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Abstract: The conceptual variations and divergences that permeate the debate on sustainability end
up directly reflecting the choice of sustainability assessment (SA) processes, providing different
methodological approaches. Among them, some researchers have pointed out challenges, but also
opportunities to use geospatial data, techniques, and tools as resources to be explored in sustainability
assessments. However, it was still unclear how geospatial tools have contributed in this context,
as well as their future potential. Thus, through bibliometric mapping, this research answers these
questions, through the identification of both the thematic fields of action of the geographic information
system (GIS) in SA as well as the emerging research areas in this domain of knowledge. For this, we
selected 1721 articles spanning 31 years (1990-2020). We observe that this is a subject of growing
interest, as more than 50% of all publications were published after 2015. The main results indicated
that, initially, the GIS supported sustainability assessments as a mapping tool associated mostly with
environmental issues, however, the evolution of the analysis potential, through data modeling, gives
rise to new application perspectives. This evolution takes place, in parallel, with the global discussion
on sustainability, where multidimensionality starts to play a leading role, and sustainability indicators
assume geographic positions.

Keywords: sustainability; sustainability assessment; sustainability indicators; geographic information
system; bibliometric analysis; bibliometrix-biblioshiny

1. Introduction

The debate on sustainability is as broad as it is old, and the problem surrounding
its conceptualization is one of its main challenges. The use of terms that translated this
meaning was first introduced in the literature by German researchers in 1713, who were
concerned with forestry activities, in particular that the forest was never harvested more
than it was able to replenish [1]. However, this discussion expanded globally from 1972 on-
wards, when concerns related to environmental issues were addressed at the UN General
Assembly meeting at the Stockholm Conference, gaining an international priority status [2].
Later, in 1987, the term sustainable development (SD) was popularized from the report
“Our Common Future” (Brundtland Report) into the one adopted by current generations
to satisfy their needs without making it impossible for future generations to do the same,
decreeing an intergenerational character to this concept [3].

Although widely accepted, the definition of SD adopted by the United Nations has
been the subject of discussions about what it actually represents, as it is presented as a broad,
ambiguous, imprecise, and sometimes contradictory concept [4]. These examinations are
justified because it is an ingrained concept of cultural values that can define different
principles [5], depending on the different interpretations that are given [6], making the
evaluation process even more complex.

ISPRS Int. ]. Geo-Inf. 2022, 11, 569. https:/ /doi.org/10.3390/1jgi11110569

https://www.mdpi.com/journal/ijgi


https://doi.org/10.3390/ijgi11110569
https://doi.org/10.3390/ijgi11110569
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijgi
https://www.mdpi.com
https://orcid.org/0000-0003-4023-6547
https://orcid.org/0000-0001-5103-9982
https://orcid.org/0000-0002-3386-2390
https://orcid.org/0000-0002-7049-4144
https://doi.org/10.3390/ijgi11110569
https://www.mdpi.com/journal/ijgi
http://www.mdpi.com/2220-9964/11/11/569?type=check_update&version=3

ISPRS Int. ]. Geo-Inf. 2022, 11, 569

20f13

Such complexity translates into a huge diversity of sustainability assessment (SA)
mechanisms found in the literature and which differ in their objectives, methods, and
tools [7]. However, even if they differ in spatial and temporal scales, the SA ends up aiming
to guide decision-making that leads the object of study to the path of sustainability [8]. This
definition of SA can be expanded if, in addition to integrating sustainability issues into
decision-making, it also promotes the sustainability objectives themselves, that is, being
able to influence decision-makers, and this also contributes to the contextual interpretation
of sustainability [9].

Among the SA methodologies that enable this exchange of information between
evaluators and decision-makers, the application of sustainability indicators (SI) is probably
the most popular internationally [5]. However, despite being popular, there is still no
methodological (or even conceptual) consensus on the use of SI, and this is due to the
very complexity of assessing what really matters for monitoring society’s progress towards
sustainability [7].

Through a very constructive debate, Ramos [7] points out some possible future paths
for SA with SI by identifying a set of challenges found in the literature. Among the chal-
lenges and opportunities raised, the author highlighted the use of geospatial technologies
(for example, remote sensing) as new approaches to indicators, which can be an important
solution to mitigate the limitations and availability of data, especially for certain scales of
analysis. The use of satellite data, for example, is still relatively unexplored.

