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In the face of excessive urban growth, urban green spaces face the challenge 
of efficiently providing ecosystem and environmental services benefits. While 
public green spaces (PGS) stand out for their different environmental and social 
benefits, their efficiency depends on the vegetated cover, which can be evaluated 
in relation to the area, type of polygon, and degree of equipment. In this study, the 
effective green cover (EGC) assessed from a geographic information system, and 
the level of equipment–infrastructure were evaluated in different green spaces 
in the metropolitan area of San Luis Potosí, Mexico. The PGS categories included 
park with hydrological potential, urban park, linear park, neighborhood park, local 
garden, residual green space, and sports area. In our results, the urban park and 
the park with hydrological potential indicated 69.5 and 79.5% of EGC, respectively, 
and a value of 0.3 of Normalized Difference Vegetation Index (NDVI). Specifically, 
only in urban park, the land surface temperature (LST) decreased with the increase 
in the NDVI. The total green coverage of PGS was 6.7 m2 and the EGC was 5.8 m2, 
which is largely due to the large-sized parks. Furthermore, the provision of parks 
is insufficient compared to other metropolitan areas on national and international 
scales. In the spaces with the highest score of equipment, the outstanding elements 
were urban furniture, children’s playgrounds, and exercise areas, which varied 
according to the type of green space, indicating a differentiated social use. This 
study suggests that EGC can be a parameter to assess the green proportion of 
PGS in cities. Integrating this variable in PGS planning and design can enhance 
ecosystem services provision in metropolitan areas.
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1 Introduction

In recent decades, green spaces have become an emerging environmental challenge in 
cities. The different services they offer are important, given the accelerated growth of urban 
areas, the current environmental conditions, and their social needs (Breuste et al., 2015; Paul 
and Nagendra, 2017; Barradas et  al., 2022). This is the reason why aspects such as the 
distribution, typology, and quality of green areas reach special importance in studies of urban 
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ecology and environment (McPhearson et al., 2016; Nor et al., 2017; 
Nur Hidayati et al., 2019). Nevertheless, the type of vegetation cover, 
the shape of the polygon, and the functions of the green spaces are 
immersed in a built domain matrix (Stewart and Oke, 2012; de la 
Barrera et al., 2016; Zhang et al., 2019) and, thence, contingent to such 
conditions. Some aspects that deserve attention are the spatial 
limitations that such surfaces present in the urban context as well as 
the functions and characteristics that they offer. The areas dedicated 
to hosting plants in the public space, generally considered as an 
aesthetic and utilitarian ornament, represent the green infrastructure 
whose environmental and social potential needs to be revaluated. 
Numerous and diverse publications agree that green infrastructure has 
high standards, regarding urban ecological, environmental, and 
quality of life, due to the intrinsic properties of the plant component 
(Norton et al., 2015; Calaza-Martínez, 2016; Jayasooriya et al., 2017; 
Geneletti et al., 2020).

Given the unequivocal increase of excessive urbanism, vegetation 
cover becomes an element to be attentively considered because of its 
properties. These features refer to ecosystem and environmental 
services such as atmospheric carbon dioxide capture, temperature 
mitigation, and air humidification, as well as absorption of water in 
subsoil, among others (Bolund and Hunhammar, 1999; Tratalos et al., 
2007; Dobbs et  al., 2011). Several studies agree on the need of 
increasing the green cover in quantity and quality so that such 
functions are significant in the environment. The ability to attenuate 
heating or provide oxygen to the environment is the property of great 
value as long as the vegetation cover is abundant and outstanding, 
especially at wooded (Georgi and Zafiriadis, 2006; Armson et al., 
2012; Puliafito et  al., 2013; Tan et  al., 2018). For this reason, the 
environmental conditions are expected to improve in proportion to 
the quality of the green spaces. A technological tool that contributes 
to assessing the environmental quality of such surfaces in cities is 
remote sensing through the use of geographic information system 
(GIS) (Van Herzele and Wiedemann, 2003; de la Barrera and 
Henríquez, 2017). As a matter of principle, one of the parameters of 
great attention is the one that determines the square meters of green 
area in a specified urban space. According to the World Health 
Organization, the figures of 9 and 20 m2 of green area per inhabitant 
are the minimal recommended and the ideal, respectively (WHO, 
2016). Such figures have become a generalized indicator to quantify 
green areas and a reference in different reports and publications 
(Bascuñán-Walker et al., 2007; PAOT, 2010; Morar et al., 2014; Russo 
and Cirella, 2018). Some studies even warn that the increase in the 
green proportion in residential communal spaces provides 
environmental functions (Szulczewska et al., 2014), ecosystem social 
services (Mao et al., 2020), and public health (Zhang et al., 2017). 
However, it is important to mention that there is no standardized 
method to determine this measure and its use is only complementary 
in the study of green areas.

The literature on public green areas is extensive in different 
latitudes and more numerous in regions of developed countries, as 
reported in a metadata study on the classification and categorization 
of green infrastructure (Bartesaghi-Koc et al., 2017). Similarly, only 
1% of the studies of green areas and urban densification, which have 
been reported on a global scale, correspond to the Latin American 
region (Haaland and van den Bosch, 2015). The research in Latin 
American cities focuses on social topics, the plant cover 
composition, and the multi-scalar climatic conditions (Quintero, 

2012; Vásquez et al., 2016). Excepting the capital of the country, 
Mexican cities are poorly researched and observe few published 
works about the proportion of green areas. According to the latest 
update of the green areas inventory, the distribution of green surface 
in Mexico City is unequal (PAOT, 2010) and with an average value 
of 7.5 m2 per inhabitant (SEDEMA, 2017), which is less than the 
minimum recommended by WHO. In this context, it is necessary to 
determine the conditions of the green cover and the type of green 
space in cities, whose accelerated growth and lack of planning 
presume important limitations. In this way, the detailed evaluation 
in the mapping of green spaces from satellite images becomes 
essential. Ju et  al. (2022) warn that in an arid city like San Luis 
Potosí, urban green spaces may have spectral properties and 
background surface aggregates, which cause confusion when 
differentiating the covers. Therefore, the study of urban green spaces 
requires greater specificity, in terms of both their vegetated covers 
and their typology.

The green infrastructure includes a wide variety of differentiated 
spaces by its size and function. Brzoska and Spāģe (2020) indicate that 
ecosystem services that enhance human life quality are focused on 
large spatial scales. Such attributes can be associated with urban and 
peri-urban forests and parks, as well as some gardens, where such 
functions are more attainable if these places are public. An a priori 
statement is that the number and diversity of activities can increase in 
proportion to the green cover; thus, urban parks are places of great 
social appeal. This phenomenon can be observed in cities of different 
regions. Some recognized Mexican urban parks can be mentioned as 
examples: Bicentenario in Mexico City, Bosque Los Colmos in 
Guadalajara, Fundidora in Monterrey, and Tangamanga 1 in San Luis 
Potosí. Although it is recognized that urban parks encompass 
important functions for the city, other smaller public green spaces, 
such as linear parks, community gardens, and sports facilities, among 
others, are also important for social benefits provision (Byrne and 
Sipe, 2010). It could be said that each public space is a reflection of the 
visitors and activities that its design allows (Goličnik-Marušić, 2015).

