, and implementation requirements (Fluhrer et al., 2021). The final step involved drafting design proposals with suggestions for location, dimensions, and technical configurations, taking account of space availability to maximize benefits and ensure social acceptance and appropriation by residents (Chapa et al., 2023).

This methodology yielded a preliminary neighborhood-level scenario for the RWL featuring infiltration trenches (IT), bioretention cells (BC), permeable pavement (PP), and street planters (SP). In a subsequent study (Aparicio Uribe et al., 2022), two further study areas, characterized by different urban configurations, were analyzed to assess their potential for NbS implementation, considering site-specific space constraints. This analysis resulted in the development of two distinct neighborhood-level scenarios, each with varying potential for implementing IT, BC, PP, and SP. These efforts culminated in three neighborhood-level scenarios with varied potential for NbS implementation, defined as Neighborhood 1-Real-World Lab (N1-RWL), Neighborhood 2 (N2) and Neighborhood 3 (N3), as illustrated in Figure 4.


[image: Figure 4]
FIGURE 4
 Initially identified NbS implementation potential for residential areas at neighborhood level (Aparicio Uribe et al., 2022).




2.3.1.2 Watershed level

The neighborhood-level scenarios served as a conceptual basis for extending the potential for NbS implementation to the watershed level. The primary objective was to formulate comprehensive scenarios at watershed level for residential areas, allowing an examination of the hydrological response of the entire watershed following deployment of IT, BC, PP and SP. A classification of the entire urban area was conducted, examining urban configuration, property distribution, and road networks, leading to the categorization of the residential area into three groups (N1, N2 and N3) based on neighborhood-level potentials (N1-RWL, N2, N3). The hypothesis underlying this classification was that residential areas sharing similar urban characteristics and road network configurations would exhibit similar potentials for NbS implementation. Figure 5 illustrates the classification of the total urban residential area based on the potential initially identified for N1, N2, N3.


[image: Figure 5]
FIGURE 5
 Classification of the total urban residential area of each drainage area, based on the potential initially identified for N1-RWL, N2, N3.





2.3.2 Industrial area scenario (adaptation of existing built structures)

The industrial area scenario is based on the results obtained from Arthur and Hack (2022) where extensive parking lots and large buildings with flat roofs (comprising shopping centers, supermarkets, free-trade zones, and other industrial buildings) throughout the watershed were identified. To determine the optimal areas for NbS implementation, a land cover classification was carried out, based on Google Earth imagery and Open Street Map data, with the objective of identifying all appropriate buildings and parking areas located mainly within the industrial estates situated in the middle part of the watershed. The scenario focuses on transforming parking lots into permeable pavement and using buildings with extensive flat or low-pitched roofs to implement green roofs (see Arthur and Hack, 2022 for details). Available sites for green roofs (buildings) and permeable pavement (parking lots) are shown in Figure 6.


[image: Figure 6]
FIGURE 6
 Potential available areas for NbS in each drainage area. River protection zone and green belt.




2.3.3 Green space scenario (undeveloped public areas and ecosystem restoration)

The scenario considering green spaces addresses the optimization and harnessing of existing green spaces and unbuilt areas, with a view to enhancing habitat connectivity and increasing accessibility to as well as availability of public green spaces. This includes restoring river protection zones and establishing multifunctional storage areas to retain river runoff.

To identify potential NbS sites at watershed level, insights from Arthur and Hack (2022) were used. In this study, the authors conducted a land cover classification, determining space availability and identifying spaces lacking vegetation areas within the watershed. The degree of fragmentation and connectivity of urban ecosystems, crucial for ecological processes, were assessed through an analysis of the spatial distribution of vegetation patterns. Larger and less fragmented areas were prioritized for greater ecological benefits (Beninde et al., 2015). The evaluation of accessibility to public green spaces involved establishing a criterion where each resident should have access to a public green area of at least 0.5 hectares within 300 meters of their home, or a minimum area of 10 hectares within 700 meters for settlements. This criterion was based on various recommendations for maximum distance and minimum area of public green spaces (Grunewald et al., 2016; Handley, 2003; World Health Organization Regional Office for Europe, 2016).

Areas within 300 meters with low vegetation cover and bare soil (< 10%) were selected, with a view to identifying multifunctional zones for runoff retention along the river. Criteria prioritized ecological, hydraulic, and social benefits, addressing flooding reduction, while consideration of such factors as accessibility, recreation, biodiversity, habitat recovery, and cultural values (Arthur and Hack, 2022). Lopes Monteiro et al. (2023) created a scoring methodology for the potential storage sites (defined in Arthur and Hack, 2022), based on structure location in critical and flood-prone areas. Priority was given to areas with bare soil exceeding the average (0.9 hectares) for increased storage capacity and social-ecological benefits. Sites enhancing public green space per inhabitant were prioritized for improved accessibility and recreation. Sites with native vegetation, unmodifiable buildings, or no river connection due to street crossings were excluded. This methodology allowed 12 multifunctional storage areas to be defined.

As part of the scenario development, restoration of the river protection zone was considered, in accordance with Article 33 of the National Policy on Protection Areas for Rivers, Creeks, Streams, and Springs by the Ministry of Environment and Energy of Costa Rica (MINAE). This policy mandates a protective strip of 10 m in urban areas, measured horizontally on both sides of a river, ensuring the preservation of this zone to avoid changes to the river's hydraulic capacity and mitigate flood risks during precipitation events. The proposed recovery involves revegetation with species conducive to slope stability and the improvement of natural habitat conditions, guided by Subcomisión de Heredia–CGICRG Tárcoles (2016). Figure 6 shows the potential sites for the implementation of green roofs, permeable pavement, multifunctional storage areas, river protection zones and conservation of green areas.

An overall scenario unifying the residential, industrial, and green space scenarios was ultimately developed, encompassing the entirety of available areas for NbS implementation. Its primary objective was to assess the potential extent to which the watershed's health and ecological balance could be restored through implementing NbS in all available areas.




2.4 Hydrological and hydraulic modeling

This study employed the EPA Storm Water Management Model Version 5.2 (SWMM) to simulate the watershed's response to precipitation events. SWMM's hydraulic transport component facilitates runoff routing through pipes, channels, junctions, and outfalls at the sub-watershed level, including the implementation of NbS using the “Low Impact Development Control” tool to assess their effectiveness in mitigating flooding risks across the Quebrada Seca drainage area. The model calculates runoff and conduit flow rates and depths for each sub-watershed across multiple time steps, utilizing various hydrological and hydraulic processes such as time-varying rainfall, evaporation, interception, flow routing, surcharging, and ponding. The routing method employed was the “dynamic wave”, providing the most theoretically accurate results (Rossman and Huber, 2015).

