7/ land

Article

Assessing Relativeness in the Provision of Urban Ecosystem
Services: Better Comparison Methods for Improved Well-Being

Goran Krsnik 1*, Sonia Reyes-Paecke 2, Keith M. Reynolds 37, Jordi Garcia-Gonzalo /4

and José Ramon Gonzalez Olabarria

check for
updates

Citation: Krsnik, G.; Reyes-Paecke, S.;
Reynolds, K.M.; Garcia-Gonzalo, J.;
Gonzélez Olabarria, J.R. Assessing
Relativeness in the Provision of
Urban Ecosystem Services: Better
Comparison Methods for Improved
Well-Being. Land 2023, 12, 1088.
https://doi.org/10.3390/
1land12051088

Academic Editors: Alessio Russo

and Giuseppe T. Cirella

Received: 23 April 2023
Revised: 12 May 2023

Accepted: 16 May 2023
Published: 18 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,4

Forest Science and Technology Centre of Catalonia (CTFC), Ctra Sant Lloren¢ de Morunys, km 2,

25280 Solsona, Spain; j.garcia@ctfc.cat (J.G.-G.); jr.gonzalez@ctfc.cat (J.R.G.O.)

Departamento de Ecosistemas y Medio Ambiente, Facultad de Agronomia e Ingenieria Forestal, Pontificia

Universidad Catolica de Chile, Av. Vicufia Mackenna, Santiago 4860, Chile; sreyes@mma.gob.cl

3 Us Department of Agriculture, Forest Service Research, 3200 SW Jefferson Way, Corvallis, OR 97331, USA;
keith.reynolds2@usda.gov

4 TJoint Research Unit CTFC-AGROTECNIO, Ctra Sant Lloreng de Morunys, km 2, 25280 Solsona, Spain

*  Correspondence: goran.krsnik@ctfc.cat; Tel.: +34-973-481-752

Abstract: In this study, we evaluated alternative methods for comparing the provision of ecosystem
services among urban areas, stressing how the choice of comparison method affects the ability to
compare the ecosystem service outcomes, in order to improve the management actions in urban green
areas, reduce environmental inequality, and ensure satisfactory levels of human well-being. For the
analysis, ten spatial indicators were quantified to assess the provision of urban ecosystem services
in Barcelona, Spain, and Santiago, Chile. Two comparison methods were applied in both cities to
evaluate the differences in their provision scores. The analysis was performed using the Ecosystem
Management Decision Support (EMDS) system, a spatially enabled decision support framework for
environmental management. The results depicted changes in the values of the provision of ecosystem
services depending on the methodological approach applied. When the data were analysed separately
for each city, both cities registered a wide range of provision values across the city districts, varying
from very low to very high values. However, when the analysis was based on the data for both cities,
the provision scores in Santiago decreased, while they increased in Barcelona, showing relativeness
and a discrepancy in their provisions, hindering an appropriate planning definition. Our results
emphasise the importance of the choice of comparison approach in the analyses of urban ecosystem
services and the need for further studies on these comparison methods.

Keywords: urban ecosystem services; spatial modelling; urban green infrastructure; human well-
being; urban planning

1. Introduction

Human well-being can be considerably increased by numerous services provided by
ecosystems [1]. In urban areas, the demand for ecosystem services is significantly higher
than that in rural environments, due to the limited natural recourses and high population
concentrations in relatively small areas [2]. It is expected that the world’s urban population
will continue growing; therefore, an increased demand for urban ecosystem services (UES)
in rapidly expanding urbanized areas can be expected, causing high pressures on urban
green infrastructure [3,4]. In such an environment, urban green areas (UGA), including
parks, urban forests, and street trees, are multifunctional sources of benefits, such as
recreation, air purification, water drainage, or psychological relief [5,6]. The importance
of their management is crucial, because they are heavily influenced by humans and can
be modified relatively quickly according to their potential demand [7,8]. Therefore, the
incorporation of ecosystem-service-based strategies into urban planning and management
affords an opportunity to promote a more sustainable society and simultaneously enhance
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human well-being [4]. Consequently, to promote the development of more sustainable
cities, it is important to understand how UES are related to the structure of an urban
landscape and how they spatially vary within a city [4,9].

The spatial management of UES supply helps to define the appropriate urban strate-
gies for achieving ecologically sustainable cities [9]. In such a scenario, different plan-
ning methods can be applied based on the stage of urbanization that the city is passing
through [10]. An analysis of current UES features can help to anticipate the future urban
processes in some parts of the world [10] and enhance the practices relevant to maintaining
or improving ecological [11,12], social [13], and climate mitigation outcomes [14]. Often,
spatial comparison methods are used to achieve these goals, such as a comparison between
different cities [3,15,16] or city districts within the same city [17]. These methods provide
good feedback concerning UES assessments and address the needed management actions
regarding UGAs.