Given the correspondence between the vegetation portion and the 
number of inhabitants, the easily quantifiable green areas are the 
public ones in contrast to the private ones, whose factors and 
conditions correspond to another type of research. An adequate use 
and approach to the concept of green space must consider the context 
in which the study is carried out (Taylor and Hochuli, 2017). In this 
sense, the public green space implies an open area, with free access, 
which hosts a set of planted vegetal species, and a certain degree of 
infrastructure and equipment attributes. All these properties assume 
a wide range of outdoor activities. In general, physical exercise, 
children’s play, walks, rest, and leisure are common activities in public 
spaces, but currently, such spaces can also be multifunctional and also 
have a high added environmental value (Byrne and Sipe, 2010; van 
Leeuwen et  al., 2010; Shackleton et  al., 2018). The different 
components, services, and amenities can have a great influence on the 
activities and social gatherings that each green space offers. In 
addition, the quantification of equipment such as urban furniture and 
infrastructure can be an indirect measure of knowing a green area in 
terms of its social functions. In urban parks, the location of the street 
furniture, in addition to the space quality, can influence citizens’ 
attraction to it as a leisure center (Kargar and Ghassemi, 2016). 
Moreover, multifunctional street furniture can be a reason for family 
gatherings and leisure, even in smaller parks (Thamrin et al., 2018). In 
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this sense, the built components are as necessary as the ecological 
features in public green spaces for fulfilling social function.

In this direction, the present study consisted of assessing the 
quality of the effective green cover (EGC) and the current condition 
of equipment–infrastructure attributes in public green spaces (PGS) 
in the metropolitan area of San Luis Potosí, Mexico. These variables 
are relevant aspects of urban planning and design but are often left 
aside. In this manner, it is assumed that the environmental benefits 
will increase in proportion to the detectable green portion, resulting 
in a vegetated cover with higher quality. In addition, large green areas 
offer a socially added value if incorporating adequate and sufficient 
equipment–infrastructure attributes without suppressing the vegetated 
cover. These premises are based on determining the exclusive 
environmental capacity of the vegetation component and the benefits 
that public green infrastructure provides to society. Thus, given its 
disproportion to the growing urban development of the city, an aspect 
of the social functionality of green areas is the level of equipment–
infrastructure they present. Based on this priority, and in accordance 
with the 11th sustainable development goal (UN, 2018), green spaces 
are an indicator of urban sustainability. In addition, an emerging 
challenge within the study area is increasing the cooling and shading 
through the vegetated cover, thereby contributing to mitigating the 
semi-arid condition of the city for a large part of the year. The high 
annual proportion of radiant energy and sunny days in the region 

indicate the need for cooler public environments. For this reason, the 
specific portion of the vegetated cover and the green area calculation 
per inhabitant are indicators of ecological interest. However, each 
indicator offers different information regarding the “status of green 
areas. In this context, the research question is which indicator is more 
realistic regarding the effective green cover of these spaces. Moreover, 
equipment–infrastructure attributes can be  an indirect way of 
assessing the social attractiveness of a PGS. Thus, their quantification 
also contributes to measuring the green spaces” conditions. The 
research in the above-mentioned metropolitan area is mainly justified 
by its current urban growth, which does not correspond to the 
creation of new public green spaces with their respective equipment 
and infrastructure.

2 Methods

2.1 Description of the study site

The present study considered the metropolitan area of San Luis 
Potosí, Mexico, comprising the city of the same name and the 
municipality of Soledad de Graciano Sánchez. It is located at a latitude 
of 22° 01′ 34″–22° 13′ 06″ N and a longitude of 101° 02′ 39″–100° 53′ 
21″ W (Figure 1). This area, whose average elevation is 1,863 m.a.s.l., 

FIGURE 1

Location and distribution of the PGS categories in the metropolitan zone of San Luis Potosí, Mexico.
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TABLE 1 Criteria for classifying public green space (PGS).

PGS Area (m2) Perimeter Main use Location Equipment–
infrastructure

Park with hydrological potential – Not well-defined* – Along urban rivers

Urban park

Small 1,000–100,000 Well-defined by roads/

fences Recreative –Medium 100,001–500,000

Large >500,001

Linear park –
Well-defined by roads/

fences
Recreative –

Neighborhood park –
Well-defined by roads/

fences
Recreative

Associated with a 

neighborhood

Local garden –

Well-defined by 

immediate houses and 

roads

Recreative
Surrounded by 

immediate houses

Residual green spaces –
Well-defined by roads Delimitation of 

circulation areas
–

Sports area –
Well-defined by roads/

fences
Sports –

*Perimeter defined by vegetated patches.

stands out because it presents three climatic units: temperate arid with 
dry winters (BWkw), temperate semi-arid with dry winters (BS0kw), 
and temperate semi-dry (BS1kw). For this area, Noyola-Medrano et al. 
(2009) indicate a low saturation of water vapor and an average 
precipitation below 400 mm per year. The period with the highest 
frequency of rainfall in the year is from June to September. The 
average annual temperature is 17°C, with a maximum of 34°C and a 
minimum of 0°C. The warm period is from March to October, while 
the cold period is from November to February. In addition, it has been 
reported that San Luis Potosí is one of the Mexican regions with the 
highest hours of annual insolation, based on the frequency of cloudy 
days, average cloudiness, and clear days (Tejeda-Martínez and Gómez-
Azpeitia, 2015). A recent study revealed an increase of 11°C in the 
surface temperature of the metropolitan area of San Luis Potosí in the 
last 15 years due to urban growth and land use change (Ovalle et al., 
2021); therefore, this suggests important changes in the urban climate. 
Furthermore, considering all the most populated metropolitan areas 
in the country, the study area exhibits an urban population density of 
105.6 inhabitants/ha (SEDATU, CONAPO and INEGI, 2018), with a 
total population of 1,243,980 inhabitants and an area of 1,787 km2, 
according to the 2020 population census (INEGI, 2022).

2.2 Classification and physical appraisal of 
green areas

The criteria for considering green areas as public green spaces 
(PGS) include a clearly defined outline, free access, the presence of 
vegetative cover, equipment, and infrastructure attributes, and public 
use. However, despite its low plant density or reduced equipment, 
space that exhibited recurrent social activity was also considered. 
Based on these parameters, all the green areas within the metropolitan 
area of San Luis Potosí were located and georeferenced using the 
Google Earth tool (U.S. Geological Survey, 2020). In this way, the 
different PGS were classified into the following categories: park with 

hydrological potential, urban park, linear park, neighborhood park, 
local garden, residual green spaces, and sports area.

In the specific case of parks with hydrological potential, the 
polygons delimitation depended on the vegetation patches continuity 
along the rivers. This category must be considered because of two 
important aspects: its hydrological and ecological potential, and its 
social function. The urban park was considered as a green area of 
important dimensions, equipment, and social presence for the citizens, 
while the linear park is differentiated by its typical longitudinal 
extension. Neighborhood park corresponded to the green space of 
residential areas or neighborhoods in the city, whereas local garden 
refers to green areas surrounded by a group of immediate houses. The 
central difference between neighborhood park and local garden is the 
location and the infrastructure–equipment provision, respectively. 
The residual green space was considered as the surplus site of the 
urban environment, which exhibits either some equipment or 
adaptations from the inhabitants. Within this category, roundabouts, 
ridges, and slopes were discarded because equipment and/or visitors 
were non-existent in comparison with the other classified green areas. 
Finally, the sports area with public sports facilities and available green 
areas was estimated (Table 1). The perspective views of the different 
PGS with their respective urban contexts can be observed in Figure 2. 
Once PGS were located and classified, they were visited to quantify 
and appraise their equipment components. The assessment visits were 
made over a year, from summer 2020 to summer 2021.