Rainfall abstractions were determined using the Natural Resources Conservation Service (NRCS) method (Chow et al., 1994), with infiltration calculated via the Curve Number (CN) method based on land use and hydrological soil groups. CN values of 55, 73, 68, and 92 were assigned to high vegetation, low vegetation, pastures, and urban cover, respectively, based on a hydrological soil group categorized as B (Oreamuno and Villalobos, 2015). The model is based on a Digital Elevation Model (DEM) with a 1-meter pixel size, sourced from the National Land Information System of Costa Rica (SNIT), and soil type information obtained from the Ministry of Agriculture and Livestock (MAG) database (Oreamuno and Villalobos, 2015). Under natural conditions, volcanic rock has developed into highly permeable soils (Masís-Campos and Vargas-Picado, 2014), conducive to aquifer recharge and surface runoff control. Refer to Supplementary Tables A1–A3, Figure A1 in the Appendix for details on modeling parameters, soil types, and calibration and validation.

To facilitate a distributed analysis, the watershed was subdivided into 17 drainage areas (Figure 1). This division was guided by topographic considerations and the characteristics of drainage systems, allowing for a more specific analysis of both hydrological and hydraulic conditions across the watershed.

Calibration and validation of the model involved the use of rainfall records and river water levels obtained at 5-min intervals from four key stations: Belén, San Joaquín, Heredia, and San Rafael (Figure 1). These stations are integral components of the Early Warning System (EWS) managed by the Municipality of Belén, located at the downstream end of the watershed. Thiesen polygons methodology was applied to spatially distribute the precipitation over the drainage areas. The dataset used for the analysis spans a period from January 2020 to September 2022. Within this time range, 20 carefully selected precipitation events were examined in order to calibrate and validate the model. They were chosen based on their representation of the hydrological conditions within the watershed and the elevated risk of flooding, as indicated by EWS-recorded levels. The results of this study refer specifically to the precipitation event observed on 29 September 2020, with a total rain volume of 138 mm. It shows concurrent precipitation occurrence in Belén and the central basin, with a concentration in San Joaquín and/or Heredia. Events of this type exhibited a duration of 1.6 h, with the peak water level in Belén occurring within the initial 30 min. The precipitation volume capable of inducing overflow or flooding at the lower part of the watershed has a return period lower than 2 years according to the study by Oreamuno and Villalobos (2015).




3 Results


3.1 Evaluation of ecological and social benefits of the NbS scenarios

The increase in green areas provides significant social and ecological benefits, improving both environmental sustainability and quality of life. Ecologically, green spaces may support biodiversity by providing habitats when properly designed and managed, help regulate urban temperatures by reducing the heat island effect, improve air and water quality by filtering pollutants, and contribute to climate change mitigation through carbon sequestration (Babí Almenar et al., 2021). Socially, they can enhance mental and physical health by offering spaces for relaxation and exercise, foster social cohesion through communal gathering spots, increase property values, and provide opportunities for environmental education (Giannico et al., 2021). These benefits are interconnected, as ecological improvements, such as cleaner air and better water management, directly enhance public health and overall liveability, creating a positive cycle of mutual reinforcement between human wellbeing and environmental health (Nguyen et al., 2021).


3.1.1 Residential area scenario

The residential area scenario is the most complex in terms of available space, due to the high percentage of built-up land and the scarce existence of public green areas. Therefore, the scenario focuses on harnessing the area available along public roads. 1.6 ha of vegetative area along these roads was found to be available, equivalent to 0.1% of the total area of the Quebrada Seca watershed. Through its recovery, new public green space of 0.1 m2/inhabitant could be achieved. The NbS implementation potential of this scenario depends on the landscape distribution of each neighborhood type (N1-3) analyzed.

With NbS implementation in this scenario primarily within the remit of public administration, installation of such solutions could take place during road restoration work or new road developments, facilitated by updated technical standards such as the country's new Hydrological Code.


3.1.1.1 Neighborhood type 1 (N1)

The total area identified as N1 covers 724 ha or 31.7% of the entire watershed. Predominantly situated in the middle-upper part of the watershed, 16.8% of N1 drains into drainage area A9 and 14.6% into drainage area A5-1 (Figure 5). Both drainage areas are identified as critical due to increased runoff volume generation (Bonilla Brenes et al., 2023). The remaining N1 area drains into drainage areas A10, A11, and A3, accounting for 12.1%, 12.3%, and 11.6%, respectively.

Implementing NbS in Neighborhood Type 1 (N1) is seen as a relatively achievable process due to the available space and favorable traffic conditions. The potential NbS area was determined by assessing the available space along residential, secondary, and service roads, building on findings from the study by Aparicio Uribe et al. (2022). The aggregate area of these roads within the N1 zone amounts to 95.8 ha. Within this area, there is potential for implementing various NbS elements: 1.8 ha for permeable pavement, 0.2 ha for bioretention cells, 0.2 ha for street planters, and 0.2 ha for infiltration trenches. Their strategic implementation would enhance sustainable practices and mitigate runoff-related challenges in critical areas.



3.1.1.2 Neighborhood type 2 (N2)

Implementing NbS in Neighborhood Type 2 (N2) areas within the watershed is more complex than in N1 due to higher road connectivity (absence of dead-end roads) and higher traffic volumes. Covering 63.5 ha, this scenario accounts for 2.8% of the total watershed area. A large share of N2 belongs to drainage area A6 (63.4%) and drainage area A6-1 (18.3%), both of which are assigned to the critical category due to intensified runoff volume generation during precipitation events (Bonilla Brenes et al., 2023), with the remainder belonging to drainage area A5 (16.7%). All of the N2 area is concentrated in the middle part of the watershed. The available road area for NbS is 7.2 ha, offering opportunities for specific interventions. A surface of 0.04 ha can be allocated to permeable pavement, providing a sustainable alternative for a portion of the street space. However, the available area for bioretention cells is limited to 0.004 ha, while the suitable space for street planters and infiltration trenches is 0.02 ha for each structure. Despite its limited area, strategic NbS implementation in N2 would address runoff challenges in critical drainage areas, contributing to the watershed's overall sustainability.



