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In the current climate change scenario, Mediterranean cities face heatwaves and
reduced availability of freshwater alternated with intense precipitation events in
short periods. The demand for water, especially for urban and tourism purposes,
is rising, particularly in coastal cities. The importance of integrating nature into
cities, particularly trees, has been studied for its benefits in adapting to climate
change and improving quality of life. However, water scarcity in cities remains a
limiting factor for ensuring the water needs of urban trees and, consequently, the
ecosystem services they provide. In this study, we quantified the ecosystem
services (CO2 sequestration and storage, O2 production, air pollutants removal,
and hydrological effects as transpiration, water intercepted and avoided runoff)
provided by urban vegetation in Faro (Algarve, Portugal), with a detailed analysis of
three green spaces. We analyzed the importance given to green spaces and the
community preferences. Rainwater harvesting was studied as an alternative water
source for irrigation and its advantages for the urban water cycle. We found that
urban vegetation across the city sequesters 1.09 × 103 t. yr−1 CO2, stores 4.01 ×
103 t C, contributes to air pollutant removal (CO= 114; O3 = 3.56 × 103; NO2 = 313;
SO2 = 224; PM10 = 872; PM2.5 = 70) kg. yr−1, and prevents 861 m3. yr−1 of surface
runoff. In general, people inquired use to visit and value the city’s green spaces,
enjoy activities in nature, have definite preferences regarding green spaces, and
are available to suggest actions to improve these spaces. It was confirmed that in
order to maintain urban green spaces and the ecosystem services that their
vegetation provides to the community, rainwater harvesting is of utmost
relevance representing a reduction in drinking water for irrigation of 4.20 ×
103 m3. yr−1 in the three studied green spaces.
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1 Introduction

Although urban areas account for less than 2% of the world’s
territory, since 2007 they have been home to more than half of the
world’s population and it is expected that 68% of the world’s
population will live there in 2050 (UNEP, 2022). They
concentrate people, infrastructures and services, and account
for 80% of global energy consumption and 75% of greenhouse
gases (GHGs) emissions, including carbon dioxide (CO2)
(Kennedy et al., 2014; Wei et al., 2021). In addition to GHGs
emissions, cities are responsible for the emission of other
pollutants such as carbon monoxide (CO), sulfur dioxide
(SO2), nitrogen oxides (NOx: NO and NO2) and particulate
matter (PM10 and PM2.5), among others. These pollutants
often coexist in the emissions from vehicles, power plants,
factories, and other sources of pollution (Marcantonio et al.,
2021; Xiao et al., 2024). Human exposure to these pollutants can
promote the development of respiratory and cardiovascular
diseases (Sicard et al., 2019; Wei et al., 2024; Yadav et al.,
2024), exacerbate existing health problems, and even increase
the risk of cancer (Ciabattini et al., 2021). GHGs are major drivers
of global warming and climate change (Khalil et al., 2024).
Moreover, cities are particularly vulnerable to the effects of
climate change (Kumar, 2021). Rising temperatures lead to
more frequent heatwaves (Rossiello and Szema, 2019; Wang C.
et al., 2024) and intensify the urban heat island effect, which is
linked to the presence of buildings, roads, and other
infrastructures that absorb and retain heat (Kamal et al., 2023;
Ma et al., 2023). Additionally, climate change increases the
frequency of heavy rainfall events (Calvin et al., 2023), leading
to urban flooding, which is mainly due to large areas of
impermeable surfaces found in cities (Han et al., 2024; Wang
L. et al., 2024). Heatwaves and the urban heat island effect,
exacerbate the impact of air pollutants (CO, SO2, NOx and
PM) (Wei et al., 2024), whose concentrations are also higher
in cities (Jonidi Jafari et al., 2021; Manisalidis et al., 2020; Stanišić
and Stojić, 2020). Climate change has led to water scarcity in
Mediterranean areas (Soares and Lima, 2022). Consequently,
water use efficiency must increase and, whenever possible,
alternative water sources must be implemented for agriculture
(Ingrao et al., 2023; Matias et al., 2024; Molénat et al., 2023;
Moreira da Silva et al., 2022), tourism (Drius et al., 2019)
(including golf courses) (Benlouali et al., 2017; Ortuño et al.,
2015), industry and urban uses (Farreny et al., 2011; Marteleira
et al., 2014; Reyes-Paecke et al., 2019).

Trees and water are two closely related and fundamental
resources for quality of life, particularly in urban areas (Hamel
et al., 2021; Pan et al., 2021). Urban trees can benefit people, namely,
by improving the water and carbon cycles in cities (Graça et al., 2018;
Spotswood et al., 2021). Trees also contribute to carbon dioxide
(CO2) sequestration and oxygen (O2) production through
photosynthesis (Baslam et al., 2020), and to air pollutants
removal by absorbing them through their stomata or simply
retaining them on the surface of their tissues (Fares et al., 2020;
Nowak, 2023). NO2, SO2, and O3 are absorbed through the stomata
of leaves and then either utilized in metabolic processes or converted
into less harmful compounds, such as nitrates and sulfates (Hu and
Sun, 2010; Shang et al., 2021; Wang et al., 2019). Particles such as

PM10 and PM2.5 are captured by the surfaces of leaves and branches
(Lu et al., 2018). These particles are trapped until they are removed
by natural processes, such as washing by rainwater or the
degradation of leaves (Gao et al., 2022). Part of the absorbed
water by the plant is released as water vapor into the atmosphere
through the leaf stomata (transpiration). This leads to an increase in
the air relative humidity and the consumption of energy in the form
of latent heat that is used to convert water from the liquid to the
gaseous state, leading to a local decrease in temperature (Hernandez
Candia and Michaelian, 2010; Ranawana et al., 2023). Therefore,
tree canopies provide cool shaded areas, mitigating the effect of heat
waves in cities (Liu and Jensen, 2018; Shamsipour et al., 2024). The
temperature reduction caused by urban trees improves the quality of
life of the people who use the space and, if close to buildings, leads to
a reduction in the energy needed to cool it (Gao et al., 2020; Gratani
et al., 2016; Winbourne et al., 2020).