2.3 Image processing and calculation of 
variables

First, a multispectral image was downloaded, and the file with the 11 
bands and all their metadata was obtained (U.S. Geological Survey, 
2020), in order to identify the base study area. The downloaded image 
was taken on 26 September 2020, from the Landsat 8 satellite with a 
resolution of 30 m. To ease the detection of the indicator on the surface 
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scale, the image selection criteria were a clear day with humidity and 10% 
cloudiness during the rainy season. These criteria allow reflecting the 
period of the year in which vegetation cover is usually greener and more 
abundant and, hence, can be better visualized. In such a way, from the 
treatment to the above-mentioned image using the ENVI 5.3 and 
ArcMap  10.8 software, the following parameters were calculated: 
Normalized Difference Vegetation Index (NDVI), land surface 
temperature (LST), and effective green cover (EGC). This last variable 
was estimated by referring to the net portion of soil covered with 
vegetative cover and excluding the non-green portion within each 

polygon. Prior to this process, and according to the selected polygons 
within the city, the minimum green area detected and valued by the 
geographic information system was 616.2 m2. Under this criterion, the 
process of correction and calculation of each variable is described below:

In order to deal with distortions caused by the atmosphere or 
sensor operation, the radiometric correction was performed using 
the gain and bias method in the ENVI 5.3 software. Using data 
from the MTL metadata file of the satellite image, corresponding 
to the top-of-atmosphere (TOA), Equation 1 was used to convert 
the digital numbers obtained by the sensor to reflectance values:

FIGURE 2

Photographs on the perspective of park with hydrological potential (A), urban park (B), linear park (C), neighborhood park (D), local garden (E), residual 
green spaces (F), and sports area (G). Photographs by Pedro Mena-Pirex (A–C,G), Andrea Candia Lomelí (D), and Jonathan Hammurabi González-Lugo 
(E,F).
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 calM Q Aρ ρρλ =′ +  (1)

where ρλ’ is the value of the planetary reflectance, without sun 
angle correction, Mρ is the multiplicative band-specific scaling factor 
obtained from the metadata, Aρ is the additive band-specific scaling 
factor obtained from the metadata, and Qcal is the quantified and 
calibrated standard product for pixel values, as the value of each image 
band. In addition, the real reflectance of a cover captured by the sensor 
was calculated, which is conditioned by the behavior of the atmosphere 
as well as the determination of the observation angle. The TOA 
reflectance of the roof atmosphere with a correction for solar angle is 
given by Equation 2:

 ( ) ( )cos sinSZ SE

ρλ ρλρλ
θ θ

′ ′
= =

 
(2)

where ρλ is the value of the reflectance at the TOA, corrected for 
solar angle; θSE refers to the solar elevation angle, predicted in the 
image metadata; and θSZ is the local zenith solar angle that corresponds 
to the complementary angle of observation. This variable can 
be obtained as follows (Equation 3):

 90SZ SEθ θ°= −  (3)

The sun angle and azimuth data were obtained from the image 
attributes of the metadata file, which was converted to radians. For the 
conversion to radiance in the roof atmosphere, the data were taken 
from the metadata file where the bands were converted into TOA 
spectral radiance data, according to Ihlen AND Zanter (2019) and 
using Equation 4:

 L cal LL M Q Aλ = +  (4)

where Lλ corresponds to the TOA spectral radiance measured in 
watts/ m2 s rad μm; ML is the specific scaling multiplicative factor 
obtained from the metadata; Qcal is the standard product, quantified 
and calibrated by pixel values; and AL is the specific scaling additive 
factor obtained from the metadata.

The obtained bands were converted from spectral radiance to sensor 
brightness temperature (Equation 5) (Ihlen and Zanter, 2019) in degrees 
Kelvin, using the thermal constant supplied in the metadata file:

 

2

1 1

KT
KIn
Lλ

=
 

+ 
  

(5)

where T is the apparent brightness temperature in degrees Kelvin, 
Lλ is the TOA radiance (watts/ m2 s rad μm), K1 is the specific 
conversion for each band, and K2 represents the specific conversion 
for each band, both are thermal constants.

The NDVI was evaluated using the radiometrically corrected 
multispectral image and ArcMap 10.8 software. As a result of this test, 
the vegetated cover and density were determined, with a value scale 
that goes from 0 to 1 and from blue to green, respectively, reflecting 

the gradient from lower to higher quality. This calculation was made 
through the relationship between vegetation and behavior of different 
wavelengths (Equation 6) (Sobrino et al., 2008):

 
NIR REDNDVI
NIR RED

−
=

+  
(6)

where NIR is the portion that corresponds to the near-infrared 
(band 5) and RED to the red portion (band 4). On the other hand, for 
a clearer visualization of the polygons, their surface was reclassified 
according to the presence and absence of green cover, regardless of its 
quality. The assigned color for this classification was green for the 
extent of vegetation cover and brown to represent the soil covered 
with constructions and paved surfaces. The green-colored pixels were 
scored as EGC and the portion of brown-colored pixels as non-green 
surfaces in each PGS polygon. The differentiation and calculation of 
the real green area in square meters and percentage was carried out 
through ENVI 5.3 software.

In order to obtain the land surface temperature (LST) using 
ArcMap, the emissivity (ɛ) was first calculated, whose 
proportionality factor predicts the glow emitted and the efficiency 
of transmitting thermal energy through the surface toward the 
atmosphere (Sobrino et  al., 2008), and according to Yu et  al. 
(2014), Equation 7 is presented:

 0.973 0.047 Pvε = +  (7)

where Pv is the proportion of vegetation obtained through the 
NDVI values, according to Sheik Mujabar (2019), which was evaluated 
through Equation 8:

 

2
min

max min

NDVI NDVIPv
NDVI NDVI

 − 
=  −   

(8)

Therefore, the LST was calculated from the layer obtained from 
the emissivity and the sensor’s brightness temperature, and this is 
given using the equation of Ihlen and Zanter (2019) (Equation 9):

 
1

B

B

TLST
T Inλ ε
ρ

=
  
+ ∗ ∗  
    

(9)

where TB is the brightness temperature of the sensor, λ is the 
wavelength of the emitted glow, ρ corresponds to 1.438 × 10−2 mK, 
and ε means the surface emissivity. In this manner, with the thermal 
values, a color gradient from red, passing through beige and up to 
blue, was assigned for the new layer obtained, which represented the 
high, medium, and low temperatures, respectively.

After the image correction process, a database was created for the 
registration and calculation of values. Once the NDVI, EGC, and LST 
layer was determined, the polygon of a typical PGS and its figure in 
pixels were chosen to indicate the estimation of such parameters in 
satellite image processing. An example of the polygons, after the image 
correction process, for every variable and PGS is presented in Table 2. 
Similarly, a location and distribution map of the different types of PGS 
studied in the metropolitan area was elaborated (Figure 1). On the 
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other hand, databases were created with the values resulting from 
image processing and the evaluation of equipment. From the obtained 
data, the NDVI mean value, EGC percentage, and non-green cover 
(NGC) percentage were calculated as observed in Table 3. Moreover, 
in each PGS of the metropolitan area under study, the green area 
density per inhabitant was calculated. In this way, from the databases 
and using R programming software, a simple linear regression analysis 
was carried out between NDVI and EGC, between LST and EGC, and 
between LST and NDVI, in order to obtain the degree of 
environmental contribution of every PGS under study. In addition to 
evaluating the vegetated cover quality, the EGC proportion was 
determined, as well as the square meters of green area per inhabitant 
based on the total area and the EGC for each PGS.