3.1.1.3 Neighborhood type 3 (N3)

The N3 scenario is more challenging due to its higher traffic density, limited available space, and complex road configurations. This urban layout predominates in the primary urban centers within the watershed and its outskirts. In addition to integrating NbS within the designated N3 area, a transformative approach modifying streets connecting the four main quadrants of these urban centers is proposed. These quadrants typically house public institutions such as municipalities, schools, churches, social recreation sites, parks, sports squares, and various commercial establishments. Inspired by practices in many European cities (Yassin, 2019), the objective is to reclaim public space currently dedicated to vehicle traffic and repurpose it for pedestrians through NbS and modifications to the road network. Urban centers classified under N3 within the study area include San Antonio, La Ribera, and Santa Lucia. Furthermore, the centers of Heredia, Barva, San Rafael, Llorente, Mercedes Norte, Mercedes Sur and San Joaquin, located outside the N3 area, were also considered.

Considering the cross profile of secondary roads and quadrant lengths, modifying all urban centers would yield a total area of 4.4 ha. Allocating 85% of this available area would allow for 2.8 ha of permeable pavement, primarily used by pedestrians. The remaining area would be used for bioretention cells (0.2 ha), and for street planters and infiltration trenches (0.8 ha). The total N3 area covers 427.7 ha, with drainage areas A4, A9, A5-1, and A6 constituting 37.4%, 19.3%, 9.8%, and 7.3% respectively. Situated in the middle-upper part of the watershed, these drainage areas are classified as critical areas due to their high runoff volume generation (Bonilla Brenes et al., 2023). The available road area for NbS incorporation totals 66.1 ha, enabling the realization of 0.18 ha of permeable pavement, 0.02 ha of bioretention cells, 0.3 ha of street planters, and 0.3 ha of infiltration trenches. This comprehensive strategy aims to address the challenges posed by vehicular density and paves the way for sustainable urban development.




3.1.2 Industrial area scenario

This scenario entails collaborating with private companies, crucial individual contributors to a significant portion of the watershed's impervious cover, and thus major runoff generators. The scenario is based on identifying extensive flat roof areas suitable for greening. Additionally, extensive parking lots suitable for permeable pavement were identified, referencing insights from Aparicio Uribe et al. (2022) and Arthur and Hack (2022).

Although the analysis covers the entire watershed, a major portion of the available surface area is concentrated in drainage areas A6, A6-1, and A5-1, situated in the central segment of the watershed and categorized as critical runoff generation areas. The identified roof area suitable for greening totals 45.7 ha, with 61% located in area A6-1 and 26% in area A6. The remaining area is distributed among supermarkets and other industrial buildings across the watershed, notably in areas A7, A4, and A5-1, constituting 5.2%, 3.1%, and 2.4% respectively.

Parking lots totaling 31.3 ha are outlined, primarily concentrated in drainage areas A6, A6-1, and A5-1, and making up 39.0%, 34.8%, and 13.7% respectively of the total parking area. The remaining parking areas are located in areas A7 (5.1%) and A11 (2.4%). The strategic implementation of permeable pavement is emphasized, given its substantial impact on reducing runoff volumes, as highlighted by Chen et al. (2021). Such an NbS intervention is particularly significant due to its strategic placement within three critical areas in the central part of the watershed. Collaboration with private entities, coupled with targeted NbS implementation, emerges as a promising strategy to strengthen the watershed's resilience and address runoff challenges effectively.

Through fully implementing the industrial scenario, up to 45.7 ha of green areas could be recovered, equivalent to 2% of the total area of the basin and generating 4.0 m2 of new green area per inhabitant.



3.1.3 Green space scenario

This scenario targets the restoration of the protection zone along the river, mandated by law to be a 10-meter buffer on each side of a river in urban areas. This designated zone serves as essential floodable space to accommodate changes in river levels during precipitation events, necessitating low vegetation cover that does not impede the natural flow of the water body. For the Quebrada Seca stream, the protection zone has a surface area of ~48.1 ha. It is noteworthy that about 14% of this zone was identified as built up, based on land cover classification, obstructing the river's natural flow and leading to higher flooding risks.

Complementing this protective measure, potential areas for runoff volume retention during rainfall events were identified and modeled (Arthur and Hack, 2022; Lopes Monteiro et al., 2023). These areas could serve both as storage zones for managing runoff in response to intensive rainfall and as recreational spaces during dry seasons. Drawing on insights from the studies of Arthur and Hack (2022) and Lopes Monteiro et al. (2023), an estimated 30.2 ha exhibit retention potential, distributed across drainage areas A7-2 (33.6%), A6-1 (27.4%), A9 (15.0%), A5-1 (9.9%), A7 (6.6%), A7-1 (4.2%), and A4 (3.3%). A4, A5-1, A6-1 and A9, were classified as critical areas due to their significant runoff volume generation.

In addition to addressing hydrological concerns, this scenario identifies potential green spaces for conservation totaling approximately 46.1 ha. Strategically located primarily in drainage areas A7 (35.3%), A6-1 (23.9%), A5-1 (14.7%), and A10 (13.3%), these green spaces could not only serve as recreational areas but also as crucial inter-urban biological corridors, enhancing the overall ecological conditions and connectivity of the watershed. Furthermore, consideration was given to the protected area outlined by GAM's Green Belt, revealing that drainage areas A8, A1, A0, and part of A2 fall within this demarcated protective zone.

Focusing on multifunctional storage areas and the conservation of public green areas, this scenario provides the greatest recovery potential in ecological terms due to the nature of its development in taking advantage of existing green areas. It would recover up to 83.2 ha of green public spaces, equivalent to 3.6% of the total area of the watershed, thus achieving an increase in green areas of 7.2 m2/inhabitant.

This comprehensive protection and retention scenario emerges as a holistic approach to strengthening the watershed's resilience, encompassing legal compliance, hydrological management, and ecological enhancement for sustainable and integrated watershed development.



3.1.4 Overall scenario for NbS implementation

Featuring the maximum use of available space within the watershed through implementation of all three scenarios, the overall scenario presents a maximum NbS potential of 165.3 hectares, corresponding to 7.2% of the total watershed area. Figure 7 shows the combination of residential, industrial and green space scenarios within the watershed.
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FIGURE 7
 Potential sites for NbS implementation of the residential area (N1-N3), industrial area (green roofs, permeable pavement) and green space (retrofitted public green space, storage areas) scenarios.