However, despite still being a challenge, the concern towards approaching sustainable
development (SD) geospatially is not recent. Even in the 1990s, Manning [10] warned that
the SD path involves understanding the relationship between biophysical and socioeco-
nomic information and that this requires a better understanding of the spatial dimension of
both the problems and the proposed solutions. In other words, decision-makers must be
able to interrelate, even spatially, information from many different sectors. The author is
categorical in stating that, in this sense, a vital tool to achieve these goals is the geographic
information system (GIS).

Nevertheless, even after three decades, important studies continue to point to the
GIS tool and techniques as trends in SD measurement [11]. This trend, to some extent, is
perceived through preliminary research in scientific databases, and in studies from different
areas of knowledge [12-20]. However, while there is a discussion about the different
interpretations of sustainability, it is also necessary to consider that the geospatial approach
in SA will also occur in different contexts.

In this way, we understand that the role of GIS in SA is a scientific gap still to be
explored. Thus, we postulate that, for greater effectiveness of the GIS application, it is
necessary to understand in a more holistic way the thematic fields in which these geospatial
tools act in the evaluations that aim to measure sustainability. To reach this understanding,
it is necessary to explore the historical paths of scientific research that approach this field of
knowledge, to identify how research areas evolve over time, even showing future scientific
ways to be considered.

This research tries to clarify these points by the means of a bibliometric review, orga-
nized as follows. After the introduction, where the gaps in and the main objective of the
research are presented, an overview is presented in Section 2, where some highly visible
works on the subject are discussed, bringing to light what is known, so far, of the proposed
research field. In Section 3, the methods applied in the development of the research are
outlined, followed by Section 4, where the results found are reported. In Section 5, the
main results are highlighted together with the discussion on the historical evolution of
the themes that contemplate the use of GIS in SA. In Section 6, the final conclusions are
presented, highlighting the contributions to knowledge where new frontiers are opened for
future research.
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2. Background

Assessing sustainability is not an easy task. The complexity of the evaluation process
occurs insofar as there are several ways to interpret the concept of sustainability itself. In the
studies by Patterson et al. [6] some SA tools were methodologically detailed to identify their
common characteristics, and to exemplify the complexity of this evaluation process, the
authors list four different interpretations of sustainability on which the different methods
can be supported, namely: ecological, economic, thermodynamic, and ecological-economic
interpretations, as well as interpretation by public policy and planning theory. Therefore,
we can infer that the use of geospatial data, techniques, and tools can also take place
in different contexts depending on the sustainability approach on which the assessment
is based.

The use of GIS in SA has been encouraged since the 1990s, mainly because it allows
analyses that interrelate environmental and economic variables, providing a more holistic
approach to the relationship between the natural and human environments [10]. Since
then, several works have been developed in which the GIS supports assessments that
aim to understand sustainability at different scales, whether macro (strategic) or micro
(operational) [7].

However, when consulting different publications that stand out on the subject, and
which have had great scientific visibility in the last 30 years, one can see a variety of
approaches in which GIS can support SA processes. In general, there is a consensus that
GIS is applied to works that involve the treatment of spatialized data and that it produces
results in the form of mapping, and even tables or graphs.

Nevertheless, other scientific knowledge can be added to GIS to obtain even more
accurate results. In studies by Forsyth [21], for example, some indigenous knowledge was
incorporated into spatial analyzes to measure soil erosion to test the assumptions that land
scarcity has increased cultivation on steeper slopes and that erosion is a problem for the
degradation of the highlands. In this example, the debate on the concepts of sustainable
knowledge and “hybridity” stands out; it uses local and indigenous knowledge, together
with global scientific techniques, to achieve guidelines for sustainable development focused
on environmental issues.

However, if on the one hand the GIS appears to support sustainability assessments
based on the analysis of the damage caused by action, the opposite is also perceived. This is
what Joerin et al. [22], who carried out mapping of land suitability for housing in a region
of Switzerland, posited. This mapping incorporated a set of complex criteria that integrated
the views of several stakeholders, and a GIS was used to assess the criteria requested in the
definition and suitability of land for housing. Therefore, predictive mapping appears as an
option to support assessments.