The spatial patterns of UES supply are the result of both the physical and socioeco-
nomic features of an urban environment, in which all the components are complexly inter-
correlated [18]. Therefore, mapping and quantifying UES are powerful tools in the detection
of the spatial heterogeneity in the provision of ecosystem services, and it is recommended
as a first step towards a comprehensive management plan of green infrastructure, including
comparison-based studies [6,19,20]. However, the lack of standardization in these compari-
son methods and comparable availability of spatial data significantly hinders ecosystem
service modelling and quantification, due to the numerous dataset requirements [10,21].
Moreover, open-source, remotely sensed images considerably limit comprehensive analyses
in urban areas, primarily due to their spatial resolution requirements [6]. These limita-
tions substantially impede cartography-based comparisons and the detection of hotspots
that could be used as examples of good or bad UES management. Namely, benefits are
usually not equally provided within or between cities, due to unequal access to green infras-
tructure, causing environmental injustice in the distribution of environmental goods and
well-being [22,23]. Differences in the distribution of environmental goods are mostly visible
within cities in emerging countries, with an obvious socio-economical polarisation between
city districts, or when comparing cities between more or less economically developed
countries [24]. Due to continuing trends in urbanisation and, therefore, increased pressure
on UGAs, reaching a desirable level of access to safe, inclusive, and accessible green spaces
at the end of this decade is considered a global policy objective [25]. Nevertheless, due
to different data scales, absolute values of provision are usually not directly comparable
between cities, and the lack of a consensus on a possible reference scale that could define
how high provision should be considered optimal deters improvements in the management
of UES [26]. This raises the question of relativeness in the provision of UES, because the
perception of satisfying provision can be significantly changed, depending on whether
the values are analysed independently or compared to other urban areas. Therefore, an
improvement in the methods for assessing and comparing UES is needed, allowing a com-
parison between different indicators and data sources though standardization processes,
resulting in better and more comparable planning. Additionally, having information at the
neighbourhood level and knowing the characteristics of all the relevant components im-
plied can promote improved human well-being, caused by increase in the provision of UES
and inspired by strategies applied in areas with similar geographical characteristics [27,28].
In such processes, spatial decision support tools are of great interest to assist in decision
making and supporting relevant conclusions [29].

In this study, we apply the Ecosystem Management Decision Support (EMDS) system,
a spatially enabled decision support framework for analysis and planning [30], to compare
the provisions of UES in Barcelona, Spain, and Santiago, Chile. For this purpose, we follow
the Millennium Ecosystem Assessment (MEA) framework for quantifying the regulating
and cultural ecosystem services provided by green urban areas [31]. Our objective is to
test the utility of EMDS in a comparison of urban environments, and make the first steps
towards a more standardised assessment of comparing UES at the local level. We apply
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different comparison methods to detect differences in the results regarding the supply of
benefits, pointing out the relativeness of UES provision.

2. Materials and Methods
2.1. Study Area

The study was conducted in the cities of Santiago, Chile, and Barcelona, Spain
(Figure 1). Santiago and Barcelona are characterised by different socioeconomic and
geospatial features. While Santiago is representative of rapid urbanisation processes,
urban sprawl, and demographic transition, and reliably represents the socio—ecological—-
spatial patterns of Latin American cities, Barcelona is a dense, but planned, Mediterranean
city with dominant post-transitional processes and limited space for expansion [32,33].
Ecosystem-service-based urban greening policies and sustainable strategies represent the
main pillars of Barcelona’s plan for its future development [34]. In contrast, the awareness
of green infrastructure and its incorporation in urban planning have distinct applications
in Santiago, depending on the commune (the administrative subdivisions of the city),
although the needed sustainable policies for urban development have generally not been
applied [35]. Both cities lack adequate green infrastructure within their city boundaries,
but have continuous suburban forests in the cities” outskirts. In this study, we analyse the
UES within the municipal limits of the city of Barcelona and the northern communes of
the continuously urbanised part of the Santiago province. Only the northern communes
in Santiago (the continuously urbanised parts of 20 communes) were chosen due to the
large spatial extent of the city, which encompasses a large variety of urban morphological
patterns. We used division on the statistical sections to conduct our UES analysis, because
these divisions in both cities were detailed enough and comparable between our study
areas. As a result, Santiago was divided into 179 districts and Barcelona was divided into
233 statistical areas. Regarding their populations, Barcelona has 1.6 million inhabitants
and covers an area of 101.9 km? (its population density is about 16,000 people/km?) [36].
The northern communes of Santiago have 3.1 million inhabitants and cover a total area of
256.2 km? (their population density is approximately 12,100 people/km?) [37]. The climate
of both cities is “Mediterranean hot summer climatic type” (CSa), but with a stronger
maritime influence in Barcelona due to its coastal location [38].
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Figure 1. Study areas and relevant data layers.
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2.2. Conceptual Design