Drainage area A6-1 exhibits the greatest potential, with 58.8 hectares (equivalent to 25.2% of its area) available for NbS interventions. This is of great significance for the overall recovery of the watershed as A6-1 is categorized as critical and is located in the middle part of the watershed, this means that NbS effects will help reduce the risk of flooding in the drainage areas located downstream, in addition to providing greater connectivity of green areas to counteract the adverse effects of the extensive impervious surfaces of the industrial estates. Drainage area A6 ranks second in terms of available space, covering 26.9 hectares (15.5% of its area). Situated in the mid-lower part of the watershed, both A6-1 and A6 are considered critical areas. A7 is the third drainage area with significant availability, with a potential to transform 16.3% of its total area (22.7 hectares). Further significant NbS potential lies in the critical drainage area A5-1, mainly due to its location in the middle part of the watershed and its proximity to the main urban centers of San Joaquín, Mercedes and Heredia where a large share of the population is concentrated. In A5-1, 16.2 hectares (8.2% of its total area) are available for NbS, improving the connectivity of green spaces in the middle part of the watershed and helping reduce the risk of flooding in the lower part of the watershed. Table 1 illustrates the total available area for NbS for each scenario and drainage area.


TABLE 1 Potential available area for NbS for each scenario.
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3.2 Hydraulic modeling of NbS scenarios

The hydraulic analysis examined the watershed's hydrological response to the September 29, 2020, precipitation event, notable for its extreme hydrological conditions and documented impact as an event contributing to flooding in the lower watershed. The event was characterized by concentrated convective rainfall in the middle-upper part of the watershed, specifically in the San Joaquín and Heredia sectors. Recorded precipitation during this event amounted to 59.4 mm in Heredia, 54.1 mm in San Joaquín, 23.7 mm in Belén, and 0.8 mm in San Rafael.

NbS effectiveness is manifested in various ways within the model, depending upon the specific NbS structures considered in each scenario. The visualization of modeling results varies, encompassing a spatially distributed examination of independent drainage areas (distributed analysis) and an evaluation of junctions (watershed analysis). The distributed analysis allows the NbS effects in specific drainage areas to be identified for each scenario, while the watershed approach permits an in-depth analysis of the cumulative runoff volumes and their consequent impacts on downstream sectors.


3.2.1 Distributed analysis for each scenario

Depicted in Figure 8, the results highlight the percentage reduction achieved in peak flow, runoff volume, and maximum specific flow in comparison to the baseline scenario, for each individual drainage area and for each NbS scenario in a distributed manner, without considering the effects from the upstream drainage areas.
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FIGURE 8
 Percentage reductions in peak flow, runoff volume and maximum specific flow, for each independent drainage area, for each scenario analyzed.



3.2.1.1 Baseline scenario

In the baseline scenario representing the existing (non-NbS) condition of the watershed, the five drainage areas with the highest runoff volume generation were A9, A4, A5-1, A6, and A8, all identified as critical areas (Bonilla Brenes et al., 2023). Collectively, these areas account for 60.3% of the watershed's total runoff volume and comprise 45.1% of the total watershed area. Notably, all these areas feature over 50% impervious cover, with the exception of A8 which, despite having 18.7% impervious cover, generated a significant runoff volume due to its size (229 hectares or 10% of the total watershed area).

Among these drainage areas, the primary contributor to runoff volume and peak flow was A9, covering approximately 235.6 hectares (10.3% of the total watershed area) and with half of its area impervious. A9 generated 92.8 million liters (ML), representing 15% of the total runoff volume, with a peak flow of 30.5 m3/s and a maximum specific flow of 12.9 m3/s/km2.

Drainage area A4, spanning 195.7 hectares (8.6% of the watershed) and with 58.8% impervious cover, generated 84.8 ML of runoff volume, equivalent to 13.9% of the total runoff volume for the entire basin. A4 exhibited a peak runoff flow of 29.2 m3/s and a maximum specific flow of 14.9 m3/s/km2.

The third-highest contributor to runoff volume was A5-1, covering 197.8 hectares (8.6% of the watershed) and with 53.2% impervious cover. A5-1 generated 81.2 ML, representing 13.3% of the total runoff volume, with a maximum specific flow rate of 14.4 m3/s/km2 and a peak flow rate of 28.4 m3/s.

Area A6, comprising 174.1 hectares (7.6% of the total basin area) and with 56% impervious cover, contributed 60.4 ML or 9.9% of the total runoff volume. A6 exhibited a peak flow of 27.5 m3/s and a maximum specific flow of 15.8 m3/s/km2.

Covering 100.8 hectares (4.4% of the total area) and with 55.6% impervious cover, area A11 registered the highest maximum specific flow at 18.9 m3/s/km2. The second-highest maximum specific flow (17.9 m3/s/km2) was observed in A5, an area accounting for just 1.2% of the total watershed area (28.3 hectares) and with 46% impervious cover.



3.2.1.2 Residential scenario

The residential scenario demonstrates the best performance in drainage area A10, situated in the upper-middle part of the watershed. Despite having a mere 1.0 hectares available for NbS implementation, equivalent to 0.8% of its drainage area, this intervention produced a reduction of 1.5% in total runoff volume at the drainage area outlet, along with decreases of 2.0% in peak flow and maximum specific flow. It should be stressed that the assessment of available space in the residential scenario exclusively considered public road space. Therefore, concerted efforts between the community and local administrations are required to promote NbS application on private properties with a view to increasing the area available for NbS and thus obtaining greater flood risk mitigation benefits.

The second-highest performance of the residential scenario is observed in area A7-1, located in the lower part of the watershed and identified as highly susceptible to flooding (Lopes Monteiro et al., 2023). With a calculated NbS implementation area of 0.5 hectares, equivalent to 0.7% of its total area, a notable reduction of 1.5% in total runoff volume at the drainage area outlet was achieved, accompanied by decreases of 1.6% in peak flow and maximum specific flow.

The residential scenario extends its positive effects to all areas designated as critical. However, the most favorable outcomes within these critical zones are observed in A9 and A6, exhibiting runoff volume decreases of 0.6% and 0.4% respectively. Similarly, noteworthy reductions in peak flow and maximum specific flow are observed, at 0.76% for A9 and 0.5% for A6.