In addition, other sciences can enhance mapping capability when used in conjunction
with GIS tools. This is the case of products derived from remote sensing (RS), such as
images obtained via satellite. In the cases of Weng [23], Cheng and Masser [24], and Xiao
et al. [25], remote sensing is integrated with geographic information systems to detect
urban growth and assess its impact on urban sustainability, in which the detection of
land use and cover change plays a key role. Therefore, evolution in the support of GIS
to SA can be seen with the increase of new sciences of observation of the earth’s surface,
however, this is still restricted to the use of biophysical data for the mapping of land uses.
MacKerron and Mourato [26] differ in that they build a model that relates life satisfaction
with a focus on air quality, in particular, using data from 400 London residents and GIS
software to calculate pollutant concentrations in the vicinity of their homes. Despite this,
GIS tools still appear to be applied in sustainability assessments that are directly related
to environmental issues.

From the following decade, other examples of highly visible publications can be
explored that show some sustainability approaches in which the evaluations applied, in
different ways, use GIS tools in the methodological process.
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Burkhard et al. [27] aimed to present and apply a concept of mapping, through GIS,
the supply and demand of ecosystem services, which could be applicable at different scales
and that allowed the comparison of different ecosystems, in addition to developing a
tool in which landscape managers can rely on sustainability assessments. Jiang et al. [28]
present a GIS-based approach to assessing the availability and distribution of agricultural
waste in China, considering several conservation issues: resources (total amount, spatial
and temporal distribution), economics (transport costs), environment, and technology, in
order to assess the potential for conversion into bioenergy. In these studies, an ecological
approach to sustainability is evident, where GIS presents itself as a support mechanism for
decision-makers.

However, GIS allows, in essence, the application of variables from different categories,
as long as they can be spatialized: not restricted to environmental/ecological data, but
also to economic or social ones. In this sense, Bathrellos et al. [29] proposed an urban
planning and sustainable development approach for Trikala City Hall (Western Thessaly,
Central Greece). For this, several parameters were used and correlated by the method
of the analytical hierarchical process (AHP) and incorporated in a GIS to produce the
corresponding maps of suitability.

Therefore, we cite above some examples that can help to understand what is known,
so far, of the support in which GIS techniques and tools provide the evaluations in
which the authors indicate that they deal with sustainability. In agreement with what
Patterson et al. [6] and Sala et al. [5] affirm, the previous examples expose the complexity
of SA precisely because of the diversity of interpretations depending on the principles in
which sustainability is presented. Among the cited studies, sustainability assessments
were perceived from the perspective of land use and occupation and its urban and rural
planning, by the selection and suitability of areas, by the relation of life satisfaction and
air quality, and by the supply and demand of ecosystem services, for the bioenergetic
potential of areas and for the quality and management of water resources. This scenario
turns out to corroborate the idea that, despite the use of GIS being pointed out as a
methodological trend in SA [11], there is still no clarity on the themes in which these
geospatial techniques work. We might ask what the directions of its application in future
works are, and if they are paths that can lead decision-makers to direct the studied areas
towards sustainable development.

Thus, we understand that a broad analysis, which is capable of understanding several
scientific publications on the subject, such as an analysis of scientific mapping through
bibliometrics, can help to answer these questions. Bibliometric works can be understood as
a set of methods that help in the analysis of academic literature in a quantitative manner,
but also in understanding the changes that occur over time in the field of research being
analyzed. One of the main methods for exploring a field of research is scientific mapping
(or bibliometric mapping), which consists of revealing the conceptual, social, or intellectual
structure of scientific research, in addition to its evolution and dynamic aspects over
time [30].

However, we realize that there is still no work in this direction which is capable of
revealing the main themes addressed by the field of research of SA supported by GIS, as
well as the most recent problems faced. In addition, research from this perspective can
assist in the study of thematic evolution and point out global trends in this field of research.
Based on this, we propose a bibliometric analysis that is able to include all the research
published on the topic, and that can identify future paths from a historical analysis.