The main objective of this study was to quantify and spatially assign the provision of
urban ecosystem services at the district level in the cities of Barcelona and Santiago, and,
via the use of different standardization methods, examine the applicability of the EMDS
system in a comparison and quantification of these urban ecosystem service provisions at
the local level. To meet this goal, the project was organized into four steps:

1. Define the indicators for urban ecosystem services in terms of sets of metrics. An analysis of
data availability was performed in this first step to identify the metrics that could be
used in the assessments of both cities for accurate comparisons. Metrics are variables
that collectively quantify each ecosystem service indicator. In total, the provision of
10 urban ecosystem services was defined in each city, with each UES being represented
by one metric.

2. Analyse the provision of urban ecosystem services at the district level. In this step, we
designed the model to quantify the provision of each of the 10 UES defined in the
first step. The same model, created in a logic-based geospatial modelling system, was
applied in each city.

3. Apply different normalization methods to compare the provision between Barcelona and
Santiago. In this step, we tested how different normalization methods affected the
interpretation of the UES provision and comparison, and tested the utility of EMDS
in this analysis. For this purpose, we used two different normalization methods. As
a result, UES provision maps were obtained.

4. Spatial aggregation and variation analysis. In this final step, we analysed the differences in
the spatial aggregation and variation in the provisioning between the results obtained
by the two normalization methods.

2.2.1. Definition of Urban Ecosystem Services

The first step in the ecosystem services analysis was the definition of the UES indicators.
An analysis of data availability was performed to identify the spatial data that could be used
to define and quantify these UES indicators. Because the goal of the study was to compare
the UES provisions in the two cities, it was necessary to use at least approximately similar
metrics in both cities, and this requirement substantially reduced the data choices. Finally,
one dataset of metrics was used to define each UES indicator in both cities. Therefore,
20 metrics in total were used in this study to define and quantity the 10 UES (Table 1). The
geoprocessing operations in ArcMap 10.8 were applied to produce the desired metrics for
each landscape unit of each city. Once calculated, all the metrics were attributed to the
relevant spatial units. We used the MEA methodological framework [31] to model the data
(Table 1) and, consequently, the categories of the regulating and cultural ecosystem services
were used as the basis for the analysis.

Table 1. Metrics selected to evaluate each of the 10 UES data inputs.

UES Groups and UES Indicators UES Metrics Units Format Metrics
References

REGULATING

Micro-climate regulation Intensity of urban heat island based onland C Raster [39]
surface temperature

Air quality regulation CO, storage by urban trees kg/m? Raster [40]

Drainage Extension of 1mpermeable surfaces or areas % Raster [41,42]
covered by vegetation

Noise reduction Presgnce'of green infrastructure along o Polygon [43,44]
traffic axis

Habitat provision Continuity of green urban areas m? Raster [45]
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Table 1. Cont.
UES Groups and UES Indicators UES Metrics Units Format Metrics
References
CULTURAL
Recreation D1§tance to the clos.est green 1.11.'ban area m Point [46,47]
suitable for recreational activities
Social value Quantity of sites within urban green areas num./km2  Point [48]
serving as a meeting point with other citizens
. Abundance of urban green areas 2 s
Psychological or health-related value within neighbourhoods m*/inh. Polygon [49,50]
Cultural or historical value Quantity of .urban green sites relevant to local num./km? Point [51]
culture or history
Aesthetics Presence of green urban areas on the streets Y% Polygon [52]
Regulating services are the benefits people obtain from the regulation of ecosystem
processes [31]. We used five metrics to quantify the provision of five ecosystem services in
each city (Table 1). To assess the micro-climate regulation, the urban heat island intensity
was calculated. The calculation was performed using Landsat 8 imagery, band 10 from the
TIRS sensor, and bands 4 and 5 from the OLI sensor. The list of images is shown in Table 2.
All the selected images corresponded to the summer months, had minimum cloudiness
in the scene, and were adjusted via an atmospheric correction process [53]. The Jiménez-
Muiioz and Sobrino method [54] was used to calculate the land surface temperature and
approximate urban heat island intensity. Emissivity values, which were needed for the
land surface temperature calculations, were obtained using the Normalised Difference
Vegetation Index (NDVI) thresholds approach for emissivity analyses [55], with the NDVI
values modified according to the local imagery characteristics and established as shown
in Table 3. Given the land surface temperature calculations, a mean temperature for each
district was calculated.
Table 2. Landsat 8 images used in urban heat island calculation.
Barcelona Santiago
Date Resolution Date Resolution
12 July 2013 30 m multispectral, 100 m thermal pixel 9 January 2014 30 m multispectral, 100 m thermal pixel
14 August 2016 30 m multispectral, 100 m thermal pixel =~ 15 January 2016 30 m multispectral, 100 m thermal pixel
22 July 2019 30 m multispectral, 100 m thermal pixel 23 January 2019 30 m multispectral, 100 m thermal pixel