The urban park cover per inhabitant for metropolitan areas of 
Mexico and other countries was analyzed. For this evaluation, all 
metropolitan areas within a range of 1,300,000 to 1,500,000 

inhabitants—both in Mexico and worldwide—were searched. The 24 
identified and assessed metropolitan areas with this population 
density included Aguascalientes, Mexico; Antwerp, Belgium; 
Bordeaux, France; Bremen, Germany; Buffalo-Cheektowaga, USA; 
Campinas, Brazil; Da Nang, Vietnam; Dallas, USA; Dublin, Ireland; 
Florianopolis, Brazil; Gdansk, Poland; Hartford, USA; Louisville-
Jefferson, USA; Maceio, Brazil; Mannheim-Ludwigshafen, Germany; 
Marseille, France; Mendoza, Argentina; Mérida, Mexico; Mexicali, 
Mexico; New Orleans-Metairie, USA; San Luis Potosí, Mexico; South 
Yorkshire, UK; Zagreb, Croatia y Zapopan, Mexico (Brinkhoff, 2023). 
In spite of the fact that other cities in Russia, China, and India were 
also identified in the aforementioned population range, they were 
discarded due to the lack of accessibility to information on official 
websites. After that, the area of a maximum of 30 different urban parks 
was counted using the official web pages of each city. For those cases, 
in which information was unavailable, urban parks were identified in 

TABLE 2 Delimitation of a public green space (PGS) by category, and satellite image processing obtained variables as polygon examples: Normalized 
Difference Vegetation Index (NDVI), effective green cover (EGC), and land surface temperature (LST).

PGS Polygon NDVI EGC LST

Park with 

hydrological 

potential

Urban park

Linear park

Neighborhood 

park

Local garden

Residual green 

spaces

Sports area
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TABLE 4 Attributes of equipment–infrastructure counted by the presence of components in each PGS.

Attributes Components Value

Infrastructure

Infrastructure elements (IE)
Lamps—Signage

Walkways—Ramps for people with disabilities

1

1

Equipment

Urban furniture (UF)
Benches—Garbage cans

Picnic tables—Outdoor bike racks

1

1

Playground area (PA) Outdoor playground equipment 2

Exercise area (EA)
Sports field

Outdoor gym and fitness equipment
2

Services (S)

Toilets

Surveillance services

Food services

Cultural/sport activities

2

Total 10

Google Maps and their areas were measured using the Google Earth 
tool. The criteria for identifying public urban parks within each 
metropolitan area included (a) a well-defined polygon and (b) 
equipment such as children’s playgrounds, exercise equipment, or 
sports courts. As a result of the observations, three sizes of urban 
parks were defined: small, from 1,000 to 100,000 m2; medium, from 
100,001 to 500,000 m2; and large, with an area greater than 500,001 m2. 
Once the values were obtained, they were sorted in a database and 
analyzed to find some relationship between the variables of number, 
density, and size of the parks.

2.4 Equipment–infrastructure assessing

Appraisal of equipment was determined from the presence of 
urban furniture, children’s playgrounds, exercise areas, infrastructure, 
and services in each assessed green area. Urban furniture elements 
were counted as equipment attributes; such count included not only 
the official ones but also equipment improvised by residents, as it also 

reflects the use and harnessing of the site. Thus, in the street furniture 
category, a value of 1 was assigned to the green area, if it exhibited 
benches and garbage cans; and another value of 1 was assigned when 
it also included picnic tables or bicycle racks. If the green area 
presented children’s playgrounds—even if it had only one component, 
but in operation—it was valued with a score of 2. This same criterion 
was used for the exercise area when presenting a sports field or 
exercise equipment. The value of 2 assigned to the children’s 
playgrounds and the exercise areas is based on the fact that these are 
the types of equipment that promote health and exercise among the 
population. In order to assess the infrastructure, 1 was assigned to 
lamps or signage, and another 1 if the site included suitable walkways 
or ramps for people with disabilities. Regarding the category of 
services, a value of 1 was given if bathrooms and a guardhouse were 
present or a value of 2 if the green area included commerce or space 
for cultural activities. In such a way, the maximum score for 
equipment that a PGS could achieve was 10 (Table 4). After counting 
and registering equipment and infrastructure attributes per site, a 
database was developed for further analysis. Based on the averages of 

TABLE 3 Average value of the NDVI, and percentage of the effective green cover (EGC), and non-green cover (NGC) per public green space (PGS) from 
the GIS analysis data.

Green cover per inhabitant

PGS NDVI EGC (%) NGC (%) Total (m2) EGC (m2)

Park with hydrological potential 0.32 79.5 20.5 0.5 0.46

Urban park 0.3 69.5 30.4 5.3 4.8

Linear park 0.2 54 46 0.06 0.05

Neighborhood park 0.24 63 36.9 0.17 0.12

Local garden 0.2 44 55 0.1 0.06

Residual green spaces 0.2 42 57.6 0.07 0.003

Sports area 0.19 34 65 0.5 0.3

Total average 0.23 55.1 44.4

Total sum 6.7 5.8

The green cover per inhabitant is also presented based on the total area and the EGC, according to the total population (1,243,980 inhabitants) of the metropolitan zone of San Luis Potosí, 
Mexico (INEGI, 2022).
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the attributes set for each green space, a one-factor analysis of variance 
was performed. This allowed distinguishing differences in the general 
equipment–infrastructure per PGS. In addition, equipment–
infrastructure was evaluated disaggregated, through the calculation 
of averages by attribute and the comparison between PGS and all 
other PGS. To do this, the Wilcoxon rank-sum test was used to 
analyze the variability of non-parametric data with different 
n samples.

3 Results

The PGS presented differences in their quantity and area, 
influencing the calculated parameters and the respective statistical 
analysis. The total number of green areas was 401 PGS, of which the 
most numerous categories and in descending order were residual 
green spaces, local garden, and neighborhood park with 35.4, 26.4, 
and 20.4%, respectively, totaling 82.2%. The category of sports area 
indicated 8.2%, while in park with hydrological potential, urban 
park, and linear park, the value was 5, 3.5, and 1%, which together 
encompass 9.5% of the green infrastructure (Figure 3). This same 
value indicates the total sum of the area that each category presented 
in the urban space. In this sense, urban park was the category with 
605.6 ha, park with hydrological potential with 58.6 ha, and sports 
area with 38.4 ha. Meanwhile, in neighborhood park, local garden, 
and residual green spaces, the values were 15.3, 13.8, and 10.8 ha, 
respectively. In that way, urban park and park with hydrological 
potential correspond to the largest, but they were the least numerous 
of all PGS. Instead, neighborhood park, local garden, and residual 
green spaces categories were the most abundant of the public green 
infrastructure, but they exhibited the lowest areas of the 
metropolitan area. In addition to the previous quantification, the 

following determinations in the PGS focused on their vegetal 
component and thermal response.