3.2.1.3 Industrial scenario

The industrial scenario exhibits its most promising outcomes in the central segment of the watershed, home to the industrial estates along with extensive buildings and parking lots. Areas A6-1, A6, A7, and A5-1 stand out as particularly impactful, though A7 is not categorized as a critical area.

The most substantial decrease in runoff volume (−21.9%) is achieved in area A6-1, attributable to the transformation of 16.6% of the drainage area, whereby 12% of roofs would be greened and 4.6% of parking lots converted to permeable pavement. Moreover, this would reduce peak flow and maximum specific flow by 25.7%.

Following closely, area A6, positioned just upstream of A6-1, features the second-best outcome. Approximately 13.9% of its drainage area would be converted to green roofs (6.9%) and permeable pavement (7%), resulting in a reduction of 23.2% in peak flow and maximum specific flow, accompanied by a 13.9% decrease in runoff volume.

Area A7 exhibits the third most noteworthy reduction, with a 9.17% decrease in runoff volume, along with an 8.8% decrease in peak flow and maximum specific flow. 1.7% of its surface area would be converted to green roofs and 1.1% to permeable pavement.

The reductions achieved in area A5-1 are particularly significant, considering its substantial runoff volume contribution in the baseline scenario. Through converting 0.6% of its roofs to green roofs and 2.2% of its parking lots to permeable pavement, a decrease of 3.2% in runoff volume, coupled with a 4.1% reduction in both peak flow and maximum specific flow, could be achieved.



3.2.1.4 Green space scenario

This scenario enables a discrete examination of the effects deriving from the recovery of the river protection zone and the effectiveness of multifunctional storage zones.

Looking first at the recovery of the river protection zone, the most significant outcome is observed in area A7-2 where we see a 1.9% decrease in runoff volume, coupled with a 1.0% reduction in peak flow and maximum specific flow. A total of 0.1 hectares of its protection zone were successfully reclaimed, equivalent to 0.4% of its overall drainage area.

At 2.6%, the most substantial reductions in peak flow and maximum specific flow are noted in area A5. Together with a 1.2% decrease in runoff volume, this positive outcome is attributed to the recovery of 0.41 hectares (1.5% of its drainage area).

Area A11 features the largest recovered surface area, 0.81 hectares, equivalent to 0.8% of its total area. This effort led to a 1.3% reduction in peak flow and maximum specific flow, alongside a 0.6% decrease in runoff volume.

In the critical area A1, a 1.4% decrease is observed in both peak flow and maximum specific flow, stemming from the successful recovery of 0.4 hectares (0.2% of its total drainage area). Moreover, the recovery initiatives contributed to a 1.3% decrease in runoff volume.

The storage areas were modeled as intermediary nodes situated between the drainage area and the junction in the channel. This design involves the runoff volume within the drainage area being received by the storage node, and subsequently conveyed to the junction in the channel through a weir and a discharge orifice. Such multifunctional storage areas emerge as structures significantly influencing the hydraulic response of the watershed, facilitating both the infiltration and retention of runoff volume during precipitation events. The runoff flow from all drainage areas equipped with multifunctional storage areas is effectively held back by each structure, introducing a time lag in the volume entering the channel. This deliberate delay results in a decrease of up to 58.5% in maximum peak flow across the entire watershed, a significant impact given that four of the seven storage areas housing multifunctional storage zones are classified as critical areas, namely A4, A5-1, A6-1, and A9.

Area A7-2 features the multifunctional storage area with the largest surface area, covering 10.2 hectares, equivalent to 33.9% of its total drainage area. With a storage capacity of up to 299 million liters (ML), this area achieves a maximum filling percentage of merely 0.5% during ordinary precipitation events.

Area A6-1 has the second-largest storage area, 8.3 hectares (3.6% of its drainage area), with a total capacity of 244.1 ML. Throughout the precipitation event, this structure attains a maximum fill percentage of 16.2% or 39.6 ML.

The third-largest in extent, the multifunctional storage area of critical drainage area A9 spans 4.5 hectares (1.9%). It ranks third in maximum filling percentage (65.3%), effectively storing a volume of 86.4 ML during precipitation events.

Drainage area A5-1 has 3.0 hectares (1.5% of its total area) available for a multifunctional storage area with a maximum capacity of up to 86.8 ML. During the analyzed precipitation event, a maximum filling level of 86.4% was achieved, storing a volume of 75.1 ML.

The smallest multifunctional zone is situated in critical drainage area A4. Its 1.0 hectares (0.5% of the drainage area) offers a maximum storage capacity of 28.8 ML. During the precipitation event, this specific multifunctional storage area proved to be insufficient, exceeding its maximum filling capacity in view of the generated runoff volume of approximately 84.5 ML. To effectively manage the runoff volume generated by A4, an area at least three times the current size is needed, adhering to the proposed storage structure's geometry.




3.2.2 Watershed results

Figure 9 shows the combined behavior of the watershed regarding the effect of NbS at each junction and their influence on downstream drainage areas, seen as a system of interconnected drainage areas. The junctions receive the information from the upstream areas, evaluate it and pass it on to the downstream areas, showing the cumulative effect of NbS implementation in the upper-middle drainage areas on lower areas. The figure shows the potential sites for the various NbS, as well as the percentage reductions in total runoff volume and peak flow measured at each junction. The total runoff volume reduction is considered as the volume retained during the storm event, which is subsequently discharged into the river in a controlled manner.
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FIGURE 9
 Location of the nature-based solutions in the industrial and green space scenarios and modeled cumulative percentage reductions in peak flow and total runoff volume at each junction, for each scenario analyzed, considering the effect from upstream drainage areas.


The hydraulic analysis involved a comprehensive evaluation of hydraulic parameters at the junctions linking the drainage areas to the river channel. The primary aim was to assess scenario performance at watershed level, considering the cumulative runoff volume generated in each drainage area and its impact on downstream sectors. Figure 10 illustrates the maximum flow and total volume recorded at each junction along the river channel, providing a comparative analysis between the base condition and the outcomes of each modeled scenario.
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FIGURE 10
 Maximum flow and total volume registered at each junction for the baseline scenario and the modeled scenarios.