Table 3. NDVI thresholds applied in emissivity calculations.

Land Use Type NDVI Thresholds Emissivity Values

Vegetation >0.4 0.99

Water <0 0.98

Built-up areas 0 <NDVI<0.1 0.95

Bare ground 0.1 <NDVI<0.2 0.94

Mixed pixels 02<NDVI<04 Equation by Valor and Caselles [55]

We used the CO; storage in urban trees to quantify the regulation of the air quality.
A remote-sensing-based method using NDVI values was implemented, with the formula
adjusted to our image resolution [40]. Rapid-Eye images from the Catholic University
of Chile, from 11 October 2013, were used to calculate the NDVI values in Santiago. On
the other hand, open-source NDVI data from 2017, provided by the City Council, were
applied in the analysis in Barcelona [56]. Mean values were calculated for each city district.
The same data sources were used in the assessment of drainage. We identified the pixels
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corresponding to impermeable surfaces and areas with vegetation cover and calculated the
percentages these areas occupied within the city district area. Urban green continuity was
used as a proxy for habitat provision [57,58]. Continuous areas of pixels with vegetation
cover were detected and a mean value for each city district was calculated. Finally, the
noise reduction was assessed as the share of green areas along the streets, using a buffer of
20 m on either side of the street.

Cultural services are the “nonmaterial benefits people obtain from ecosystems through
spiritual enrichment, cognitive development, recreation, reflection, and aesthetic experi-
ences” [31]. Due to their intangible characteristics, they are usually difficult to quantify,
often being the subject of controversy because their definitions are typically vague and
their indicators are not well established [48,59]. In this study, we used five metrics to
quantify the provision of five cultural ecosystem services (Table 1). Recreation was as-
sessed by the proximity of the UGA to an analysis unit suitable for recreational activities
(UGA > 2 ha) [56,60]. A dot map, with a separation of 30 m between the dots, was created
over the urbanised areas of both cities. The distance from each point to the nearest UGA
was measured and a mean value was calculated for each district. Social value was mea-
sured by a quantification of the urban amenities for social activities located within a UGA,
such as parks for children, open-air gyms, barbecue areas, and parks with registered social
activities, etc. Their density per square kilometre was calculated in each city district. The
same unit was used to quantify cultural or historical value. Here, only protected urban
green areas, such as historical parks, monumental trees, and areas or trees of local interest,
etc., were taken into account. Psychological and health-related value was assessed as the
quantity of green areas within the city district (parks, urban forests, or green squares) per
the number of inhabitants [56,60]. Finally, we analysed the presence of UGAs within the
20 m street buffers to assess aesthetics. The values of the share of a green area outside of
a buffer zone were represented as a mean value at the city district level.

2.2.2. Analysis of the Provision of Urban Ecosystem Services

After quantifying the UES indicators with the metrics in the previous step, we pro-
ceeded to quantify their provision to the districts. A geospatially based logic model was
built in the NetWeaver Developer [61], a component of the EMDS spatial decision support
framework [30]. The provision of each metric in a district was quantified by the use of
a specific measure of the strength of the evidence obtained from the model. The UES
provision was quantified via the application of the unique rules applied to each metric
that approximated the relations between the metrics and the UES. These rules defined
type of relationship and interdependency between the metrics, as well as the degree of
consideration of each metric in an indicator’s quantification process.