3.1 Environmental and ecological 
parameters in public green spaces

Regarding the green cover evaluated through NDVI in the linear 
regression, the R2 coefficient resulted in values of 0.5, 0.47, and 0.46 in 
the sports area, linear park, and local garden, respectively, and less 
than 0.3 in the other PGS. However, the linear regression model with 
the best fit to the data and symmetry in residuals was that of the park 
with hydrological potential (F = 7.6, p = 0.01), urban park (F = 4.83, 
p = 0.04), local garden (F = 8.15, p = 0.005), and sports area (F = 32.9, 
p = 0.000) (Figure 4). It can then be said that the NDVI exhibits a slight 
increase as the EGC is higher for parks with hydrological potential, 
urban parks, local gardens, and sports areas, whereas the relation was 
not evident for linear parks, neighborhood parks, and residual green 
spaces. Independent of the linear regression analysis, the NDVI value 
stands out, as the highest average value was 0.3  in park with 
hydrological potential and urban park and 0.2 in the other categories 
of green spaces as a whole. In addition, the average value of all green 
infrastructure analyzed was 0.23 NDVI, as can be seen in Table 3.

The regression model allowed observing an indirect relationship 
between LST and EGC, where the R2 coefficient was 0.3 in urban park 
and below 0.01 in the other categories, except in linear park whose 
value was 0.5, but with direct proportionality. The green areas in which 
the regression model was better fit to the data, with symmetric residuals 
were urban park (F = 5.9, p = 0.03), neighborhood park (F = 5.45, 
p = 0.02), and local garden (F = 8.87, p = 0.003) (Figure 5). Moreover, 
in the regression test, the lowest LST average values were 31.6 and 
31.8°C in park with hydrological potential and urban park, respectively. 

FIGURE 3

Total surface of the PGS in hectares on the left axis, and the PGS quantity in percentage on the right axis of the bar graph.
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In contrast, the highest average value was 33°C in the sports area. 
Meanwhile, in the other green spaces, the average value oscillated 
approximately 32°C. In this way, the LST difference between park with 
hydrological potential and urban park, regarding sports area, was 1.4 
and 1.2°C; and 1.3 and 1.1°C in relation to linear park, respectively.

Another assessment was the relationship between LST and 
NDVI, where the value of R2 in the linear regression was 0.58 in 
urban park, indicating an indirect proportional relationship 
between such variables. In the other sites, the R2 coefficient was less 
than 0.01 and in local garden less than 0.1, so the model did not 

FIGURE 4

Linear regression between the Normalized Difference Vegetation Index (NDVI) and the effective green cover (EGC) in park with hydrological potential 
(A), urban park (B), linear park (C), Neighborhood park (D), local garden (E), residual green spaces (F), and sports area (G).
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explain any portion of the response data variability. On the other 
hand, in linear park, the value of R2 was 0.9, representing a direct 
proportional relationship between the variables, which indicates an 
opposite effect of NDVI on LST (Figure 6). The green spaces with 

statistical significance were urban parks (F = 16.1, p = 0.001), local 
garden (F = 19.9, p = 0.000), and residual green spaces (F = 8.5, 
p = 0.004); although only in the first one, the residuals were 
symmetrical and its data are explained with the linear model.

FIGURE 5

Linear regression between the land surface temperature (LST) and the effective green cover (EGC) in park with hydrological potential (A), urban park 
(B), linear park (C), Neighborhood park (D), local garden (E), residual green spaces (F), and sports area (G).
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On the one hand, the proportion of the EGC was corresponding 
with the above-mentioned parameters. The highest values in the EGC 
percentage were 79.5 and 69.5% in parks with hydrological potential 
and urban park, with NDVI values of 0.32 and 0.3, respectively. On the 

other hand, the lowest values of the EGC percentage and NDVI were 34 
and 0.19 in the sports area, respectively. Therefore, the lowest percentage 
values of PGS without green cover were 20.5 and 30.4% in parks with 
hydrological potential and urban parks, respectively, and the highest 

FIGURE 6

Linear regression between the land surface temperature (LST) and the Normalized Difference Vegetation Index (NDVI) in park with hydrological 
potential (A), urban park (B), linear park (C), Neighborhood park (D), local garden (E), residual green spaces (F), and sports area (G).

https://doi.org/10.3389/frsc.2024.1470693
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Ramos-Palacios et al. 10.3389/frsc.2024.1470693

Frontiers in Sustainable Cities 13 frontiersin.org

was 65% in sports area. Thus, the PGS in the metropolitan area exhibited 
an overall NDVI of 0.23 and an EGC average percentage of 55.1 and 
44.4% of non-green cover. The urban park values were 5.3 and 4.8 m2 of 
total green cover per inhabitant and specific green cover per inhabitant, 
respectively. In contrast, in linear park, the lowest values were 0.06 and 
0.05 m2 of total green area per inhabitant and specific green cover per 
inhabitant, respectively. In these two indicators, all PGS presented 
values below 1 m2, except for urban parks. Therefore, the PGS in the 
metropolitan area summed 6.7 and 5.8 m2 of total green area per 
inhabitant and specific green cover per inhabitant, respectively (Table 3).

3.2 Urban parks in the metropolitan areas: 
national and international perspective

Given the environmental relevance of the urban parks, their 
density and dimensions can be observed in metropolitan areas, with a 
population range between 1.0 and 1.3 million inhabitants, as in the 
studied city (Figure 7). In this group, generally, the density provided by 
large-sized urban parks was higher than the sum of medium- and 
small-sized parks. In contrast, the number of small parks was higher, 
followed by medium-sized parks, and finally by large parks in most 
urban systems. Despite this, no statistical relationship was found 
neither between the density and the number of parks nor between these 
variables and park size. According to these results, large-sized parks 
exhibited a higher density in comparison with the other two sizes in 15 

of the 24 cities observed. In contrast, the metropolitan areas without 
large-sized parks were Da Nang, Vietnam; Dallas, USA; and Merida 
and Mexicali, both in Mexico. In addition, the density of medium-sized 
parks was higher than that of small-sized parks in 19 cities. The only 
metropolitan areas without medium-sized parks were Maceio, Brazil, 
and Zapopan, Mexico; and the lowest values were 2.8% in Mendoza, 
Argentina; and 2.7% in San Luis Potosí, Mexico. The latter city also had 
low density (1.6%) in small-sized parks, as well as Antwerp, Belgium 
(1.4%) and Gdansk, Poland (1.2%). In addition, considering the three 
sizes, the metropolitan areas with the lowest, medium, and highest 
urban park density were Mexicali, Mexico (M = 0.02, SD = 0.037), 
Aguascalientes, Mexico (M = 0.2, SD = 0.28), and New Orleans-
Metairie, Louisiana, USA (M = 0.4, SD = 0.9), respectively. After this 
last metropolitan area, the one that exhibited the highest density was 
San Luis Potosi, Mexico (M = 0.37, SD = 0.9); nevertheless, it only 
reached 4.3% density when adding its medium- and small-sized parks. 
This value exhibits the 11 small- and 1 medium-sized parks that the 
metropolitan area has the reduced area of their polygons. Thus, the 
density in this city is mainly due to the two registered large-sized parks.

3.3 Equipment and infrastructure attributes

Equipment–infrastructure response was differential among the 
different PGS. According to the score to evaluate these components, 
only three polygons in urban parks, one in linear parks, and one in 

FIGURE 7

Density of urban parks per capita presented as a percentage, according to three size scales and the population size of 24 metropolitan areas of 
different latitudes. The right margin of the graph indicates the population size of each area, and the red asterisk corresponds to the 1.6% of small-sized 
parks in the metropolitan area of San Luis Potosí, Mexico.
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FIGURE 8

Equipment–infrastructure attributes per PGS category, separated 
into four different groups according to their statistical significance, 
indicated by a, b, c, and d (A). Disaggregated equipment–
infrastructure attributes per PGS category, where the acronyms 
correspond to urban furniture (UF), children’s playground (CP), 
exercise area (EA), infrastructure (I), and services (S) (B).

sports area obtained a value of 10. In contrast, the highest value was 
5  in three residual green space polygons and 7  in two parks with 
hydrological potential; however, these two PGSs were the ones with 
the lowest scores. The categories with intermediate scores were 
neighborhood park and local garden. In this way, according to the test 
of variance, three groups were differentiated in equipment–
infrastructure: park with hydrological potential–residual green spaces, 
urban park–linear park–sports area, and neighborhood park–local 
garden (Figure  8A). Regarding the Wilcoxon rank sum test, 
equipment–infrastructure attributes score showed high variability.