In the baseline scenario, the cumulative runoff volume for the entire watershed amounted to 638 million liters (ML), resulting in a maximum peak flow of 173.8 m3/s at junction J6-1 (Figure 11). The residential scenario features a reduction of 2 ML (0.3%) in the total accumulated runoff volume and a 0.6% decrease in the maximum peak flow (172.8 m3/s). The industrial scenario exhibits a more substantial impact, reducing peak flow to 161.7 m3/s (-6.9%) and achieving a 3.6% reduction in the total accumulated runoff volume, which now stands at 615 ML. The green space scenario demonstrates the most favorable outcomes in hydraulic performance, achieving a 58.5% decrease in the maximum peak flow to 72.1 m3/s. Moreover, there is a substantial reduction in the total accumulated runoff volume to 360 ML, marking a significant 43.6% decrease.
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FIGURE 11
 Precipitation distribution for each rain gauge and maximal total inflow for each scenario.


All scenarios show positive results in terms of mitigating the risk of flooding within the watershed. However, it is noticeable that scenarios incorporating larger structures with higher infiltration and retention capacities perform better. Multifunctional storage areas offer a decrease in runoff volumes and peak flows, translating into reductions in the floodable areas registered by the Municipality of Belén's early warning system. Through implementing just three of the twelve multifunctional storage areas identified, a decrease of up to 5.0% in the flooding area in the lower part of the basin could be achieved (Lopes Monteiro et al., 2023).

The combination of the residential, industrial, and green space scenarios culminates in a comprehensive strategy, producing a 63.7% reduction in maximum peak flow, now measured at 63.1 m3/s. Furthermore, this combined approach leads to a decrease in total runoff volume amounting to 343 million liters (ML), i.e., a 46.2% reduction.





4 Discussion


4.1 Impact and implications of NbS scenarios for an urban watershed recovery

Nature-based solutions (NbS) have the advantage of being multifunctional structures that, as seen in the GAM case study, contribute not only to reducing flood risks but also provide ecological and social benefits improving a watershed's health. It was assumed that an increase in vegetation cover would bring ecological benefits and that the new green spaces would have a social impact (Giuffré et al., 2019), promoting recovery of natural processes and recreational functions displaced by land sealing. Nature-based solutions, when properly planned and designed with the inclusion and participation of vulnerable or marginalized groups, can positively influence social dynamics by promoting environmental justice and equitable access to resources (Bremer et al., 2021). They may enhance access to green spaces and reduce environmental hazards, benefiting underserved communities that are often disproportionately affected by environmental risks (Maantay and Maroko, 2018). NbS can improve water and air quality, support local food security, and foster social cohesion through community involvement in co-design and implementation. By creating healthier environments, they reduce health disparities and contribute to public wellbeing (Clark and Miles, 2021). Moreover, NbS can be integrated into urban planning to ensure fair distribution of benefits across different neighborhoods, making them a suitable tool for inclusive and sustainable development (Silva et al., 2018). However, NbS may also negatively impact environmental justice and equitable access by excluding marginalized communities from NbS benefits, leading to displacement, and exacerbating social inequalities through processes like green gentrification (Maantay and Maroko, 2018). If marginalized groups are left out in the decision-making process, these solutions may prioritize ecosystem services over human needs, potentially creating conflicts over land and resources, and often fail to account for local knowledge (Portugal Del Pino and Marquez, 2023). Additionally, NbS projects can lead to the privatization of natural resources, unequal distribution of benefits, and unintended ecological consequences, disproportionately affecting vulnerable populations (Bremer et al., 2021). To avoid these problems, NbS should be designed with inclusive, context-specific, and equity-focused approaches, for instance, as it was developed in the transdisciplinary research within the SEE-URBAN-WATER Real-World Lab.

While ecological and social benefits could not be precisely quantified in this study as no baseline information was available for a proper evaluation and in-depth analysis, they were considered in previous studies which led to the NbS scenarios developed in this study. Access to green spaces is an indicator related to the mental and physical health of a city's population, improving wellbeing, personal satisfaction, social cohesion and a sense of community (Jennings and Bamkole, 2019).


4.1.1 Residential scenario

The hydraulic performance of the residential scenario is the lowest, achieving a mere 0.6% reduction in total peak flow in the watershed. This is due to the limited public space offered by the urban configurations of the neighborhoods for NbS implementation. The residential scenario prioritizes optimizing available areas along public roads within urban areas, guided by the infrastructure characteristics of the study area. This particular scenario exhibits the lowest percentage of land usable for NbS implementation due to the high density of built structures and the limited ratio of public green space per inhabitant in the municipalities of Heredia, Flores, and Belén (Arthur and Hack, 2022), especially in critical drainage areas.

One opportunity to improve the watershed condition is to unseal sealed surfaces using structures such as bioretention cells, infiltration trenches, street planters and permeable pavement, all of which support the absorption and retention of excess runoff volumes during intense precipitation events. However, the space available for NbS in residential areas is limited. It could be increased by using private areas within residential plots and by adopting NbS as building technologies to replace single-functional structures. This requires a collaborative effort between local administrations and residents, involving a conscientious awareness-raising campaign and the integration of NbS into construction regulations for new housing or remodeling projects.

To incentivize such change, the adoption of European practices could be explored. These provide economic incentives for projects promoting NbS (Fetting, 2020). Collaborations with international institutions dedicated to environmental conservation and sustainable development could facilitate the introduction of such incentives. The tangible benefits of the residential scenario would have a direct positive effect on local inhabitants, enhancing road safety, increasing green space, and generating positive hydrological and hydraulic effects (Fluhrer et al., 2021). The primary stakeholders responsible for supporting this scenario are local administration and the residents themselves.

An integral element of the residential scenario entails transforming urban centers into pedestrian zones, drawing inspiration from numerous European cities (Yassin, 2019). These urban centers commonly house key institutions such as churches, schools, municipalities, parks, and stores, attracting significant foot traffic in a current environment of high vehicular flows posing risks to pedestrian safety. Such interventions aim to contribute to watershed recovery and enhance the overall quality of life for residents. The realization of this urban transformation necessitates alterations to traffic routes, an improvement in public transport and public safety, as well as a concerted effort to raise awareness among individuals accustomed to a vehicle-centric urban model where design considerations have historically prioritized vehicular needs over those of residents (e.g., recreational space, walkability, good air quality, noise reduction).