In addition to the previously discussed ecosystem services, trees
play a crucial role in mitigating urban flooding (Armson et al., 2013).
If appropriate management measures and planning solutions are
adopted, green spaces including different trees species, can collect
and temporarily retain water. This allows peak discharges to flatten,
reducing the likelihood of flash floods that could cause human and
material damage (Mentens et al., 2006; Smith et al., 2024;
Yousofpour et al., 2024). During rainfall, the tree canopy
intercepts and retains water on its leaves and branches (Baptista
et al., 2018a). A portion of this water evaporates back into the
atmosphere, never reaching the ground, while the rest eventually
falls, but with a delay compared to the onset of the rain (Yang et al.,
2019). This delayed and reduced water flow helps to minimize
surface runoff, effectively reducing the risk of flooding in urban
areas. In the Mediterranean, rainwater interception is ensured
mainly by evergreen species.

Urban green spaces as parks, gardens or squares, are a way to
bring nature into cities and offer benefits to individuals and
communities. They promote physical activity by offering space
for exercise, improving cardiovascular health, reducing obesity,
supporting mental wellbeing, and helping to reduce stress and
anxiety through exposure to nature (Almeida et al., 2018).
Economically, urban green spaces can increase property values
and attract tourism, providing recreational opportunities and
boosting local businesses. Additionally, they serve as spaces for
community events and social interaction, fostering a sense of
belonging. Green spaces offer valuable educational opportunities,
particularly in environmental awareness, where visitors can learn
about biodiversity, sustainability, and conservation efforts,
enhancing public knowledge in ecology. Even in highly urbanized
areas where urban green spaces cannot be implemented, nature can
still be incorporated into cities to promote carbon sequestration and
other ecosystem services through alternative solutions as green walls
(Jozay et al., 2024) or green roofs (Kafy et al., 2024).

Implementing the Sustainable Development Goals (SDG) at the
city level requires a new vision for the urban water cycle (Poch et al.,
2023; Willaarts et al., 2024) incorporating actions across the five
domains defined by the United Nations: people; planet; prosperity;
peace; and partnerships (Tremblay et al., 2020). The traditional
focus on large, centralized infrastructures and conventional water
sources (surface and groundwater), with emphasis on quantity,
quality, and cost efficiency, is no longer sufficient for addressing
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the needs of current and future generations. It is now essential to
incorporate the socio-ecological dimensions, promote innovative
technological and social solutions, engage communities, protect
biodiversity and respect the territorial specificities of each city
(Gain et al., 2021). The challenges of freshwater scarcity and
rapid urban expansion have driven the need to define alternative
water sources, such as rainwater harvesting and water reuse
(Duckett et al., 2024). Even in urban areas with safe water
distribution for human consumption, these alternative sources
can be used for non-potable purposes, such as irrigating urban
trees (Campisano et al., 2017; Lupia et al., 2017; Wang et al., 2021) or
peri-urban orchards (Moreira da Silva et al., 2022).

The objectives of this study were: i) to quantify the ecosystem
services provided by urban vegetation in a Mediterranean coastal
city (Faro, Algarve—Portugal), facing heatwaves and water
scarcity, with a detailed analysis of three public green spaces;
ii) to assess the importance given to green spaces and the
community preferences; iii) to study the feasibility of
rainwater harvesting for green spaces irrigation decreasing the
drinking water consumption and contributing to the urban water
cycle improvement.

2 Materials and methods

2.1 Case study description

The study was conducted in Faro, the capital of the Algarve
region, in southern Portugal (Figure 1), with more detailed analysis
of three urban green spaces of this city (Figure 2): an urban
park—Parque Ribeirinho (37.02451°N; −7.94667°W), an urban
garden—Jardim da Alameda (37.01205°N; −7.93227°W), and a
public square—Largo de S. Francisco (37.01514°N; −7.92664°W).

Faro has a resident population of around 42,000 (Instituto
Nacional de Estatística, 2024), with significant seasonal variation
due to tourism. The city’s main economic activities are related to
tourism and commerce, along with fisheries, aquaculture and salt
production in the nearby Ria Formosa. The city has 96% of its
surface covered by impervious materials, including buildings, roads,
sidewalks and parking areas.

The Parque Ribeirinho (Figure 2) is an urban park located along
the Ria Formosa, which is a coastal lagoon classified as Natural Park
and Ramsar site (Istomina et al., 2016). This urban park is
distinguished by its scenic views and trails conducive to outdoor

FIGURE 1
Case study location—Portugal, Algarve region and Faro city.

FIGURE 2
Faro city and location of the three studied green spaces.
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exercise, such as walking, running and cycling, while also serving as a
sanctuary for birdwatching. The Jardim da Alameda (Figure 2) is the
city’s oldest garden, provides a densely wooded environment ideal
for leisurely walks, family activities, and cultural events, featuring a
small playground and a fitness circuit. In contrast, the Largo de São
Francisco (Figure 2) is a public square, which functions as a parking
facility and as a social hub, hosting markets and temporary events.
Each of these green spaces plays a unique role in the daily life of
Faro’s residents and visitors. These green spaces differ also in area
(Table 1). The urban garden is the smallest space and the one with
the highest percentage of paths. It also includes impermeable areas
like a skating rink and a playground. The urban park, the largest
space, features the most lawn coverage and 32% biodiverse
meadows, unique to this site. It also has fewer impermeable
surfaces, mainly an amphitheater for public events. In contrast,
the public square has over 86% of its area as impermeable roads and
parking, with 13% as lawns near the medieval city wall and
railway line.