The logic models in NetWeaver are built as networks of networks organised in a logical
dependency structure. The strength of the evidence of dependent networks is logically
derived from the evidence provided by antecedent networks [61]. Elementary networks,
whose only antecedents are data (e.g., metrics), are located at the lowest level of the model
structure and are the origin of the strength of the evidence measures. Each elementary
network uses a fuzzy membership function to express the degree of support for a logical
proposition provided by an observed data value. The evidence measures at the bottom
of the network structure are propagated upward through the antecedent and dependent
networks, connected by logic operators that specify how the evidence measures should be
combined. In this study, we built two structurally equivalent logic models, one for each
study area.

We used NetWeaver’s graphical method of model design to build the model. The
full model is documented in HTML (Archive 1) and we show a graphic representation of
the regulating services in Barcelona in Figure 2. The evaluation of the regulating services
considered five metrics (Table 1) and each were evaluated by a fuzzy membership func-
tion. In Figure 2, we show how the observed data relative to the climate regulation were
converted into the strength of the evidence values. These ranged from —1 (meaning no
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evidence or no provision of UES) to 1 (full evidence or full provision of UES). Each of the
other four metrics were similarly evaluated by a definition of the specific thresholds on
the observed data used to define the strength of the evidence (Table 4). The U operator
(Union in NetWeaver) specified that the measures of the strength of the evidence for all the
metrics in our model were logically combined as an average, meaning that the lines of the
evidence were additive and compensatory, so that low evidence values on one metric could
be compensated by high values on others. Although NetWeaver allows for weighting the
evidence of antecedent networks, our models used NetWeaver’s default value of 1, so all
the networks contributed equally to the conclusions of provisioning.

P untitledd (3] | @ o | @[=]f @ o[z @ o=@ [=
13 %5 @ 2 2 (B BARCELONA_TOTAL BCN_regulating TemperatureBCH

v -%% BARCELONA

v - BARCELONA_TOTAL
v @ BCN_regulating e
@ TemperatureBCN
@ AIrBCN
@ SoilBCN
@ BiodiversityBCN
@ NoiseBCN
v @ BCN_cuttural °
@ RecreationBCN
@ SocialBCN
@ PscicologicalBCN
@ CulturalBCN

@ BeautyBCN
v 3% SANTIAGO @ @
v - SANTIAGO_TOTAL
@ STGO_regulating
® STGO_cuttural

Figure 2. Graphic representation of NetWeaver model regarding the provision of regulating services
in Barcelona.

Table 4. Observed values thresholds to define strength of evidence values.

Separated Thresholds Approach Joint Thresholds
. . . BARCELONA SANTIAGO Approach
UES Metrics Metrics Units
No Full No Full No Full
Evidence Evidence Evidence Evidence Evidence Evidence
Micro-climate regulation °C 33 31.5 35 32 34 31.75
Air quality regulation kg/ m? 1.25 1.7 1 1.45 1.35 1.57
Drainage % 12 40 12 50 12 45
Habitat provision m? 900 80,000 2000 4,000,000 1450 2,000,000
Noise reduction % 20 40 10 35 15 37.5
Recreation m 700 150 1000 300 850 225
Social value num./km? 0 15 0 2 0 1.5
Ezzfioi‘e’gf;é ?/1;11ue m?/inh. 1 23 0.1 1.2 0.55 12.1
Cultural or historical value num./km? 0 10 0 1.3 0 5.65
Aesthetics % 10 35 5 35 75 35

2.2.3. Comparison of Urban Ecosystem Services between the Two Cities

Given the model construction described in the previous section, we compared the
provisions of the UES within the districts of the cities and between the cities. Because the
metrics we implemented had different absolute ranges between the two cities, resulting
in distinct scales for the provision of a metric, they were not directly comparable. There-
fore, we tested two different methods to analyse the UES provision and, subsequently,
compared the provisioning outcomes between Santiago and Barcelona. The difference
between the two methods was based on the assignment of the thresholds used to define
the fuzzy membership functions, as described in the previous section. In the first method,
which we refer to as the separated thresholds approach, the observed data values were
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analysed independently for each city and unique thresholds were calculated separately for
Santiago and Barcelona. The maximum and minimum threshold values for defining the
fuzzy membership functions in each city were assigned based on the literature review for
recreation and noise reduction, or based on the 15th and the 85th percentiles for the other
UES indicators (Table 4). On the other hand, in the second method, the joint thresholds
approach, the analysis was run with the unique threshold values for defining the fuzzy
membership functions determined based on both study areas (Figure 3). In particular, the
threshold values of the fuzzy membership functions in the joint threshold approach were
calculated as the mean threshold values from the separated thresholds approach (Table 4).

