Laura Otero-Durán 
  
Andres Torres 
email: andres.torres@javeriana.edu.co
  
Trees and sidewalks: green an gray infrastructure symbiosis Arbres et trottoirs : symbiose des infrastructures vertes et grises

Keywords: Ecosystem services, Green Infrastructure, Nature-based solutions, Tree Hydric Comfort, Urban Planning

Parmi les stratégies pour atteindre la résilience urbaine, les solutions basées sur la nature (NbS) émergent au sein de l'infrastructure verte (GI) comme une voie pour faire face au changement climatique. Ce travail vise à proposer une approche pour favoriser la symbiose entre les infrastructures vertes et grises. Il comprend une analyse des lignes directrices et des articles scientifiques pour la sélection des espèces et le dimensionnement des conteneurs de racines, ainsi qu'une analyse multicritère et du confort hydrique pour l'aide à la décision concernant la sélection des espèces dans des zones urbaines spécifiques. Nous avons appliqué cette méthodologie à une étude de cas (Bogota), mais elle peut être utilisée pour d'autres villes, si une connaissance de base des espèces adaptées à des espaces publics bâtis est disponible. Nous avons obtenu une liste de critères cruciaux pour la sélection des espèces locales pour les trottoirs. Parmi ces critères, figurent ceux liés à la taille de l'espèce, aux caractéristiques de perméabilité et de compactage du sol, et aux conditions climatiques. Nous avons obtenu une liste d'espèces souhaitables adaptées à toutes les zones d'humidité de la ville étudiée. Les méthodes de dimensionnement hydrologique proposées dépendent à la fois des espèces à planter et de la géométrie des rues. L'approche et les résultats présentés favorisent le développement des arbres et leurs services écosystémiques, tout en prévenant les dommages aux infrastructures environnantes.

INTRODUCTION

Green infrastructure (GI), made up of natural, semi-natural, and artificial networks located in and around urban areas [START_REF] Tzoulas | Promoting ecosystem and human health in urban areas using Green Infrastructure: A literature review[END_REF], is a mitigation and adaptation strategy to climate change that promotes the improvement of ecosystems and urban resilience. It is also a multiscale territorial planning tool that serves ecological, productive, and cultural functions while contributing to the resilience of the territories [START_REF] Calaza Martínez | Guía de la Infraestructura verde municipal[END_REF]. For the case of urban street trees (ST), GI configures a hybrid system in which natural and built elements interact [START_REF] Alberti | ADVANCES IN URBAN ECOLOGY: Integrating Humans and Ecological Processes in Urban Ecosystems[END_REF]. Then, ecosystem services of provision, regulation, and culture are generated (Scholz et al., 2018), as well as disservices associated with their location (von Döhren & Haasen, 2019). As urbanization increases, the management of urban ecosystem disservices is more critical: it is essential to identify which aspects of ecosystem disservices are global and which are to be understood within local contexts to prevent them [START_REF] Lyytimäki | Hopping on one leg -The challenge of ecosystem disservices for urban green management[END_REF]. Recent studies suggest that services and disservices can be better integrated into decisionmaking by evaluating tradeoffs and synergies [START_REF] Roman | Beyond 'trees are good': Disservices, management costs, and tradeoffs in urban forestry[END_REF]. Hence, the objective of this work is to propose a methodological approach for reducing damage to public space caused by tree roots.