The city is characterized by a Mediterranean Csa climate
(Köppen-Geiger classification), with a mean annual precipitation
of 483 mm, based on data since 1966 (PORDATA, 2024). Recent
trends show a 20%–35% decrease in annual precipitation and a
20%–30% increase in extreme rainfall events (Soares et al., 2015).
The typical wet season occurs between October to April, marked by
intense, short rainfall events that often lead to urban flooding,
causing significant material and human damage (Veloso et al.,
2015), followed by long dry periods.

According to Portuguese Environment Agency, the emissions of
air pollutants in Faro are of CO = 0.55 kg. yr−1, PM10 = 0.18 kg. yr−1,
NO2 = 0.10 kg. yr−1, PM2.5 = 0.09 kg. yr−1, and SO2 = 0.03 kg. yr−1

(QUALAR, 2024).

2.2 Urban water cycle

The Algarve’s Multimunicipal Water Supply System is
managed by Águas do Algarve (AdA) and abstracts surface
water from Odelouca dam (Odelouca Stream), Odeleite-
Beliche dams (Guadiana River basin) and Bravura dam
(Odiáxere Stream), and groundwater from the
Almádena\Odiáxere and Querença\Silves aquifers. Water

abstraction varies based on hydrological conditions, water
availability, treatment plant capacity, and distribution needs.
AdA oversees four advanced Water Treatment Plants with a
total capacity of 5.65 m3 s−1, along with 34 pumping stations,
18 storage tanks, 490.8 km of pipelines, and 78 delivery points. In
2022, 72.6 Mm3 of water were abstracted for municipal use in the
Algarve, with 93% from surface sources and 7% from
groundwater. During the 2022–2023 hydrological year, the
Algarve Stream Basin, home to the Odelouca and Bravura
dams, faced extreme drought, while the Guadiana River basin,
where the Odeleite-Beliche dams are located, experienced
moderate drought, insufficient for necessary volume
regularization. There is a Water Safety Plan that ensures
rigorous quality control from abstraction to consumer’s tap,
managing the various risks to consistently provide safe
drinking water (World Health Organization, 2023). The water
supply system in Faro is managed by Fagar, includes 19 tanks
with a total storage capacity of 28,680 m3 and a distribution
network that extends over 574.86 km, covering 96% of the
municipality and serving around 40,500 customers. The
average daily consumption is 17,144 m3 for urban uses. In
2022, Fagar purchased 6.37 Mm3 of treated water from AdA,
losing about 22.8% in distribution before reaching consumers’
taps. These water losses equated to 148,1407 kWh of energy and
203.33 t CO2e emissions (FAGAR, 2023).

Faro’s urban catchment covers 4.7 km2, divided into seven
subcatchments linked to seven discharge points. Rainwater is
managed by a 109 km drainage network, separate from the
wastewater system, and discharged into streams or directly into
the Ria Formosa saltmarsh. Fagar is also the company responsible
for collecting and draining wastewater from the municipality of
Faro, sending it to two municipal Wastewater Treatment Plants
(WWTP), Faro-Noroeste and Faro-Olhão. These facilities are
managed by AdA and provide secondary treatment enabling the
reuse of treated water for some non-potable purposes (Moreira da
Silva et al., 2022). Faro’s sanitation system covers 90% of the
municipality, with 17 pumping stations and a 302 km long
wastewater collection network. In 2022, 41.258 Mm3 of
wastewater were collected and treated but only about 5% of the
treated effluent was reused for irrigation of golf courses and gardens,
ecosystem support and WWTP internal purposes.

TABLE 1 Area and land use of the three urban spaces (Urban Garden, Urban Park, and Public Square).

Area and land uses Urban park Urban garden Public square

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

Total Area (m2) 95,620 21,180 43,260

Lawn (%) 45.6 34.9 13.0

Biodiverse meadows (%) 31.9 -- --

Lakes/Water features (%) -- 0.5 0.9

Pathways (%) 20.1 43.0 --

Roads and parking lots (%) -- -- 86.1

Other impermeable surfaces (%) 0.7 7.5 --
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2.3 Quantification of ecosystem services
provided by urban vegetation

To quantify the ecosystem services provided by the urban
vegetation in the studied green spaces and across the city of Faro,
an extensive georeferenced inventory of tree, palm and shrub
specimens, provided by the municipality of Faro, was used. The
diameter at breast height (DBH) and total height were recorded
for all specimens. We used i-Tree Eco v6 software, developed by
the USDA Forest Service Northern Research Station, accessible at
itreetools.org. The meteorological data considered by the model
was collected by a local weather station of the national authority,
Portuguese Institute for Sea and Atmosphere (IPMA). Pollutant
data were collected by the local air quality station of the national
authority, the Portuguese Environment Agency (APA). Carbon
storage, carbon sequestration, oxygen production and air
pollutant (CO, O3, NO2, SO2, PM10, and PM2.5) removal were
quantified. The hydrological effects were also estimated,
including the amount of water intercepted by the canopy
during rainfall, avoided runoff, transpiration, and
evapotranspiration.

2.4 People and the urban green spaces

To assess the relevance of public green spaces for the Faro
community and understand their preferences/suggestions, an
anonymous survey was created on Google Forms and
distributed through social networks, with the following
questions: 1. Do you visit public green spaces in Faro?; 2.
What are the reasons that lead you to visit (or not) public
green spaces?; 3. What are your favorite public green spaces in

Faro?; 4. What kind of improvements do you think should be
implemented in Faro’s green spaces?.