4.1.2 Industrial scenario

The industrial scenario takes advantage of the large flat-roofed buildings and parking lots of industrial areas situated in the central part of the watershed, particularly focusing on critical drainage areas A5-1, A6, and A6-1 (88.8% of the available space for NbS). Strategic NbS interventions in industrial areas are imperative to mitigate the vulnerability caused by changes to hydrologic cycle processes and the risk of downstream flooding, given that these areas predominantly feature impervious surfaces generating substantial runoff volumes which are rapidly transported to water bodies during precipitation events.

The hydraulic effect of the industrial scenario is essential to counteract the impact of the sealing commonly found in the industrial zones and its influence on the lower part of the catchment. The effect is mainly visible in the lower middle part of the watershed, as most of the NbS interventions are in drainage areas A5-1, A6, A6-1, and A7. They are aimed at increasing retention capacity and achieving a 6.9% decrease in the total peak flow at the outlet of the watershed.

Within these industrial zones, the regulatory plans of each municipality mandate the installation of storage structures capable of managing the runoff volumes determined by the size of the developed terrain. However, these structures occasionally prove insufficient in controlling the total runoff due to the convective nature of precipitation events in the region. Installing green roofs and permeable pavement would enable the retention and infiltration of a portion of the runoff volume, thereby enhancing the effectiveness of existing storage structures (Ferreira and da Rocha, 2023; Twohig et al., 2022).

NbS implementation in industrial areas can benefit the wellbeing of workers by providing green spaces for recreation, exercise and relaxation, enhancing working conditions and boosting productivity (Kiss et al., 2019). Given the private nature of these infrastructures, the positive outcomes of the industrial scenario will be mostly experienced by employees within the industrial zones, though neighboring residents will benefit indirectly from the hydraulic, ecological, and social revitalization of the watershed. Implementing this scenario requires local administrations to collaborate with private companies to promote the use of NbS, possibly through incentives and through tracing a route toward the recovery of the watershed (Thomas, 2023).



4.1.3 Green space scenario

Two aims of rehabilitating the river protection zone and establishing multifunctional storage areas are to increase public green area per inhabitant and to create new public recreational spaces, thereby counteracting most of the vulnerabilities defined in Figure 2. Green spaces in urban watersheds play a crucial role in enhancing the urban environment and residents' quality of life. These areas serve to absorb, filter and store rainwater, thereby reducing the risk of flooding and improving water quality. Moreover, when interconnected, they form ecological corridors promoting biodiversity (Monberg et al., 2018). The establishment of natural habitats such as wetlands and wooded areas enhances biodiversity and improves ecosystem health. Green spaces also serve as centers for environmental education and help mitigate the urban heat island effect by providing shade and cooling the air, thereby benefiting residents' physical and mental wellbeing, encouraging outdoor activities, reducing stress, and promoting social cohesion.

Such retention areas can improve control over runoff from residential areas lacking dedicated storage structures, thereby extending the time-to-peak and enhancing infiltration. The envisioned outcome is a reduction in maximum runoff flows within each drainage area.

Featuring the largest recovered green area (83.2 ha), the green space scenario offers the greatest decrease in runoff volumes (43.6%) and peak flow (58.5%) due to its ability to retain substantial runoff volumes and attenuate the hydrograph in the river. The location of the multifunctional retention areas is of great significance because they affect four critical drainage areas generating the greatest runoff volumes (A4, A5-1, A6-1, A9). This scenario requires a larger surface area for its implementation, with extensive (private) land to be set aside for public use by municipal administrations, as well as a ban on urban developments on the potential areas (Lopes Monteiro et al., 2023). However, through protecting these green spaces, a significant increase of 7.2 m2/inhabitant of green space would be achieved, providing opportunities for recreational activities and improving inhabitants' physical and mental health.

This scenario promises to benefit a larger population, as it involves the development of public infrastructure directly affecting the entire community. With responsibility for executing this scenario lying with local administrations, incentives and an implementation process fostering community engagement and ensuring the safety of those using these structures are required (Dushkova and Haase, 2020). The success of this initiative hinges on fostering a sense of ownership among local residents and guaranteeing the effective functioning of the constructed facilities (Seddon et al., 2021).




4.2 Transferability and limitations

Although this study is based on different scenarios, these should be seen as a complementing each other to form a comprehensive strategy seeking the best possible solution for each drainage area, with a view to counteracting the vulnerabilities affecting each aspect of watershed health. Looking at the landscape aspect, the lack of green spaces in urban areas is compensated by NbS implementation along public roads in residential areas, while green roofs and permeable pavement can be installed in industrial areas. However, these two scenarios (residential and industrial) need to be complemented by a further scenario to achieve the desired broader ecological and social impact. This is accomplished by the green space scenario targeting recovery of the river protection zone. Recovery makes green spaces accessible for use both as recreational areas and as biological corridors increasing connectivity and thus counteracting the vulnerabilities of the habitat aspect.

Any comparison of the hydraulic performance of the individual scenarios is biased due to the size of the proposed structures in each scenario, whereby sizes are dictated by space availability. Though their complexity and effectiveness differ, all scenarios improve the hydrology and geomorphology aspects of watershed health, and are complementary in terms of being a long-term solution to the flooding problem and offering a route toward the recovery of urban watersheds.

Nature-based solutions have a multifunctional character that should be exploited within the configurations of urban developments. Their use can be recommended as comprehensive solutions to such problems as urban flooding, while also offering ecological and social benefits. A change in construction technologies is of great importance to promote the use of NbS, accompanied by a co-design process and technical guidance, such as the creation of the new Costa Rican Hydrological Code. The co-design process (Chapa et al., 2023; Neumann and Hack, 2022; Pérez Rubi and Hack, 2021) offers a holistic approach to problem-solving, fostering awareness, acceptance and ownership of proposed solutions, as well as ensuring application security and desired functionality. This methodology involves active collaboration between stakeholders, including local communities, environmental experts, and government authorities, from the initial stages of design onwards. This approach not only adapts solutions to specific needs and contexts, but also fosters a shared understanding of the problem and collective responsibility for its resolution. Such a collaborative and participatory process ensures effective NbS implementation and future maintenance, strengthening environmental and social resilience.

NbS implementation in industrial zones requires adapting developments to the characteristics of the environment and ensuring the involvement of all stakeholders, including companies, local administrations and communities. It is imperative to design solutions that do not compromise workers' safety or aggravate industrial risks. In addition to environmental and social benefits, NbS implementation can cut costs and improve corporate images. Continuous NbS performance monitoring is essential to ensure their long-term effectiveness.