3. Materials and Methods

We consider a methodological process that involves four steps, adapted from [31,32],
for an analysis of scientific mapping, which is illustrated in Figure 1.
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Figure 1. Methodological steps.

The first step consists of retrieving data from a scientific database. This step begins
with the definition of the scientific database to be consulted. In this case, we chose to
use the Scopus database to search for publications related to the proposed research field.
Scopus was chosen because it is considered the largest scientific literature review database
in the world [33], in addition to indexing a greater number of abstracts and citations of
peer-reviewed literature compared to other databases [34]. The main weak point of Scopus
is that it has some limitations for older records: however, because of the subject of the
analysis, we can consider it not constraining [35].

A crucial moment of this stage is the choice of primary keywords, which will serve
for an initial search. Later, derivations will be identified that could be considered in a
new search. Here, we chose to search for the terms “geographic information system”,
“geospatial knowledge infrastructures”, “spatial data infrastructure”, “geoverse”, “geoai”,
“Service-Oriented Mapping”, and “sustainable development”. This time, in the midst of
a series of derivations, we decided to consider the documents that contained the terms:

VZa7i

“geographic information system”, “geographical information system”, “GIS”, “spatial data
infrastructure”, “sustainability indicator”, “sustainable development”, and “sustainability
assessment”. The use of these terms resulted in a broader set of articles that meets the
objectives of this work.

In addition, only the types of documents classified as articles or reviews were consid-
ered in the search. This decision is justified because journal articles are considered more
reputable sources, in addition to having undergone a peer review process [11]. Furthermore,
we performed the search considering the terms indexed in fields such as title, abstract, and
keywords of the authors specifically [36], analyzing all the years of publication available in
the Scopus database, finding a total period of 31 years from 1990 to 2020.

The second stage is to carry out a pre-processing of the data to avoid the use of
documents that are not part of the topic to be analyzed. Thus, we performed data cleaning,
which resulted in a corpus robust indexed research.

It is notable, and widely known, that the term GIS is commonly used to indicate the
use of techniques and tools that make up the geographic information system. Thus, in
countless works it is common to find the use of the term GIS in the titles of scientific works,
in their abstracts, and also in the keywords, without necessarily indicating its meaning,
leaving it to the author’s discretion to explain its meaning in the body of the text article.
Therefore, the use of this term in the database searches generated the return of several
documents that dealt with other subjects that were not related to the proposed research
field. Thus, we cleaned the performed search, using keywords related to the GIS term found
after a thorough exploration of the articles allocated in each Subject Area, and excluding
them from the search process (examples: gigantea, green index, geographical indications
and green infrastructure).

Therefore, we performed the following search query in the Scopus database, obtaining
a total of 1721 articles:



ISPRS Int. ]. Geo-Inf. 2022, 11, 569

6 of 13

((TITLE (“geographic* information syste*” OR “gis” OR “spatial data infrastructure” )
OR ABS (“geographic* information syste*” OR “gis” OR “spatial data infrastructure”) OR
AUTHKEY (“geographic* information syste*” OR “gis” OR “spatial data infrastructure”))
AND (TITLE (“sustainable development” OR “sustainability assessment” OR “sustain-
ability indicator*”) OR ABS (“sustainable development” OR “sustainability assessment”
OR “sustainability indicator*”) OR AUTHKEY (“sustainable development” OR “sustain-
ability assessment” OR “sustainability indicator*”)) AND NOT (TITLE (“life cycle” OR
“grassroot* innovation*” OR “Glycemic index” OR “Green indicator*” OR “Green infras-
tructure” OR “green information syste*” OR “geographic* indication*” OR “gigantea” OR
“gi-cheol” OR “green index” OR “grazing incidence” OR “green innovation* strategy”
OR “green investment scheme”) OR ABS (“life cycle” OR “grassroot* innovation*” OR
“Glycemic index” OR “Green indicator*” OR “Green infrastructure” OR “green information
syste*” OR “geographic* indication*” OR “gigantea” OR “gi-cheol” OR “green index” OR
“grazing incidence” OR “green innovation* strategy” OR “green investment scheme”) OR
AUTHKEY (“life cycle” OR “grassroot* innovation*” OR “Glycemic index” OR “Green
indicator*” OR “Green infrastructure” OR “green information syste*” OR “geographic*
indication*” OR “gigantea” OR “gi-cheol” OR “green index” OR “grazing incidence” OR
“green innovation* strategy” OR “green investment scheme”))) AND DOCTYPE (ar OR re)
AND PUBYEAR < 2021.