2.5 Water needs and rainwater harvesting

Transpiration and evapotranspiration values were obtained
through ecosystem services quantification (Section 2.2) and
allowed a rough quantification of irrigation water for urban
vegetation. Fagar provided the accounting of drinking water
consumption for irrigation of the three green spaces between
January 2017 and December 2021. The data were analyzed to
calculate monthly averages for each green space and the results
were compared with corresponding transpiration and
evapotranspiration values. To assess the feasibility of rainwater
harvesting as an alternative water source for irrigation of the
studied green spaces, we identified the nearest public buildings
(Table 2). We calculated the size of storage tanks considering
annual volume of useable rainwater, according to the average
annual of accumulated precipitation in Faro (483 mm, according
to IPMA), the catchment areas, and roof characteristics. The annual
volume of useable rainwater (Va) was calculated according to ETA
ANQIP 0701 (ANQIP, 2022):

Va � C × P × A × nf

where,
C is the runoff coefficient considering water retention,

absorption and diversion on the collection surface (80% for flat
or low slope waterproof roof, according to TA ANQIP 0701 and EN
16941-1:2018 (ANQIP, 2022; European Committee for
Standardization, 2018); P is the average annual precipitation in
Faro (483 mm); A is the coverage catchment area measured in

TABLE 2 Public building’s location (coordinates) close to the studied green spaces, and respective storage tanks sizing for rainwater harvesting.

Urban park Urban garden Public square

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

Municipal theatre High school Department of infrastructures and urbanism

37.024987°N; −7.944493°W 37.015961°N; −7.927911°W 37.012954°N; −7.932068°W

C = 0.80; A = 2,300; nf = 0.90 C = 0.90; A = 1874; nf = 0.90 C = 0.90; A = 175; nf = 0.90 and C = 0.80; A = 375; nf = 0.90

Va = 799,848 L Va = 733,165 L Va = 198,875 L

Police station Municipal library Hotel school

37.023749°N; −7.943540°W 37.014246°N; −7.925767°W 37.012331°N; −7.930988°W

C = 0.80; A = 3,000; nf = 0.90 C = 0.80; A = 1,065; nf = 0.90 C = 0.90; A = 1800; nf = 0.90 and C = 0.80; A = 3,400; nf = 0.90

Va = 1,043 280 L Va = 370,364 L Va = 1,886 598 L

Portuguese youth institute

37.014102°N; −7.926227°W

C = 0.90; A = 961; nf = 0.9

Va = 375,972 L

C, runoff coefficient considering water retention, absorption and diversion on the collection surface; A, coverage catchment area measured in horizontal projection; nf, hydraulic filtration

efficiency; Va, annual volume of useable rainwater.
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horizontal projection; and nf is the hydraulic filtration efficiency (in
general close to 90%).

3 Results

3.1 Characterization of the plant species

The studied urban green spaces present different plant
diversity and relative abundances (Table 3). The urban garden,
despite being the smallest of the three spaces, has the highest
species diversity, featuring 72 different species of trees, palms and
shrubs, containing a total of 375 specimens and corresponding to
the space with higher density of specimens. The public square is
the green space with the least species diversity (17 species) and
the lowest specimens density. Globally the city contains
13,985 specimens of 246 different species, among these, just
10% are native, the same percentage observed in the urban

spaces except for the public square, where it was 6%. The
evergreen species range from 62% to 65% in the urban spaces
and correspond to 65% across the city. However, the proportion
of evergreen specimens decreases from 72% in the urban garden,
to 41% in the urban park, and to 30% in the public square.
Between 88% and 93% of the specimens in the urban green spaces
and across the city are flowering species (Angiosperms), while the
remaining 7%–12% are Gymnosperms.

The 10 most abundant species vary among the green space and
across the city (Table 4). In the urban garden, the most common
species isWashingtonia robusta, which has the fourthmost common
in the urban park and the fifth most common in the city (with
624 specimens). The Tipuana tipu is the most abundant species in
the urban park and in the public square, corresponding respectively,
to 22% and 60% of the specimens. Among the 145 specimens present
in the public square, 87 are T. tipu, and the second most abundant
species has only 8 specimens. It is also the second most common
species citywide.

TABLE 3 Plant diversity and relative abundance in the studied green spaces and in the city.

Plant diversity and composition Urban park Urban garden Public square Faro city

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

Number of species 50 72 17 246

Number of specimens 488 375 145 13,985

Native species (%) 10 10 6 10

Evergreen species (%) 62 64 65 65

Angiosperms (%) 92 89 88 93

Gymnosperms (%) 8 11 12 7

TABLE 4 The 10 species with higher relative abundance in the studied green spaces and in the city.

Urban park Urban garden Public square Faro city

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

Species N Species N Species N Species N

Tipuana tipua 83 Washingtonia robustab 55 Tipuana tipua 87 Jacaranda mimosifoliaa 1,202

Jacaranda mimosifoliaa 65 Pittosporum tobirac 32 Casuarina equisetifoliaa 8 Tipuana tipua 1,150

Catalpa bignonioidesa 41 Platanus × hispanicaa 25 Cercis siliquastruma 8 Melia azedaracha 896

Washingtonia robustab 34 Grevillea robustaa 23 Citrus × sinensisa 8 Nerium oleander3d 649

Bauhinia purpureaa 22 Ligustrum luciduma 23 Cupressus sempervirensa 8 Washingtonia robustab 624

Cupressus sempervirensa 22 Melia azedaracha 16 Hibiscus rosa-sinensisc 8 Brachychiton populneusa 485

Celtis australisa,d 21 Araucaria heterophyllaa 13 Eriobotrya japonicaa 4 Grevillea robustaa 440

Casuarina equisetifoliaa 20 Jacaranda mimosifoliaa 13 Ficus sp.a 3 Olea europaeaa,d 439

Nerium oleanderc,d 17 Phytolacca dioicaa 13 Catalpa bignonioidesa 2 Celtis australisa,d 418

Morus nigraa 16 Dracaena dracoa 10 Hesperocyparis lusitanicaa 2 Ligustrum luciduma 418

aTree.
bPalm.
cShrub.
dNative species.