Meanwhile, in Figure 8B, the disaggregated score exhibits the 
variability of attributes as well. The attributes with the most 
statistical significance P (<0.05) were street furniture, children’s 
playgrounds, and the exercise area. According to this statistical test, 
the major differences are indicated for each category and for the 
most outstanding PGS. The statistical significance occurred between 
green areas whose difference was wide in equipment values. In this 
direction, the green area with the highest urban furniture was urban 
park, and conversely, park with hydrological potential exhibited the 
lowest score. Children’s playgrounds in urban parks and linear 
parks had a high score, while in parks with hydrological potential 
and residual green spaces, the score was very low. On the other 
hand, it can be said that every green area of linear park and sports 
area contains an exercise area given its high score, while residual 
green spaces indicated the lowest score for equipment attribute. 

Regarding infrastructure attributes, the highest result was found in 
urban park and the lowest in park with hydrological potential and 
residual green spaces. Regarding the service attributes, the green 
area with the highest value was sports area, with low scores in the 
other PGS categories; however, no score was recorded in park with 
hydrological potential, local garden, and residual green spaces. Due 
to this result, the services in the sports area were the attributes that 
presented significant differences in comparison with the majority 
of the PGS categories. Therefore, the statistical significance was 
presented between PGS whose difference was wide, for example, 
park with hydrological potential and residual green spaces were 
below 0.5, while the values for urban park and sports area were 
greater than 1. Other PGS with differences in the attributes, but less 
contrasting, were linear park, neighborhood park, and local garden, 
in which some values were also below 1.

4 Discussion

The green spaces number was a parameter with notable differences 
for the PGS as a totality, and by category. According to this, it can 
be said that the PGS of the metropolitan area are numerous, but small 
in area. This is confirmed because residual green spaces, local garden, 
and neighborhood park encompass 82% of the studied green spaces, 
suggesting that green infrastructure is mainly composed of leftover 
surfaces from urban development and road works. The remaining 17% 
corresponds to urban park, park with hydrological potential, linear 
park, and sports area, which indicates that large-sized green areas are 
a minority in the city. Thus, the green infrastructure is composed of 
numerous small and residual spaces, in contrast to the few large and 
planned green areas. This represents uneven planning in the number 
and types of green spaces in the city. A large number of studies 
indicate that these spaces should preferably be either of a larger area 
or, if they have a small area, they should be numerous and with high 
plant density (Breuste et al., 2008; Pickett and Cadenasso, 2008; Nor 
et al., 2017; Zhang et al., 2019).

4.1 Environmental and ecological 
parameters in public green spaces

According to the linear regression analysis, the vegetation 
cover quality increased in proportion to the EGC in parkspark 
with hydrological potential, urban park, local garden, and sports 
area; though it cannot be  stated conclusively. Even though the 
larger-sized green spaces were park with hydrological potential 
and urban park, the points cloud in the graphs were not completely 
linearly distributed, although their regression models have shown 
the best data fit and symmetry of residuals. Despite this, park with 
hydrological potential and urban park resulted in the highest 
average NDVI values. In linear park, it is not possible to define 
correspondence between the variables, as there are few observed 
data and the shape of the polygon can only be longitudinal in this 
type of green area. Another category whose linear regression 
model showed proportionality between NDVI and EGC was 
neighborhood park, albeit the results cannot be  conclusive. 
Despite showing acceptable values in the regression model, the 
data in the graph do not align to indicate a strong association 
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between the variables. On the other hand, sports area was a space 
with favorable results in the linear regression; nonetheless, it is 
important to clarify that the EGC can be permeable surfaces of 
bare soil detected in the GIS. In the studied city, sports areas 
frequently contain non-green surfaces such as sports fields and 
areas without grass, rather than places with large and dense 
vegetated cover.

In addition to the weak association between the NDVI and EGC 
variables in each category, total green infrastructure, with an NDVI 
value of 0.23, can be considered low with respect to estimations in 
different cities. For example, in Sheffield, South Yorkshire, England, 
the proportionality was direct between the average NDVI value and 
the urban green area portion, in a range of 0.05 and 6 ha (Davies et al., 
2008). In another study, 10- to 60-hectare urban parks reported NDVI 
values between 0.2 and 0.4 in Ankara, Turkey (Bilgili et al., 2013). In 
addition, in Bucharest and Athens, smaller green areas showed values 
of 0.5 and 0.3, respectively, while larger ones—such as parks—reached 
NDVI values of 0.6 (Popa et al., 2022).

In green spaces, the vegetated cover quality and the size are two 
variables, whose relationship is clear, and which have to be enhanced 
in the studied city. This is especially important because the NDVI is a 
crucial indicator to determine the photosynthetic activity of 
vegetation, which is of great value from the urban and landscape 
ecology perspective. Moreover, Chen et al. (2018) used NDVI to map 
the social functions of urban green spaces in the city of Beijing in 
China. This is the reason why this work aims at increasing the 
literature of PGS and their current status in San Luis Potosí, as a means 
of assisting the governmental entities in effective urban planning.

Another variable estimated—based on the specific green portion 
in each category—was land surface temperature (LST). Despite this, 
the association between variables was not decisive in establishing the 
decrease in LST due to this cause. Although the R2 value in urban park 
was the highest, in neighborhood park and local garden, it exhibited 
the lowest values, as data did not reflect a good fit to the regression 
model. Regarding the linear park, the adjusted line showed a contrary 
association between the variables; thus, it is likely that the LST was 
more influenced by the adjacent conditions, than by the effect of the 
green cover in its polygons. Therefore, the decrease in LST as a result 
of an increase in EGC is not conclusive, although the urban park 
showed a moderate effect when the area of the polygon increased. In 
turn, the categories of urban park and park with hydrological potential 
showed lower average LST in their polygons, which were larger and 
more densely vegetated. In this manner, this corresponds to several 
studies, in which the cooling effect is evident, as city’s green spaces 
offer a greater area (Lin et al., 2015; Zhu et al., 2021; Zhang et al., 
2022). In addition, green spaces may have a more significant cooling 
effect, if their vegetated cover increases (Gomez-Martinez et al., 2021); 
this is also true for small green areas, due to the great influence that 
the surrounding built space represents (Liu et al., 2022).