MATERIALS AND METHODS

The research is conducted in the urban area of Bogotá D.C., framed between 2000 and 2020. The Urban Forestry Handbook for Bogotá (UFHB) recommends species for sidewalks and details their physical and functional characteristics, including adaptability to Bogota's humidity zones. For conventional root containers and floodable tree pits (SUDS), there are local sidewalk guidelines (SG), and local standard for SUDS. We considered the daily rainfall information from District Institute for Risk Management and Climate Change (IDIGER) and the proposed method for calculating the daily water requirement by [START_REF] Devia | Atenuación de la temperatura y radiación UV de la vegetación en entornos urbanos de ciudades y su demanda hídrica[END_REF]. We identified the criteria for species selection and the design of root containers that reduce damage to PS from a bibliographic review and to place the right tree in the right place [START_REF] Vogt | Citree: A database supporting tree selection for urban areas in temperate climate[END_REF]), we considered: (i) the humidity zone of the city to select species with the highest adaptability; (ii) the diversity of the species (i.e., 10/20/30 rule 10% of any particular species, 20% of any one genus or 30% of any single family (Santamour, 1990)); (iii) the interference with public service networks and (iv) the pit size for proper development of the tree. With these criteria, we applied a survey to a group of experts, and then we classified the species according to each characteristic and their score of least interference with the public space (PS). A multicriteria analysis based on the ELECTRE I method (J. Figueira, 2005) was undertaken for selecting the best option from a set of alternatives evaluated for each criterion [START_REF] Galarza Molina | Herramientas multi-criterio para la toma de decisiones en proyectos de carácter social[END_REF]. We qualified the species proposed in the UFHB according to the least interference with the PS.

For each climate station, we calculated the mean annual precipitation (MAP) between January 2011 and April 2021 and classified by humidity zones: humid (MAP >1000 mm), subhumid (851 mm ≤ MAP ≤ 1000 mm), semidry (700 mm ≤MAP ≤ 850 mm), and dry (MAP< 700 mm). The consecutive days of dry weather ds is obtained for each zone, and the daily water requirement of each tree is calculated according to [START_REF] Devia | Atenuación de la temperatura y radiación UV de la vegetación en entornos urbanos de ciudades y su demanda hídrica[END_REF]. The reserve volume during the dry days Vres is calculated based on daily water requirement. We propose finding the minimum distance between tree pits for each street profile from the sidewalk guidelines based on the daily water supply and the probability that the tree does not have a proper water supply for each humidity zone.

RESULTS AND DISCUSSION

The identified criteria for root containers for adequate interaction of street trees with public space include: dimensions, soil compactation, infiltration surface, site and guard (Table 1). Ten suggested species due to low interference with public space are proposed, including some with reported benefits for avifauna as Calliandra carbonaria and Tibouchina lepidota [START_REF] Corzo | Handling of Avifauna as Part of the Management of Urban Trees in Bogota, DC[END_REF], suitable in high-traffic avenues as Croton bogotanus (Ramos-Montaño, 2020), and for atmospheric particle adsorption as Dodonaea viscosa [START_REF] Khalilimoghadam | Atmospheric particle adsorption rates of plants in an industrial city of southwest Iran[END_REF] and Tecoma stans in Sapkota & Devkota, 2021 (Table 2).

Table 1. Criteria for root containers for adequate interaction of street trees with public space. Source: Authors based on bibliographic review and expert survey.

CRITERIA DESCRIPTION PREFERENCE IMPORTANCE (1-5)

DIMENSIONS

If the space is insufficient for the species, the health of the tree will be affected and damage to the grey infrastructure will be generated. It is recommended to use barriers to drive root growth (NACTO, 2017).

According to tree size 4.6

SOIL COMPACTATION

If it hinders the development of the roots, it can affect the health of the tree and damage the grey infrastructure (Day & Dickinson, 2008).

Not compacted

4.1

INFILTRATION SURFACE

Urban trees contribute to water regulation: the leaves and branches retain rainwater, the structure of the tree channels the water to the base and the water enters the soil through the surface of the tree grate. (Elliott et al., 2018). 

GUARD

Infiltration rate is higher for guarded tree pits and depends on the soil used in the tree beds. The larger pit areas intrude more into the public right-of-way and, without a guard, are intrude more into the public right-of-way and, without a guard, are more likely subject to compacting foot traffic. (Elliott et al., 2018).