Frontiers in Environmental Science frontiersin.org06

Matias et al. 10.3389/fenvs.2025.1520934

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1520934


3.2 Ecosystem services provided by urban
vegetation

The performance of the urban vegetation for CO2 sequestration,
carbon storage, O2 production, and air pollutant removal is
presented in Table 5. Among the three studied urban spaces, the
urban park demonstrated the highest values for sequestered CO2 per
year and stored carbon, produced O2 per year, and removed air
pollutants per year, followed by the urban garden, and lastly the
public square. However, the urban garden presents greater efficiency
in CO2 sequestration and O2 production per area, since it has a
greater tree density (375 trees in 21,189 m2) than the urban park
(488 trees in 95,620 m2). The urban square was the green space with
the lowest contribution to the quantified ecosystem services, as it has
the lowest tree density (145 trees in 43,260 m2). Our results showed
that globally, the urban vegetation in Faro has an annual capacity to
sequester 1.09 × 103 t of CO2 and to produce 793 t of O2. The
biomass of the studied vegetation represents 4.01 × 103 t of stored
carbon in the city.

Regarding the amount of air pollutants removed by urban
vegetation, it was higher in the urban park, followed by the
urban garden and lastly the urban square, and the citywide
removed 5.15 × 103 kg. yr−1 of different air pollutants, as
described in Table 5. Different air pollutants were systematically
removed in different amounts, in descending order: O3 > PM10 >
NO2 > SO2 > CO > PM2.5.

Our results showed that vegetation in Faro city promotes
important hydrological effects, intercepting the rainwater and
reducing the runoff. The vegetation intercepts 290 m3. yr−1 of
rainwater in the urban garden, 170 m3. yr−1 in the urban park,
and 18.9 m3. yr−1 in the public square. Across the city, this value rises
to around 3.88 × 103 m3. yr−1. These green spaces are important for
water-flow regulation, avoiding runoff, and preventing/reducing
urban floods. Due to its highest density of trees, the urban
garden presented the highest avoided runoff (65 m3. yr−1), while
in the urban park the avoided runoff was 39 m3. yr−1, and in the
public square the value was 4 m3. yr−1. Globally, the urban vegetation
across the city is responsible for 860 m3. yr−1 of avoided runoff.

3.3 People and city green spaces

A total of 649 completed surveys were received and validated,
with 79% of the respondents being residents in Faro. Among those
who chose to respond, 66% identified as female and 34% as male.
The age distribution of respondents was: 13% between 18 and
30 years old; 43% between 31 and 45 years old; 41% between
46 and 65 years old; and 3% over 65 years old. Among the
respondents, 80% held higher education qualifications, 18% high
school, and 2% just basic education. Out of all respondents, 19%
indicated that they do not visit any green spaces in the city of Faro,
and 81% use to do it (Figure 3). Among respondents who do use

TABLE 5 Ecosystem services provided by urban vegetation and hydrological effects in the studied green spaces and in the Faro city.

Ecosystem services Urban park Urban garden Public square Faro city

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

CO2 sequestration

t yr−1 51.7 35.0 17.8 1.09 × 103

t ha−1 5.41 16.5 4.11 --

Carbon storage

t 197 183 53.9 4.01 × 103

O2 production

t yr−1 37.7 25.5 12.9 793

t ha−1 3.94 12.0 2.98 --

Air pollutant removal kg.yr−1

CO 6.9 4.9 2.1 114

O3 201 135 49.9 3.56 ×103

NO2 19.1 13.4 5.7 313

SO2 13.7 9.6 4.1 224

PM10 53.2 37.3 15.8 872

PM2.5 4.3 3.0 1.3 70

Evapotranspiration

m3.yr−1 1.65 × 104 1.16 × 104 4.92 × 103 3.10 × 105

Water intercepted

m3.yr−1 173 287 18.9 3.88 × 103

Avoided runoff

m3.yr−1 38.7 64.5 4.1 861
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green spaces, 25% use them for sports and exercise, while the
majority, 55%, visit to walk, connect with nature, read, and/or relax.

When it was askedWhat are your favorite public green spaces in
Faro? 25% of respondents chose Jardim da Alameda (the urban
garden), making it the second most popular green space in the city.
In fourth place was Largo de S. Francisco (the public square), with
8% of respondents identifying it as their most frequented green
space. In sixth place, Parque Ribeirinho (the urban park) was favored
by 3% of respondents as the green space they most visit.
Respondents were given a short-response section to suggest
improvements for the green spaces. Suggestions included adding
more vegetation, particularly trees for shading, and installing water
drinking fountains. They also requested public restrooms or kiosks
for immediate needs. Other suggestions focused on upgrading the
spaces through expansion, improved pavement, new or replacement
equipment, and better lighting. Finally, they emphasized the need to
improve maintenance and cleaning, as well as installing more waste
containers.

3.4 Water needs and rainwater harvesting

From2017 to 2021, themeanmonthly temperature ranged between
12°C in January and 25°C and in August (Figure 4). March was the
wettest month, with a mean precipitation of 49 mm, while in Summer,
July and August presented precipitation values close to zero (0.1 mm).

During the Summer, in the hottest months (May to August) the
urban green spaces presented the highest values for transpiration and
evapotranspiration, with the maximum values in July and August
(Figure 5), when the precipitation was close to zero. The irrigation
of the urban park (Figure 5A) and the urban square (Figure 5C) was
exclusively ensured by drinkingwater, while in the urban garden there is
a hole to provide groundwater for irrigation, and which is not counted
(Figure 5B). Thus, the averagemonthly irrigation in the urban park and
in the public square, reached the maximum values from June to
September and from July to September, respectively. Figure 5C
shows that drinking water irrigation levels in the urban garden have
remained consistently lower than transpiration, and this occurrence is
due to the use of groundwater for irrigation.

Considering the period 2017 to 2021, if we integrated rainwater
harvesting from the roofs of public buildings in the vicinity of green
spaces (Table 2), we could meet a significant part of irrigation needs
and significantly reduce drinking water consumption, as presented
in Table 6. In the case of the urban garden, considering the difference
between evapotranspiration and harvested rainwater we could
reduce the groundwater abstraction in 10,099 m3. yr−1, and use
only rainwater for irrigation and for other non-potable uses, as
washing of waste containers and impermeable surfaces (e.g., skating
rink). Groundwater could be used as an alternative reserve for long
periods without precipitation, meaning the use of drinking water
would no longer be necessary to irrigate this urban garden.