As the coverage variation in green areas is a factor of significant 
environmental influence, the degree of association between NDVI and 
LST allowed us to analyze the performance of each PGS category. 
When evaluating the LST as a function of NDVI, only urban park was 
statistically significant in the regression model. A similar trend was 
observed in the park with hydrological potential, but it exhibited 
several points away from the adjusted line. Even though this last green 
space showed polygons of great green coverage, their forms were 
irregular and longitudinal. In the other green spaces, it was observed 

that the distribution of points is closer to the adjusted line, but the 
model predictors did not allow to establish any relationship between 
the variables. In linear park, the response was contrary to the expected 
relationship; in other words, it is likely that its low plant density does 
not counteract the high warming of the surrounding urban space, 
detected by image processing. Therefore, the category that indicated a 
clear effect of decreasing LST due to the quality of its green cover was 
the urban park. Several studies have reported a negative correlation 
between LST values and NDVI, especially in urban park (Feyisa et al., 
2014; Yu et al., 2017; Xiao et al., 2020). Finally, the surface thermal 
response was influenced by the greenness level, but the evidence is 
stronger in larger green spaces. In addition, due to their characteristics 
and properties, it is likely that only urban park and park with 
hydrological potential can provide mitigation of the air temperature 
around them. Lemoine-Rodríguez et al. (2022) point out that green 
spaces larger than two hectares can decrease air temperature by 
approximately 2°C. Similarly, the cooling effect can be noticeable in 
green spaces of 2.8 hectares or more, with at least 21% of tree cover.

The area of the polygon and the greenery degree determined the 
net vegetated cover. Regarding the first parameter, the area without 
vegetated cover was high in local garden, residual green spaces, and 
sports area, while the percentage of EGC dominated in park with 
hydrological potential, urban park, and neighborhood park. Even 
though the deficit in the first three above-mentioned green spaces is 
more important, any category could contain a higher percentage of 
EGC, as indicated by the average total values in Table 3. In this context, 
it is interesting to determine what is the ideal green fraction that each 
of the PGS categories should have. Although this may be a research 
topic of great interest, its study does not correspond to the objective 
of this work. In general, PGS require more ecological management, 
especially conservation strategies in parks with hydrological potential. 
For example, Zingraff-Hamed et al. (2022) indicate that these spaces, 
named Urban River Parks, can improve ecosystem values and reduce 
water scarcity in cities.

In terms of the green area density as a function of the number 
of inhabitants, the resulting value of the urban park was higher 
than an order of magnitude in each of the other categories. In 
other words, urban parks represent the dominant type of green 
space in the city. For example, if the area of the largest urban park 
called “Tangamanga I” were eliminated, the total green cover 
value would be 3.4 m2, whereas the EGC value would be 2.8 m2 
per inhabitant. Consequently, the density of green area per 
inhabitant is dependent on urban parks. In addition, as social use 
includes the non-green portion of the polygons, the density of 
green infrastructure in the city can be considered to correspond 
to the value of 6.7 m2 of total green cover. This result is distant 
from the minimum parameter of 9 m2 of green area per inhabitant 
according to the WHO (2016). Whereas this is the benchmark 
parameter for most cities, in Europe, the maximum value of this 
indicator is 50 m2 per inhabitant, which is easily achieved and 
overcome, depending on their population density (European 
Commission, 2015). Other regions, such as East Asia, are also 
presenting important values, such as the city of Xi’an with 27.8 m2 
per inhabitant in China (Pang et al., 2023). On the other hand, in 
Latin American cities, green space values are reported below 9 m2 
where its distribution is mainly inequitable and inaccessible in 
different areas of the city (Sorensen et al., 1998; Reyes-Päcke and 
Figueroa-Aldunce, 2010; Gómez and Velázquez, 2018). Similarly, 
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cities in Mexico reach an average value of 8.2 m2 of green area per 
inhabitant (UN-Habitat, 2019). Even if the capital, Mexico City, 
has 14.4 m2 of green space per inhabitant, it is not equitable 
among its municipalities, and its calculation may include private 
areas and other sites, that are not necessarily green infrastructure 
(PAOT, 2010). However, the calculation of the green areas’ density 
requires a precise analysis due to differences in the criteria for 
estimating green portions in a city or at least a method for 
assessing green spaces by category (Badiu et al., 2016). In this 
regard, López Torrero and Navarro Navarro (2023) point out that 
the determination of this indicator is variable according to the 
nature and conduction of the study and report a value of 2.14 m2/
inhabitant of green space for the city of Hermosillo, Mexico 
(López Torrero and Navarro Navarro, 2023). Nevertheless, this 
was the same value obtained in the study by the Inter-American 
Development Bank, Harvard University, and the Municipal 
Institute of Urban Planning and Public Space for the same city 
(IDB, Harvard University and IMPLAN, 2017). In another semi-
arid city in the country, Durango, the density of green spaces was 
3.7 m2 per inhabitant (Blancarte-Siqueiros et al., 2019). Given this 
scenario, the value of 6.7 m2 of green space that resulted in the city 
of San Luis Potosí is higher than the mentioned cities in the 
country, albeit it is important to emphasize the difference in the 
methods to determine the calculation. In the UN-HABITAT 
report (2019), the values of these three Mexican cities are not the 
same as those reported in the above-mentioned studies, but they 
do support the low values of green area per inhabitant, and 
congruently highlight the density pattern of these cities.

It is important to highlight that there are few studies regarding 
this indicator in semi-arid cities globally (Meerow et al., 2021), 
few studies related to green areas in Latin American cities (Breen 
et al., 2020; Bille et al., 2023), and even fewer which study the 
vegetated cover in this context. An example of decreased 
proportion of vegetated cover in green spaces is found in Santiago 
de Chile, Chile, where the variable observed values of less than 5% 
in three districts, which equals to 4,6 m2 per inhabitant in just one 
of them (de la Barrera et al., 2016). Thus, the resulting indicator 
of the present study can be added to the scarce reports of semi-
arid cities, compared to abundant literature on cases of green 
infrastructure in cities located in high latitudes and temperate 
environments, as Parker and Zingoni de Baro (2019) indicate. In 
addition, it has been reported that in semi-arid cities the inequity 
of green areas is even stronger (Chamberlain et al., 2020), as it can 
also be observed in Figure 1.

4.2 Urban parks in the metropolitan areas: 
national and international perspective

In addition, the density, number, and size of parks in the 
observed urban systems imply important differences in the 
planning of such green spaces. The cities that exhibited the highest 
sample variation were Mendoza, Argentina; San Luis Potosí, 
Mexico; and New Orleans-Metairie, USA; that is to say, where 
density showed wide differences between the three park sizes of 
each metropolitan area. While the contribution was 5 m2 of large-
sized urban park per inhabitant in San Luis Potosi, the density of 
small- and medium-sized parks was less than 1 m2 per inhabitant 

in both cases. Therefore, it can be  said that the availability of 
public green space for the population is limited exclusively to the 
large-sized parks offered by the city, which has important social 
and maintenance implications.

Just as the EGC can be a measure that specifies the vegetation 
composition of each polygon, the density of urban parks allows us 
to evaluate them in relation to their dimensions. In the present 
study, the analysis between these variables did not show a 
significant statistical relationship, as the sample size of large, 
medium, and small parks was very low. However, they highlight 
the differences in the size and number of parks in the metropolitan 
area under study. For this reason, a sustainable planning idea 
would be  the increase of medium-sized parks and the 
incorporation of at least another large park for the city. In the 
literature, parks with at least 2 hectares acquire great acceptance 
by visitors, especially if they present connectivity between them 
by means of pedestrian walkways (Coles and Bussey, 2000). 
Moreover, large green spaces such as urban parks are more likely 
to provide ecosystem services. For example, for a study on urban 
landscape metrics, green spaces of approximately 10 ha were more 
favorable for carbon storage and the proliferation of pollinating 
organisms (Grafius et al., 2018).