For data collection, a BibTex file (.bib) was extracted with all the data necessary for the
bibliometric analysis.

The third step corresponds to the selection of the unit of analysis and the relationship
between them. In this study we propose the identification of the knowledge structure
from the keywords present in the publications (conceptual structuring), thus building a
relationship network through co-occurrence. This generated network can be understood
as a graphic representation of co-occurrences from a set of terms that are extracted from
the keyword lists of articles, titles, or abstracts. This graphic representation is also called
a thematic map, formed from a Cartesian representation, where different clusters are
defined and allocated into quadrants, facilitating the interpretation of research themes
developed in a structure [37]. To carry out such analysis, we used the bibliometrix R
package tool (http:/ /www.bibliometrix.org, accessed on 9 June 2021) with the biblioshiny
application, equipped with a set of scientometric tools, written in the R language. This tool
was preferred to others because it provides efficient statistical algorithms and integrated
visualization tools that allow a more comprehensive interpretation of the analyzed research
field [38].

The fourth and final stage involves an exploratory and interpretive analysis that
makes it possible to highlight the different topics included in this domain of knowledge,
covering the entire period of publications and identifying the driving, basic, specialized,
and emerging themes, as well as their trajectories over time.

4. Results

To illustrate the growing interest of the scientific community in works that develop
SA and that, in their methodological process, use GIS techniques and tools, we historically
detail the number of annual publications of all selected articles. Thus, a total of 1721 doc-
uments were collected based on a search strategy that includes articles (1642; 97%) and
reviews (58; 3%). Based on these results and considering a time series that comprises thirty-
one years, we have an annual average of approximately 55 publications. Furthermore,
there has been a significant increase in documents published from 2008 onwards; in just
over a decade, from 2008 to 2020, the growing interest in the study of SA supported by GIS
led the scientific community to publish 1387 documents, representing more than 80% of all
publications raised.
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4.1. Knowledge Structure

The knowledge structure comprises the contextualization of science from the analysis
of the conceptual structure, which was explored through thematic mapping using the
keywords of the authors who composed the publications.

In this case, clusters are identified, which means that each cluster corresponds to an
underlying theme, topic, or line of research [39]. In this work, we mapped the keyword
clusters, making it possible to analyze the conceptual structure.

Conceptual Structure—Keyword Clusters

From the file generated after searching the Scopus database, we grouped similar
keywords in order to avoid overlapping equivalent terms (e.g., GIS, geographic information
system, geographical information system). After this process, we identified a total of
4673 different keywords for a total period of 31 years. Figure 2 shows the 20 keywords with
the highest number of occurrences.

Most Relevant Words

geographic information system

sustainability

ahp
china

urbanization

spatial analysis

urban planning

land use

s01l erc

remote sensing and geographic information sy

Auhtor's Keywords

decision support

0 200 400 600

Occurrences

Figure 2. Most frequent keywords.

Therefore, it is clear that the keywords “Geographic Information System”, “Sustainable
Development”, and “Remote Sensing” not only occurred in high frequencies but also
occurred throughout the analyzed period (1990 to 2020). However, terms such as “Land
Use”, “China”, and “Urbanization” are terms that have appeared in high frequencies in the
last ten years. The words ecotourism, urban planning, spatial analysis, and “AHP” grew in
frequency from 2016 (that is, in the last 5 years analyzed).