4 Discussion

4.1 Green spaces characteristics and
urban community

Several evidences have been demonstrated on the physical and
social contribution of green spaces to climate change mitigation and

FIGURE 3
Answers to the questions: 1. Do you visit public green spaces in
Faro?; and 2. What are the reasons that lead you to visit (or not) public
green spaces?.

FIGURE 4
Average monthly precipitation and temperature in Faro, from 2017 to 2021.
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adaptation, but the multifunctional and multiscale nature of urban
green infrastructure complicates the categorization of services and
benefits, as in reality the interactions between different benefits are
multiple and occur at different spatial scales, i.e., city, neighborhood
and specific site (Demuzere et al., 2014). The differences in the areas
of the three urban spaces are closely related to their characteristics,
location (Table 1), and the activities that provide to the community.
The urban garden (Jardim da Alameda), is the smallest green space
with great tree density, located in the city center and nearby schools,
where the contact with nature is limited. This is the second most
appreciated by the community, mainly for connect with nature,
read, and/or relax. Among the studied green spaces, the urban
garden also has 7% more of impermeable surfaces which
correspond to infrastructures as a playground and a skating rink,
that promote physical activity, social interaction, and overall
wellbeing, making this public space more attractive and useful
for diverse age groups (Oosterbroek et al., 2024; Wang Y. et al.,
2024). There are several approaches to finding space and favorable
conditions to green infrastructure in cities, some of which have
already been studied at European scale, such as the implementation
of green roofs on buildings, which have demonstrated several
benefits for the urban water cycle, energy consumption and
climate resilience (Quaranta et al., 2021) The urban park (ranked
as the sixth most appreciated green space) is located outside the city
centre, in a less urbanized area along the Ria Formosa saltmarsh,
with an extensive area and vegetation cover (including biodiverse
meadows and higher percentage of lawn) suitable for physical

exercise and pathways for family walks. Biodiverse meadows offer
significant ecological advantages over traditional lawns, enhancing
biodiversity by supporting a wide range of plant and animal species,
and improving ecosystem services as pollination (Norton et al.,
2019; Paudel and States, 2023). In contrast to lawns, which require
intensive maintenance and inputs as synthetic fertilizers and
frequent mowing, biodiverse meadows are self-sustaining,
contributing to soil health and reducing environmental damages.
The studied public square (ranked as the fourth most appreciated
green space) comprises roads and parking lots (86% of the total
area), lawn areas (13%), and two lakes/water features (0.9% of area).
The trees present in this space provide shade for the parking lot or
are scattered throughout the lawn area. This public space functions
as a parking facility, crucial for the community in the urban mobility
model currently existing in Faro, but also as a social hub, hosting
markets and other temporary events. The studied urban spaces have
different designs and sizes, which leads to different plant diversity
and relative abundance (Table 3). Among the studied green spaces,
the urban park is smaller than the urban garden but has a greater
diversity of species, with 72 different species of which 90% are exotic.
The public square has the lowest species diversity and the fewest
trees among the three green spaces studied. The use of exotic plants
in the studied urban spaces and across the city appears to be
common. Among the non-native trees, some were introduced
several centuries ago and are already part of the Mediterranean
landscape and traditions, such as citrus, which are present in almost
all Mediterranean cities (Duarte et al., 2016; Matias et al., 2021).

FIGURE 5
Average monthly transpiration, evapotranspiration, and irrigation with drinking water in the studied green spaces from 2017 to 2021: (A) urban park
(Parque Ribeirinho); (B) – urban garden (Jardim da Alameda); and (C) – public square (Largo S. Francisco).

TABLE 6 Integration of rainwater for irrigation of the three studied green spaces.

Annual balance Urban park Urban garden Public square

Parque Ribeirinho Jardim da Alameda Largo S. Francisco

Rainwater harvesting 1,843 m3 1,479 m3 2,086 m3

Irrigation needs 6,216 m3 270 m3 2,274 m3

Irrigation with drinking water 4,373 m3 -- 188 m3

Reduction of 30% Reduction of 100% Reduction of 92%
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Some authors have shown that exotic urban tree species can play an
important role in the ecosystem services they provide (Martin et al.,
2014; Muvengwi et al., 2024; Riley et al., 2018), while others have
found that native species can provide greater benefits (Arcos-LeBert
et al., 2021). However, in urban areas facing water scarcity, previous
studies demonstrate that native species provide more ecosystem
services than exotic ones, as they are more water-efficient and
promote greater soil carbon storage (Dhanya et al., 2014;
Guillen-Cruz et al., 2021). Although 65% of the species in the
public square are evergreen, only 30% of the specimens are
evergreen. In the Mediterranean climate, the cold and rainy
season corresponds to the period in which deciduous species lose
their leaves (Deitch et al., 2017). In urban spaces where most of the
surface is impermeable, the use of evergreen trees should be
prioritized to take advantage of the trees’ ability to intercept
rainwater through their canopy, reducing surface runoff and
helping to prevent or mitigate urban flooding (Baptista et al.,
2018b; Li et al., 2023; Ma et al., 2022). Additionally, the leaves
shed by deciduous trees must be cleared from surfaces to avoid
clogging rainwater drainage systems, which requires more labor
(Yeom and Ahn, 2024). In contrast, when used in urban spaces,
deciduous species can be strategically placed in areas with bare soil,
where fallen leaves do not need to be removed, do not cause
blockages, and decompose naturally, contributing to organic
matter and water retention in the soil (Bakhmatova et al., 2022;
Yang et al., 2014).