FREQUENCY (NUMBER OF DISTRICTS)

STRENGTH OF EVIDENCE

&%

K TB1 TS1 87 TS2 2000
o DISTANCE TO THE-CLOSEST GREEN URBAN AREA (metres)
o
il
N )
: 3 T — observed data histogram
.,' 0. I
J' e 1% \ : — — — thresholds values
1 1 [ . .
2 1 [ e, strength of evidence function
HE 1 1 1 Ta,, T,
L | | | X s
TB1 TJ1TS1 TB2 TS2 2000

DISTANCE TO THE CLOSEST GREEN URBAN AREA (metres)

Figure 3. Schematic representation of threshold assignments for the strength of evidence function
using recreation UES as an example. Red lines represent Barcelona (using separated thresholds
approach), blue lines represent Santiago (using separated thresholds approach), and orange lines
represent joint thresholds approach.

The spatial analysis was performed using the ArcGIS 10.8 software, as well as the
EMDS 8.7 ArcMap Add-Inn. After running the NetWeaver model in EMDS, maps showing
the provision of each UES indicator, the UES groups, and the total UES provision were gen-
erated. Lastly, we noted that the strength of the evidence measures computed in NetWeaver
was a continuous variable, but the map values were classified into five categories using
equal intervals, from very low to very high, for display purposes.

2.2.4. Spatial Aggregation and Variation Analysis

In this final step, the total provision scores resulting from the two different methods
were compared and analysed. For this purpose, the strength of the evidence values (ranging
from —1 to 1) were normalized to a (0-1) scale to simplify the interpretation. The normalized
provision scores obtained with the separated thresholds approach were deducted from
the value obtained using the joint thresholds approach. The results depict the degree (0-1
or 0-100%) and direction (positive or negative) of the changes in the provision resulting
from the application of the two different methods. Additionally, the changes in the spatial
aggregation of the provisions per district were analysed by applying global Moran’s 1
statistics, a spatial autocorrelation tool that assesses both spatial locations and changes
in the values of features [62]. Applying Moran’s I, we aimed to assess the equality in
the provision of the UES and, therefore, urban well-being. A lack of spatial correlation
(negative I values) means a lower aggregation and greater equality in this provision, and
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vice versa [63]. We aimed to compare the results obtained by the two different methods to
identify the gap between the provisions of the cities and study the relativeness regarding
the optimal provision of UES.

3. Results

The spatial distribution of the provision of UES in Santiago, calculated using the
separated thresholds approach, is shown in Figure 4. The provision of the cultural and
regulating UES did not follow a common spatial pattern. The provision of cultural services
was generally low within the entire study area, with the exception of a few specific districts
where a higher provision could be noticed. On the other hand, the provision of regulating
services showed a clear east-west spatial polarization. While a very low strength of
evidence dominated the central and western districts of the city, with several low and
medium values, the eastern districts displayed continuous areas of very high provision.
With respect to the total provision of UES in Santiago, a more irregular spatial pattern was
evident, maintaining the high strength of the evidence values in the east, but with less
distinctive differences towards the west.

=
E}_‘

-"I ‘\‘§F~ <)
) frhﬁl\?&!#?{“‘“

<%

LE:] ;;ylow - . “:
l:l ‘bﬂ ik R ' R ‘ s o
:]médium o "':\:J,' AT ~!,13:7"‘;z§,’£,’ »
L A _ ~ TOTALPROVISION
0 veyhigh : . '0 by i

, St Pl oo A s

Figure 4. Maps of provision of UES in Santiago using separated thresholds approach.

Figure 5 shows the spatial distribution of the UES in Barcelona, calculated using the
separated thresholds approach. In comparison to Santiago, the spatial distributions of both
the cultural and regulating services were more irregular. Generally, higher values were
observed in the marginal districts of the city, leaving the central districts characterised by
a lower strength of evidence. The regulating services showed a greater polarisation in
their values within the study area, while the score differences for the cultural services were
smoother. The total provision of UES in Barcelona had an uneven spatial distribution. In
general terms, very high provision values were observed in the districts where parks or
urban forests were situated, located in the mountainous parts of the city; coastal districts
had medium values, while an irregular representativeness of very low, low, and medium
scores could be noticed in the central portion of the study area.