In addition to quantifying each keyword separately, we also analyzed the relationship
between them in order to point out groups that could be interpreted as sub-themes that
represent specific research fields. This time, we generated a map (Figure 3) capable of
highlighting the different themes in the domain of knowledge of SA supported by GIS. The
map is divided into four quadrants, starting from two axes (X, Y). The X-axis indicates
centrality: the degree of interaction of a cluster compared to other clusters, suggesting the
importance of a theme. The Y-axis indicates density, meaning it can be understood as a
measure of theme development (internal strength) [37].
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1990 — 2008

Niche Themes Motor Themes

china

Development degree
(Density)

geographic information
system

Emerging or

Declining Themes Basic Themes

Relevance degree
(centrality)

Development degroe
(Density)

2009 — 2014

Niche Themes Motor Themes

aguessibvility
groundwater

sustainability

geographic irfamation
Emerging or Zhisn
Declining Themes < Basic Themes
Relevance degree

(centrality)

Development degree
(Density)

Niche Themes

Emerging or
Declining Themes

2015 -2020

Motor Themes
china

accessivility

urbanizatiany

geographic infarmation
system
Basic Themes

Relevance degree
(centrality)

Figure 3. Thematic maps of keywords 1990-2020.

The themes inserted in the upper right quadrant have high values of centrality and
density, thus, they are important for the structuring of a research field. In this way, they are
identified as motor themes. In the lower right quadrant, the basic themes are presented:
general topics that can be transversal to different areas of the research field. In the lower-left
quadrant are emerging or themes that are declining due to their weak development; they
have low centrality and density. Top-left quadrant themes are known as highly developed
and isolated themes, meaning they are of limited importance to the field [37].

The total period of analysis of publications (1990 to 2020) was divided here into three
timeframes. This is because, as can be seen in Table 1, there was a change in behavior in the
number of publications from 2008 onwards, with growing increments until 2014, reaching
almost 50% of all publications. Thus, the years spanning 2015 to 2020 represent the other
half of this indexed research corpus.

Table 1. Quantification and characterization of keywords 1990-2020.

Time Frame Total Publications % Author Keyword Average Keyword
per Doc
Until 2008 323 18.77 862 2.7
2009 to 2014 441 25.62 1468 3.3
2015 to 2020 957 55.61 3100 3.2

To identify the themes, we used only the keywords with a frequency equal to or greater
than three occurrences, making it possible to identify the most representative themes. In
this way, the detection of thematic clusters takes place with greater robustness and they are
identified with the most frequent keywords.

In the initial time frame (1990 to 2008) the tool individualized eight clusters. A
single cluster, which configures the environmental themes, appears with high centrality
and density, represented by the keywords “environmental impact assessments” and
“strategic”, characterizing itself as the driving theme of this first period. Among the
basic themes, three clusters appear: the largest of them is formed by keywords that
deal with the methodological process (“GIS”, “remote sensing”, “decision support
systems”), general theoretical concepts (“sustainable development”, “sustainability”),
and objects of study (“land use”); the other two basic clusters are represented by the
keywords “China” and “Shanghai”, with lower centralities. Two themes appear as
emerging in this field of research. Thus, the methodological processes that perform
processing of satellite images from automated cell modeling have less centrality and
greater isolation, but are still dealing with topics related to applied methodologies.
The keyword “AHP” appears as an emerging model of multi-criteria analysis in the
evaluated publications.
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The subsequent time frame (2009 to 2014) presents seven individual clusters. During
this period, themes related to land use mapping are strongly connected to risk assessments
and present themselves as driving themes in the research field. Among the basic themes, we
perceive the continuity of those identified in the first analyzed period. However, the theme
“accessibility” presents itself with a methodological character linked to the application
of AHP, which migrates from an emerging condition to a theme of high transversality to
different areas. Thus, a single cluster appears as an emerging theme represented by the
keywords “groundwater” and “sustainability indicators”. The cluster that is represented by
the word “China”, which in the initial period appeared as a basic theme, now presents itself
as a very specialized theme. Another cluster that is also characterized by its isolation in
this period is represented by the keywords “ecological footprint” and “ecosystem services”,
with low centrality.

In the third and last time frame (2015 to 2020) seven clusters are individualized. The
cluster “China” now appears as an engine theme in this field of research. Two other
themes present high density and centrality. The methodological theme represented by the
keyword “spatial analysis” has a strong relationship with systems linked to “ecotourism”
and “renewable energies”. With high density, but still with medium centrality, the theme
“accessibility” appears, with a strong presence of the keywords “Sustainable Development
Goals” (SDGs). This cluster has been a driving theme for this field of research since 2015. We
highlight the AHP methodological process, which initially appeared as emerging, migrated
from 2009, and remains as a cross-cutting theme until the final period of analysis. Themes
related to the analysis of land use, ecosystem services, and urbanization lose centrality and
density and this configures them as themes in decline.