4.2 Ecosystem services provided by
vegetation in urban green spaces

Urban green spaces play a crucial role in carbon sequestration,
helping pave the way towards carbon neutrality, especially in urban
environments where emissions are higher (Fan et al., 2022; Moreira
da Silva et al., 2024). The ability of the studied green spaces for CO2

sequestration is related to its characteristics, including the species
composition and respective density. Previous studies have shown
that different tree species supply ecosystem services with different
efficiency and that within each species, the size and condition of
trees are important aspects, namely, for carbon sequestration and
storage (Graça et al., 2018; Sæbø et al., 2012; Snehlata et al., 2021;
Wang et al., 2021). The urban garden presents greater species
diversity with 375 specimens in 2.1 ha, and annually sequesters
16.5 t.ha−1 of CO2. The urban park presents lower species diversity
with 488 specimens in 9.6 ha and annually sequesters 5.41 t.ha−1 of
CO2. Finally, the public square presents the lowest species diversity
with 145 specimens in 43.260 ha, and has the lowest capacity for
annual CO2 sequestration, 4.11 t.ha−1. However, in absolute
quantity, the urban park sequesters more CO2 (51.7 t. yr−1)
than the urban garden (35.0 t. yr−1) and public square (17.0 t.
yr−1). Overall, the studied vegetation across the city sequesters
1.09 ×103 t. yr−1 of CO2, which offsets the emissions of
188 Portuguese (5.8 t per capita), only about 0.5% of the
residents in Faro (Instituto Nacional de Estatística, 2024). There
are still few studies on CO2 sequestration in urban green spaces,
with similar species and under comparable edaphoclimatic
conditions to those of this work. Previous works, report
47.5 t.ha−1 of CO2 sequestration per year for smaller urban

parks with fewer trees, in Dhaka–Bangladesh with a subtropical
climate (Shadman et al., 2022). Some of CO2 sequestered by the
vegetation is converted in biomass in the trunks, branches, leaves,
and roots (Varshney et al., 2022), and remains stored as long as the
specimen is alive, preventing its release to the atmosphere and
contributing to a medium or long-term carbon storage (Nunes
et al., 2020). The studied urban spaces also function as carbon
sinks, in decreasing order: urban garden (20.6 C t.ha−1) > urban
park (86.4 C t.ha−1) > urban square (12.5 C t.ha−1). Recently, some
authors (Aguilar-Tello et al., 2023) reported C storage values
between 2.5 and 8.0 t.ha−1 for urban parks, in South America
(Peru). Green biomass and arboreal area ratio are considered the
most important factors for CO2 concentration (Jiang et al., 2023).
Spatial patterns, as canopies density positively contribute to carbon
sinks, whereas areas like parkways have a negative effect on CO2

distribution. During photosynthesis (6 CO2 + 6 H2O→ 6 C6H12O6

+ 6 O2), plants sequester CO2 and release O2 to the atmosphere in a
direct ratio. Therefore, among the studied green spaces, the urban
park presents the highest O2 production (37.7 t. yr−1), followed by
the urban garden (25.5 t. yr−1), and the lowest value was quantified
in the public square (12.9 t. yr−1). Urban vegetation also contributes
to the removal of air pollutants as CO, O3, NO2, SO2, PM10, and
PM2.5, and its efficiency is affected by the characteristics of the
species as leaf size and structure, wax content, ultrastructure,
thickness, pubescence, and surface roughness (Vigevani et al.,
2022; Weyens et al., 2015; Yousofpour et al., 2024). Climatic
conditions (precipitation and wind), and quantity and
composition of atmospheric pollutants also can affect their
removal by vegetation. According to Portuguese Environment
Agency, air quality is normally classified as good (https://www.
iqair.com/portugal/faro). Our results show that the amount of air
pollutants removed in the studied green spaces is directly related to
the number of trees (Table 5), in decreasing order kg. yr−1: urban
park (CO = 6.9; O3 = 201; NO2 = 19.1; SO2 = 13.7; PM10 = 53.2;
PM2.5 = 4.3) > urban garden (CO = 4.9; O3 = 135; NO2 = 13.4;
SO2 = 9.6; PM10 = 37.3; PM2.5 = 3.0) > urban square (CO = 2.1;
O3 = 49.9; NO2 = 5.7; SO2 = 4.1; PM10 = 15.8; PM2.5 = 1.3). The
planning and installation of urban green spaces must consider their
vegetation and ecosystem services, as important tools for adapting
to anthropogenic and climate change. Certain trees species can
function as natural biodevices for air pollutant removal,
particularly in urban hot spots, where emissions are higher due
to human activities, as transportation or industry (Bressane et al.,
2024). The studied urban park is located near railway track, where
fuel combustion by trains results in air pollutants emission, as NO2,
PM10, and PM2.5 (Font et al., 2020; Lalive et al., 2018). To improve
the urban park performance in that air pollutants removal,
corridors of native tree species can be installed within the park
along the tracks, to phytoremediate the pollutants released by
trains, functioning as visual and sound barriers (Gharibi and
Shayesteh, 2024), and contributing to the aesthetics of the green
space. Among the native tree species, previous studies in Algarve
region (Moreira da Silva et al., 2024) recommended the use of
Ceratonia siliqua and Pinus pinea which are drought-tolerant
species with high capacity for air pollutant removal. Flooding in
urban areas is becoming more frequent, and different and
complementary preventive approaches are needed to reduce or
even eliminate its impact, including, for example, deep learning
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modelling (Zhao and Zhiwen, 2024). Our results confirm that
urban trees in green spaces can improve the urban water cycle,
contributing to flooding risks mitigation in cities, particularly
during extreme precipitation events, increasingly frequent in
regions such as the Algarve, in the Mediterranean. The trees of
the studied green spaces intercepted the rainwater through their
canopies reducing the volume of water that immediately runs off.
Among the urban green spaces, the urban garden located in a
flood-prone area in the city center intercepted 287 m3. yr−1,
preventing 64.5 m³ of surface runoff annually. Urban planning
should also prioritize the potential of certain urban tree species to
prevent surface runoff during rainfall. In flood-prone areas and
regions where rainwater runoff converges, evergreen trees should
be strategically selected and placed on sidewalks, parking lots, and
close to other expansive impermeable surfaces. In the studied
public square most of surface is impermeable, where 86% of the
total area is roads and parking spaces, and the trees intercept 18.
9 m³ of rainwater annually, preventing 4.1 m³ year−1 of surface
runoff. However, 70% of the specimens in this space are deciduous
trees. In flood-prone areas, with few permeable zones, evergreen
tree species with higher capacity to rainwater interception should
be preferred to deciduous tree species. Currently, 60% of the
specimens in this public square are of T. tipu, an exotic and
deciduous species that is highly valued for its aesthetic appeal
and the shade it provides, mainly in Spring and Summer. However,
T. tipu has a low capacity to intercept water during the months
with higher precipitation, in Fall and Winter, when its leaves have
already fallen. If T. tipuwere replaced, for example, by C. siliqua, an
additional water volume of 61.5 m3. yr−1 could be intercepted,
resulting in a further reduction of 13.6 m3. yr−1 of surface runoff.
Maintenance practices in public green spaces affect the ecosystem
services provided by trees and thus their role for climate resilience.
Lawn mowing cause GHGs emissions primarily by biogenic soil
processes and requires the use of equipment that also contributes
to GHG emissions (Lerman and Contosta, 2019). While pruning
trees can stimulate new growth, if done properly, it reduces the tree
canopy (Jacinto et al., 2024; Matias et al., 2023), making them less
effective at providing shade, at retaining rainwater and by
removing stored carbon, which is then released into the
atmosphere (Nero et al., 2024; Speak and Salbitano, 2023). The
use of synthetic fertilizers releases nitrous oxide (N2O), a potent
GHG (Mendoza Beltran et al., 2022; Yang et al., 2024). Organic
waste management (like grass clippings, leaves, and branches)
affects the carbon balance of public green spaces. Although
decomposition releases GHGs into the atmosphere (Yasmin
et al., 2022), applying this organic matter on-site avoids the
GHG emissions associated with transportation and landfill
decomposition (Grossi et al., 2024; Nordahl et al., 2023;
Zhazhkov et al., 2024). When applied to urban soils, it
improves water retention, enhances carbon storage, and reduces
the need for synthetic fertilizers (Baldi et al., 2018; De Lucia et al.,
2013; Li et al., 2021; Oldfield et al., 2014). Our results confirm the
benefits of trees in the studied green spaces, related to the quality of
life for Faro’s community and to climate resilience. The ecosystem
services provided by urban green spaces can be significantly
enhanced if considered in their planning or redesignated with
this aim (Xie et al., 2019). Also, local communities should be
listened to and engaged in the co-design of the public green spaces.