Figure 6 shows the total provision of the UES in Santiago and Barcelona when applying
the joint threshold approach. The spatial distributions of the provisioning values followed
a similar spatial pattern in both cities, as in the previous method. However, changes in these
provision values could be noticed in both study areas. In Santiago, about 50% of the city
districts showed an increase, while in the other 50% of the districts, lower provision values
were observed. Nevertheless, negative variations were more frequent (the mean decrease
value was —0.04, while the mean increase value was 0.02), indicated by the predominance
of lighter shades in Figure 6. Most of the districts registered changes in their values passing
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from high to medium in the east, or low to very low in the western parts of the city. Only
a few city districts had a significant increase in their provision after applying the joint
thresholds approach compared to the separated thresholds approach (Figure 4). On the
contrary, most districts of Barcelona showed an increase in their UES provision scores,
about 80% of the total number. At the same time, the mean variation values were equal
in both the positive and negative records. Most coastal districts passed from a medium
to high strength of evidence. The provision increased from very low to low and low to
medium in several central city areas, while increments from medium to high and high to
very high were observed in the mountain districts. A significant decrease in provision was
only registered in a few suburban areas, mostly passing from very high to high.

Strength of evidence

|:| very low l:l low - medium - high - very high

Figure 6. Maps of provision of UES in Santiago and Barcelona using joint thresholds approach.
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The variations in the provisioning values between the two methods were much higher
in Barcelona than Santiago, both in terms of positive and negative changes. After using
the joint thresholds approach, the provision values in Barcelona predominantly increased,
with scores of up to 20% higher. On the other hand, when the provision scores in Santiago
were directly compared to the absolute provision values in Barcelona, smoother variations
were noticed, but with a greater decreasing tendency, reaching up to —10%.

Regarding the spatial aggregation of the UES provision values, positive Moran’s I
values were obtained from both the separated and joint thresholds approaches in both cities,
indicating some degree of aggregation. However, significant differences were observed
between Santiago and Barcelona. First, the spatial aggregation of the total UES provision
was higher in Santiago than Barcelona. The Moran’s I in Santiago was 0.53, both for
the separated thresholds and joint thresholds approaches, while the respective values in
Barcelona were 0.19 and 0.15. Thus, the aggregation of the total provision varied more in
Barcelona than Santiago when comparing the two threshold approaches. Differences in the
spatial aggregation were also observed in the provision of regulating UES using the joint
thresholds approach, in which Santiago had a high index value (0.63), whereas Barcelona
had a low value (0.12).

4. Discussion

In this study, we conducted two different comparison methods for evaluating the
provision of UES in the cities of Santiago and Barcelona. In both cases, an innovative
spatial decision support framework, EMDS, was applied to allow the analysis of single and
combined UES provisions. We used the same data in both approaches, only changing the
threshold values to define low and high evidence of UES provision, which were primarily
derived from evaluations of histograms of data distributions. After the application of
the different threshold approaches, clearly distinct results were obtained for both cities,
resulting in changed provision evidence values. Because the identification of the needed
interventions to the green infrastructure and the specification of the actions required to
improve urban green and human well-being are directly conditioned by the characteristics
of UES supply, knowing their current state and managing them appropriately is crucial [64].
Our approach also attempted to develop standardised comparison methods for reducing
ambiguities in the results, as well as provide a spatial solution for analysing UES to support
urban planning policies that, in turn, provide a basis for a less ambiguous definition of
a good urban strategy [65].

The provision of ecosystem services, including UES, primarily depends on the ca-
pacity of the ecosystem to deliver them [31]. While in rural environments it might be
a challenging task to change the ecosystem capacity in the short term, urban environments
are characterised by more dynamic geospatial features that are amenable to implementing
changes. Namely, via land-use changes or interventions to urban facilities, environmental
settings can be substantially changed in a relatively short time, enabling new scenarios
for UES provision [66]. Ideally, these changes should be induced by prior analyses of
the current UES characteristics, aimed at improving them [2]. The comparison analyses
presented in this study can substantially help in defining the actions needed to initiate these
changes and, therefore, act as a useful tool in UES management. These types of analyses
can also improve the awareness of the need to continue improving urban ecosystems and
increasing UES provision. Our results illustrate how the perceptions of provision values
in a certain city can change by considering alternative comparison methods. Such percep-
tions can result in obtaining a wrong image of UES-related processes and their provisions
and can lead to making inappropriate decisions regarding urban planning. For example,
generally high provision values were observed in the eastern part of Santiago when the
data were analysed independently, but after observing the results in the broader context
of the joint comparison method, which included data from Barcelona, the provision in
Santiago decreased, whereas the opposite outcome was observed in Barcelona. In other
words, when using the separated thresholds approach, the high values in Santiago and
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Barcelona were not equally high, which emphasized the relativeness in the provision of
UES in this approach. This can easily cause difficulties with defining an appropriate urban
planning strategy that attempts to improve the distribution of environmental goods and
well-being. This also raises questions about the methodology for such comparison studies
and which scores the provision should register to be considered as high enough. Until now,
a UES comparison between different cities has only been conducted in a limited number
of studies, with a clear lack of coherent comparison methods [3,16], and these have been
based on what we refer to as the separated thresholds method, in which each dataset,
before being compared, is analysed and normalised independently. As demonstrated in
this study, such methods can provide misleading results, because their provision scales are
based on different absolute values. While there is an objective at the global level focused
on the urgent mitigation of the inequality of environmental goods, the development of
research methodology does not follow the same path [25]. It is evident that each urban
area has a unique geospatial reality defined by specific sets of features, including urban
green infrastructure, and that the capacity of UES provision strongly depends on these
characteristics, but effective improvements cannot be achieved at a broader global scale if
each urban landscape is analysed independently. Thus, in this study, we emphasized the
need to improve UES comparison methods, in order to obtain more comparable results,
which would help to achieve a more equal distribution of urban well-being across cities
by establishing more standardised comparison methods, such as the definition of UES
thresholds that could be applicable over broad spatial extents.