Delimit the tree grate 3.8 According to the sidewalk guidelines, we propose a root container dimensioning for the selected species. The volume does not comply with the NACTO recommendation (NACTO, 2017), and, for the medium and tall species, the required living space of the tree exceeds the dimension of type B22, B23 and B24 containers. Likewise, the dimensions proposed are lower than those that would have been obtained using the methods presented by [START_REF] Jim | Soil volume restrictions and urban soil design for trees in confined planting sites[END_REF], possibly because our study's methodology is adapted both to the hydrological conditions of Bogota and to the native species contemplated.

The representative number of consecutive dry days ds is 6 days for humid and sub-humid zones and 8 days for semi-dry and dry zones. The minimum distance between tree pits ranges from 8 m for V-9 type pedestrian paths to 100 m for V-0 integral ways. It is observed that the species Dodonaea viscosa is the most versatile since it has fewer design afferent areas and therefore shorter distances between tree pits in all areas. In addition, for tree pits in humid areas, the species Tibouchina lepidota, Lafoensia acuminata and Quercus humboldtii reports distances between tree pits that oscillate between 1.10 m for V-1 routes and 14.30 m for V-9 routes. Similarly, minimum distances between tree pits of less than 10 m are obtained on routes V-0 to V-7 (13 m) for the recommended species Croton bogotanus, Calliandra carbonaria and Tibouchina lepidota in sub-humid zones, Tecoma stans and Cytharexylum subflavescens in sub-humid and semi-dry areas and Morella parvifolia in semi-dry and dry areas. These results respond to that indicated by [START_REF] Caplan | Water relations of street trees in green infrastructure tree trench systems[END_REF] in that it is necessary to select the tree species adapted to the extremes of the hydrological regime in the green stormwater infrastructures.

Finally, to integrate all the discussed results, from the infrastructure protection approach, we propose staggered root containers with a surface that allows enlargement according to the growth of the trunk and at most up to the limit of the LFS and with a lower level that leads to the expansion of the roots. In the lower part of the pit a material for infiltration where possible. With these types of containers, an increase in the soil volume of 40% is achieved, allowing better conditions for trees development, ecosystem services, and reducing the infrastructure´s damage.

CONCLUSIONS

Our sizing method for the root containers yielded comparable dimensions than those recommended by NACTO. It may be since the method proposed in the present study are more adapted to the local species and climate. Also, we recommend rethinking the dimensions techniques of the root containers to optimize the provision of ecosystem services associated with trees and reduce interference with grey infrastructure, especially for tropical cities.

The hydrological sizing methods proposed here for tree pits depend both on the species to be planted and the characteristics of the streets. It implies that the design of tree pits cannot be thoroughly homogenized. Additionally, we note that the results obtained may represent an additional decisionmaking aid to select species according to the humidity zones of the city and the road profile because: (i) the species with maximum adaptability to the driest zones have lower space requirements than the taller species and adapted to the more humid zones; (ii) there are species with greater versatility than others in terms of distance between tree pits.

Permeable 4. 4 SITE

 4 Consider local climate conditions and plant a diversity of species tolerant to site moisture, runoff, ponding, infiltration and transpiration patterns in the site(NACTO, 2017

Table 2 .

 2 Suggested species for sidewalks due to low interference with public space. Source: Authors, adapted from Urban Forest Handbook for Bogotá.

				Adaptability according to zone	
					Semidry	Dry
	COD	Scientific Name	Humid	Subhumid (851-	(700-850	(<700
			(>1000 mm/ year)	1000 mm/year)	mm/year)	mm/year)
	O1	Calliandra carbonaria	3	5	4	0
	O2	Croton bogotanus	2	5	4	0
	O3	Cytharexylum subflavescens	2	5	5	3
	O4	Dodonaea viscosa	3	3	5	5
	O5	Lafoensia acuminata	5	4	4	2
	O6	Morella parvifolia	3	4	5	5
	O7	Quercus humboldtii	5	4	3	2
	O8	Senna viarum	4	5	3	1
	O9	Tecoma stans	3	5	5	2
	O10	Tibouchina lepidota	5	5	3	1