4.3 Water use efficiency in urban
green spaces

Despite all the benefits, green spaces in cities require water for
irrigation, which is a scarce resource in many Mediterranean cities,
as is the case of Faro. To maintain the vegetation’s water needs,
irrigation must be calculated based on evapotranspiration. In the
studied urban green spaces, between 2017 and 2021 there were
situations in which this did not occur. From July to October, in the
urban park, irrigation exceeded evapotranspiration, as well as in the
public square, from March to October, with a peak in September.
These occurrences must be related to the irrigation of lawn areas,
whose transpiration was not considered in this study. However, the
September peak observed in the public square must correspond to a
specific social event. To reduce the drinking water consumption for
non-potable uses, such as green spaces irrigation, cities should
explore alternative water sources, in this case rainwater
harvesting. According to our results, capturing rainwater on the
roofs of public buildings in the vicinity of green spaces can be an
important efficiency measure in the urban water cycle in Faro,
reducing the use of potable water for irrigating green spaces and
maintaining the ecosystem services provided by trees. The reduction
in annual consumption of drinking water for irrigation of urban
green spaces was 4,199 m3, varying between 30% and 100%
depending on the green space. This reduction corresponds to
savings of 4,283 kWh, avoided emissions of 798 kg CO2e, or the
volume of drinking water that 59 Portuguese people consumed in
2022 (https://www.ersar.pt/pt/setor/factos-e-numeros). Although
this study did not include the financial analysis of systems for
rainwater harvesting and storing, this should be considered in a
subsequent phase.

5 Conclusion

The quantification of ecosystem services provided by urban
vegetation (trees and shrubs) in the three studied green spaces
highlighted their importance for the local community health and
wellbeing and for the city’s climate resilience. Overall, urban
vegetation sequesters 1.09 × 103 t. yr−1 of CO2, stores 4.01 ×
103 t C, produces 793 t. yr−1 of O2, contributes to air pollutant
removal (CO = 114; O3 = 3.56 × 103; NO2 = 313; SO2 = 224; PM10 =
872; PM2.5 = 70) kg. yr−1, and prevents 861 m3. yr−1 of surface runoff.
According to this study, the CO2 sequestration offsets the emissions
of less than 1% of Faro residents. The contribution of each studied
green space for the quantified ecosystem services, depends on their
characteristics, including the area of each land use, species
composition and tree density, and must be improved. The
community consultation showed that most people value urban
green spaces, enjoy carrying out activities in contact with nature,
have defined preferences regarding green spaces, and are available to
suggest actions to improve these spaces. According to the obtained
results, in the current scenario of water scarcity that the Algarve
region faces, to maintain urban green spaces and the ecosystem
services that its vegetation provides to the community, rainwater
harvesting is an alternative water source for irrigation that should be
used to improve the efficiency of the urban water cycle. The use of
rainwater to urban green spaces irrigation is relevant to maintain

Frontiers in Environmental Science frontiersin.org11

Matias et al. 10.3389/fenvs.2025.1520934

https://www.ersar.pt/pt/setor/factos-e-numeros
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1520934


their functioning, allowing this Mediterranean city to: reduce the
consumption of drinking water; improve the CO2 sequestration and
accelerate carbon neutrality; improve air quality; increase resilience
to drought and extreme precipitation events; decrease the severity of
heatwaves; and maintain healthier daily activities.
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