Regarding provision values, the literature usually strives for an increase in UES supply,
but there is no consensus on how high this provision should be to satisfactorily supply
all the benefits. In rural environments, the goal is to achieve the maximum provision
that the environment can provide according to its capacity, without putting it at environ-
mental risk [67]. In urban environments, this capacity can easily be increased, but the
environmental pressure on UGAs can also fluctuate drastically, depending on geographical
circumstances [68]. The joint thresholds method that was demonstrated in this study can
help to evaluate UES provision over broader spatial extents and provide a better perception
of the comparability of UES characteristics (or lack thereof), but it cannot produce a com-
plete solution for the actions needed to manage UGAs. At the same time, we recognize
that, in some cases, the absolute values for the provision of UES can be so different that it
may not make sense to adjust their interpretation to a common data scale. However, using
the separated thresholds approach in the latter case would give even more problematic
results, as discussed above. For this reason, the study also emphasizes the methodological
constraints regarding UES comparisons, although it represents a first step towards more
complete comparison methods, while also emphasising the need for more developed and
elaborated methodological approaches.

The EMDS system that was used in this study enables the application of geospatial
modelling to assess the complexity of the urban environment. Although EMDS had not
previously been applied in UES-related studies, the system shows several strengths in re-
solving complex spatial problems. Apart from well-established terminology that facilitates
the interpretation of results, a user-friendly interface enables the consideration of spatial
complexities in a relatively simple way [69]. The latter features help to strengthen the col-
laboration between scientists and end-users, facilitating EMDS application in participatory
planning. The possibility of the implementation of such methodology, with a combination
of expert knowledge and scientific methods, is of great interest in UES-related decision
making processes [70].

A spatial analysis of UES provision, as illustrated in this study, is a useful foundation
for decision makers in setting policies and developing strategies for improving the provi-
sioning of UES in urban landscapes, insofar as it spatially quantifies the current state of
the urban environment with respect to its current status. However, to effectively support
decision making in this context, additional decision tools are needed to: (1) identify which
urban districts are the best targets for improvements in UES provision (e.g., strategic plan-
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ning), and (2) identify what specific actions in those districts would produce the biggest
gain in provisioning (e.g., tactical planning). While the spatial analysis of UES provisioning
was relatively objective, the subsequent decision analyses were relatively subjective, but
could be assisted by tools for a multi-criteria decision analysis (MCDA, [71]) that helps
decision makers to organize the decision criteria into models, decide on the relative impor-
tance of these criteria, and document the decision models, in order to facilitate stakeholder
participation. While the current study only addressed a foundational spatial analysis of
UES provisioning, the EMDS system includes a variety of MCDA methods that can be
applied to extend the current EMDS applications to the strategic and tactical phases of
decision support for UES provisioning.

5. Conclusions

In this study, we assessed the provision of UES in Barcelona, Spain, and Santiago,
Chile, implementing two different comparison methods. The EMDS spatial decision sup-
port framework was applied for the data modelling and results interpretation. The results
demonstrated different levels of UES provisioning, depending on the methodological ap-
proach used, and reflected the relativeness in UES provision, which presents difficulties
in developing effective strategic and tactical solutions for urban planning. Therefore, we
suggested that UES comparison methods are useful tools for detecting environmental injus-
tice in urban areas and supporting better UGA management. Still, it has to be considered
that the standardization processes required for comparisons between urban entities may
neglect the use of highly specific but relevant information.
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