Although this ecological connectivity parameter was not the 
objective of the present study, the density and size of the green 
spaces suggest a first step for future landscape ecology studies. A 
possible topic to be developed is to evaluate the increase in the 
green density of local garden and neighborhood park to facilitate 
connectivity between large urban park and park with hydrological 
potential. In a green infrastructure study, urban river and forest 
areas indicated greater functionality and degree of naturality than 
urban parks, especially with community gardens and smaller 
green areas in the middle-sized city of Zaragoza, Spain (Hanna 
et al., 2023). A salient theme of ecological connectivity is that of 
functional form within urban areas (LaPoint et al., 2015; Schütz 
et  al., 2017), in addition to including abiotic factors such as 
temperature or the water issue for future connectivity projects 
(Lookingbill et  al., 2022). Therefore, the shape, size, and 
distribution of the polygons—as well as their vegetation density 
and the presence of water bodies—are important parameters, 
when analyzing every PGS category. This approach is relevant 
because of the green infrastructure buffering against the semi-arid 
climate and also because San Luis Potosi is a growing city. This is 
critical, because after large cities on the global scale, medium-
sized cities are expected to have high growth (UN-Habitat, 2022), 
and a decrease in their ecological values (Parivar et  al., 2021; 
Okour and Shaweesh, 2024).

4.3 Equipment and infrastructure attributes

In addition to their environmental and landscape properties, 
the green spaces of the city under study presented variations in 
equipment–infrastructure attributes. It makes sense that urban 
parks, linear parks, and sports areas have shown higher values than 
other PGS, due to the functions that the former fulfill. Except for 
the linear park, the areas of the PGS polygons allow sports, cultural 
and entertainment activities, and offer high social value, as they 
have the capacity to receive numerous visitors. Urban parks can 
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have high-quality standards by offering relaxation, leisure, 
psychological, emotional, and social benefits (Chiesura, 2004; 
Taylor et  al., 2020), and thus, elements of equipment and 
infrastructure become important. In the case of sports areas, whose 
score in the category of services was the highest, it can be justified 
by its public function. In contrast, the decrease in equipment–
infrastructure in the neighborhood park and local garden reflects 
less spatial capacity but also because these PGS are designed for a 
local target audience. Notwithstanding, there are certain factors 
that explain the differences between these last two green spaces. As 
the neighborhood park is a larger green space than the local 
garden, it acquires greater capacity for visits and also equipment 
and, in some cases, services. Even if the local garden meets the 
needs of a smaller group of people, site visits showed that residents 
are actively involved in its maintenance and care.

On the other hand, the sites with less equipment corresponded 
to contrasting green spaces such as park with hydrological 
potential and residual green spaces. This last green space stood 
out for the small area of its polygons and being surrounded by 
roads, which may explain its lack of equipment. Additionally, if 
they have some attributes, these are very scarce or sometimes 
host improvised elements by citizens. As for the park with 
hydrological potential, the only values found correspond to a 
short stretch of the Españita River equipped with a children’s 
playground and sports fields. Even though only a fragment of the 
river provides this type of equipment, all the other parks with 
hydrological potential are not officially declared as such or 
recognized as green areas. As it is a green space with riparian 
vegetation, it generally does not have the infrastructure of an 
urban park. Nonetheless, the form, vegetation, and functions are 
important factors for these spaces with nature to be proposed and 
included in the green infrastructure. Even though they are areas 
of intermittent rivers, with the presence of water flow in the few 
rainy months, their location on the city limits could encourage 
projects to rescue urban rivers. This is expected to promote 
ecological and hydrological conservation, bringing together the 
natural properties of a river and the benefits of a green space with 
a certain degree of equipment and social use. The quantification 
of urban equipment and infrastructure in different green spaces 
is important due to their social implications, influence on visitors 
and presence in the city (Zheng et al., 2023), their use for physical 
activities (Stewart et al., 2018), and perception of safety (Min 
et  al., 2022). Despite the fact this study does not analyze the 
quality of equipment and infrastructure, it would be important 
to consider it in future studies, as this could influence users’ 
attendance in green spaces (Englund and Thorpert, 2021). 
Therefore, the degree of equipment and infrastructure was 
quantitatively variable according to the PGS type, which 
determines the activities offered.

5 Conclusion

Given the question posed by the current study, it could be said 
that a larger green space increases environmental benefits; 
however, only in urban parks this aspect showed significant 
results. One of these benefits was the mitigation of surface 
temperature by increasing the NDVI indicator in urban park, 

despite the reduced number of such spaces in the metropolitan 
area. Regarding the vegetated cover quality, urban park, and park 
with hydrological potential were highlighted, as these can 
potentially offer valuable environmental, as well as ecosystem 
services. This suggests that parks with hydrological potential 
should be legally considered as green infrastructure; thus, through 
ecological conservation, this PGS category could reinforce the 
natural water system. Although the other green spaces showed a 
lower environmental performance, it can be  said that their 
conditions could improve, if their vegetation cover increases in 
density and quality.

Accordingly, EGC suggests evaluating the net green 
composition according to the different kinds of urban green 
spaces. While the amount of green space was larger than 
non-green cover in urban parks and parks with hydrological 
potential, this proportion was inverse in local gardens, residual 
green spaces, and sports areas. For this reason, the proposed 
parameter—EGC allowed assessing the net plant density, 
discarding the built components in each green space.

Another key outcome is the composition of green 
infrastructure of the city, which encompasses many small sites, 
few large-sized urban parks, and only one medium-sized park. 
Our results indicated a total value of 6.7 m2 total green cover and 
5.8 m2 EGC in the metropolitan area of San Luis Potosí, Mexico. 
Thus, the contribution of large-sized urban parks was so 
significant that, without Tangamanga 1 and 2, the indicator would 
be 3.4 m2 per inhabitant. In any case, the first value is lower than 
the minimum of 9 m2 per capita recommended by WHO; and 
thus, insufficient when compared to other metropolitan areas, at 
national and international scales. Among the metropolitan areas 
studied, San Luis Potosí displayed the greatest variation in park 
dimensions, with up to 5 m2 of large-sized parks density, but less 
than 1  m2 of combined medium- and small-sized parks per 
resident. Therefore, while urban parks are the elements with the 
highest environmental value, only large ones are the green areas 
with the highest availability for the population.

Nevertheless, the green spaces with the most significant 
contribution of equipment–infrastructure attributes were urban 
park, linear park, and sports area in contrast to park with 
hydrological potential, local garden, and residual green spaces. 
Green spaces have a high added value due to their potential to 
develop a variety of social activities, and this can increase with 
infrastructure–equipment, especially for less-favored sites such as 
smaller ones.

This study highlights the importance of considering the EGC 
as a parameter which can determine the vegetated cover deficit in 
terms of ecological functions. However, the planning and design 
of these areas face latent challenges, such as rapid urban growth, 
lack of territorial planning, scarce implemented projects, and low 
economic investment, among others. Public green space planning 
could not only reach the WHO’s minimal recommended standard 
but also ensure the provision of ecosystem services. In addition, 
another important aspect is the limited number of such studies in 
urban systems located in semi-arid climate regions, which are 
central to guiding public policies. The current Urban Development 
Plan does not consider the green capital and its deficiencies as a 
problem, and thus improvements in their maintenance and 
revegetation are not even in discussion. A plantation strategy for 
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the non-vegetated areas inside the PGS is to use tree species, 
which are not only adapted to semi-arid conditions but also 
provide ecosystem services to the metropolitan area. Finally, the 
urban warming of the growing metropolitan area, the semi-arid 
condition of the region, and the drought phenomena in the north-
central part of the country will be addressed not only with the 
improvement of existing green infrastructure but also with a 
significant increase of urban green spaces.
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