We emphasize that these results are general, relating to the entire watershed and to a given precipitation event. They serve as preliminary, pre-feasibility analyses and should not be interpreted as conclusive results representing final design conditions. A more detailed exploration is imperative, incorporating geometric design intricacies, topographic conditions, and a precise determination of the ROI period for which the structures are to be designed. More investigation is needed into the watershed health aspects of habitat, water quality and biological conditions in order to develop an exhaustive analysis with more representative results of the study area.

Uncertainty and limitations of a hydrologic and hydraulic model arises from several factors that affect the accuracy of its predictions. These include the quality of input data, such as precipitation and soil characteristics, and the difficulty of accurately estimating parameters representing processes such as infiltration and runoff (Herrera et al., 2022). In addition, the structure of the model, which simplifies natural processes, introduces uncertainty if it does not adequately reflect the complexity of the real system. Also, future climate predictions, such as changes in precipitation, add uncertainty in the long term (Feng and Beighley, 2020). Model calibration and validation with robust and quality data is crucial to improve the reliability of hydrological models as well as their adaptation and update to new study cases with different base information (Bessar et al., 2020).

In Europe, there are examples of NbS implementation of similar extent as presented in this study that show decreases in extreme temperatures, increases in biodiversity, carbon sequestration and decreases in flood risk (Epelde et al., 2022). However, in Latin America the topic of NbS is rather recent and most of its research is focused on models to determine its effectiveness. Several projects (Ecoparque, Tijuana; Plan Yaque, Dominican Republic; Novas Árvores por aí, São Paulo; STGO+ Infrasteructura Verde; Santiago) show progress in increasing social/community resilience and ecological/social connectivity through green infrastructure, however, there is a deficiency in monitoring and evaluation of the infrastructure (Hack et al., 2024). Deficiencies in NbS monitoring and evaluation may be related to the time scales in which the projects are developed and to the fact that most examples show a lack of funding provision, which has been previously reported as a barrier for implementation (Pauleit et al., 2021).

The Quebrada Seca watershed shares its problems with other urban watersheds such as the Tiribí, María Aguilar, Bermúdez and Torres rivers which later form the Virilla river and finally the Grande de Tárcoles river. This geographical similarity is complemented by land cover and space availability similarities, as they are all part of the GAM and have suffered from haphazard urban growth (IANAS and UNESCO, 2015). They also share their problems with other watersheds in Latin America that have been developed without urban planning and now present flooding problems, as well as environmental and social affectations (Aragón-Durand, 2014; Silveira, 2002; Walteros and Ramírez, 2020). These similarities make it possible to replicate the methodology applied in this study, however, each case study must consider unique aspects and specific conditions to ensure the representativeness of the results for each new urban watershed analyzed.




5 Conclusions

Dependent on the availability of space for each land cover type, NbS multi-functionality can be harnessed to counteract vulnerabilities affecting the health of an urban watershed. Available spaces, such as public roads located within residential areas, offer potential for permeable pavement, infiltration trenches, bioretention cells and street planters, while flat roofs and parking lots in industrial areas can be converted to green roofs and permeable pavement. Similarly, public green spaces offer potential for multifunctional storage areas. The residential scenario recovers public pedestrian spaces and improves infiltration, while the industrial scenario reduces the runoff generated within the industrial zones and the green space scenario offers multifunctional runoff storage areas for public recreational and ecological connectivity. By considering ecological and social benefits in the development of NbS scenarios, hydraulic benefits dependent on the location, size, and design of different NbS elements in each scenario emerge. While each scenario provides ecological, social, and hydraulic benefits to different degrees, they complement each other in improving overall watershed health.

A comprehensive solution addressing the interaction of social, ecological, and hydraulic factors must be accompanied by a co-design process involving all scenario stakeholders from the initial stage of the project onwards. The objective is to spotlight each of the vulnerabilities to be improved through NbS implementation from a multi-sectoral point of view, generating a shared vision and collective responsibility in the pursuit of effective implementation and adequate maintenance.

This methodology is based on the use of available space in different land use scenarios present in an urban watershed. As the considered land uses and their unplanned development are a common factor at the origin of the problems shared by many urban watersheds in Latin America, the methodology used for analyzing the problems and initiating recovery of urban watersheds is transferable.

To achieve significant social and ecological benefits when implementing NbS for flood control, the development of national guidelines that promote local leadership and the integration of NbS into regulations and planning, fostering centralized cooperation and multisectoral coordination at the municipal and regional levels should be a priority. We suggested to articulate existing institutions and legal frameworks, strengthening capacities through sustainable training, and developing specific NbS planning instruments. Additionally, and based on our insights, we recommend to implement pilot projects for transdisciplinary learning, with the support of academia and civil organizations, and to accompany these initiatives with communication strategies. Furthermore, government actors should plan the monitoring and evaluation of NbS, actively involving key stakeholders to ensure long-term sustainability.
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Drainage area Area (ha) Potential area for NbS (ha) (%)
Residential Industrial Green space

A0 385 0.02 0.06% 0.00 0.00% 001 0.029%
Al 2320 0.02 0.019% 0.00 0.00% 037 0.16%
Al0 1262 1.02 081% 0.00 0.00% 667 5.28%
All 1008 034 0.34% 116 1.15% 081 0.80%
A2 737 0.09 0.12% 0.00 0.00% 024 032%
A3 117.2 031 0.26% 0.00 0.00% 020 0.17%
Ag* 1956 031 0.16% 192 0.98% 181 0.92%
Ad-1 67.7 0.14 020% 0.15 022% 028 0.42%
AS 283 0.04 0.15% 0.00 0.00% 041 1.47%
A5-1* 197.0 045 0.23% 538 2.73% 1038 527%
A6 1738 053 031% 2422 13.93% 222 1.28%
AG-1* 2334 0.12 0.05% 38.81 16.63% 19.85 8.50%
A7 139.7 0.12 0.09% 395 2.83% 18.64 13.34%
A7-1 68.4 0.48 0.70% 0.70 1.02% 181 2.65%
A7-2 30.0 0.02 0.07% 022 0.73% 1029 3428%
A8* 2283 011 0.05% 0.19 0.08% 022 0.10%
A9* 2359 0.93 0.39% 032 0.14% 9.01 3.82%
Total 2,286.5 5.06 0.22% 77.02 337% 83.20 3.64%

*Critical runoff generation.
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