5. Discussion

The works in SA that are supported by GIS have, historically, an approach mostly
focused on the environmental dimension, but which present a global trend of changing
focus to assessments that observe the premises of the SDGs, that is, characterized by multi-
dimensionality, so that the spatial variable starts to incorporate not only the environmental
dimension but also the social and economic ones.

These findings could be observed from the results obtained in the thematic mapping,
where the behaviors of the themes were observed through the relationship between the
authors’ keywords in the three time periods analyzed (Figure 4), making it possible to trace
the evolution in the time of the research on SA supported by GIS.

china--2015-2020
china--1990-2008 china--2009-2014
[

land use--2015-2020

urbanization--20

geographic information syst: 2009-2014

§eogra nformation system.-2015-2020

geographic information system--1990-2008

. expertsystem=1990:2008 ..

[: strategic environmental assessment--1990-2008

Figure 4. Map of behavior and thematic evolution.
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Therefore, we observed that initially, the questions that permeated the studies were
mainly about research focused on environmental assessments. At that time, GIS was
understood as a tool that favored this type of study due to its ability to integrate data and
carry out spatial assessments that identify impacts on the environment [40]. In addition,
works that were concerned with the study of urban planning emerged and used automaton
cell modeling as a methodology together with remote sensing techniques and products.
Studies that apply multi-criteria decision analysis models, especially AHP, which emerged
as a topic of strong centrality, also stand out.

From 2009 onwards, there was a greater variation in the themes addressed in the
works, and four movements emerged that best characterize this following period:

1st movement: The basic themes that appeared together with GIS are dismembered
and come to appear more prominently. For example, the use of the term “sustainability”
starts to relate more strongly to “urban areas”, specifically to the studies of urban sprawl
from the mapping of changes in land use in cities, and assumes a transversality role among
other topics.

2nd movement: China is no longer a basic topic and starts to act as a specialized
subject as it becomes strongly linked to studies on the valuation of ecosystem services, and
mainly works that assess the balance between supply and demand through the ecological
footprint methodology. It is noteworthy that China accounts for more than a third of all
publications surveyed, and this helps to explain its emergence as a research topic.

3rd movement: The works that addressed environmental assessments, and which
previously assumed the position of the main engine of this field of research, give way to
risk assessment studies, especially hydrological ones [41,42] and vulnerability to natural
disasters [43] is frequently permeated by the use of GIS in land use mapping.

4th movement: Some studies emerge which are focused on the use of multidimensional
sustainability indicators, applied to urban [44], rural [45], and environmental sustainability,
are related to transport activity [46] among other themes.

The division between themes has intensified in recent years. Despite this, we highlight
two moments that, in some way, are interconnected, and that well define the directions
taken by the research in SA supported by the GIS between the years 2015 and 2020. At first,
we perceive the highlight of the contextualization of the Sustainable Development Goals
(SDG) of the 2030 Agenda (Transforming Our World: The 2030 Agenda for Sustainable
Development) as one of the main driving themes in this period. At the same time, the
use of spatial analysis has high centrality, which indicates the current use of a GIS-based
approach [47-49]. In a second moment, we noticed that the studies focused more specifically
on mapping land use and its changes, as well as those dedicated to the valuation of
ecosystem services, decreased in centrality, indicating that they were taking a path of
decline in research that deals with the SA supported by the GIS.

These perceptions strongly indicate that, even if there are previous publications that
have addressed sustainability from the integration of different dimensions, it is from
2015 that the use of the term “sustainability” intensifies the application of socioecological
variables in order to assess environmental, social, and ecological performance. This period
coincides with the expansion of the debate on sustainable development after the creation of
the 2030 Agenda, which introduces 17 SDGs along with 169 related targets [50].

Therefore, our results corroborate what Estoque [51] exposes: the demonstration of
the application of earth observation data in the production of sustainability indicators and
sub-indicators, or even the use of GIS as a SA platform where the entire assessment process
takes place geospatially, from the insertion of indicators, weighing, normalization, and
aggregation, as proposed by Graymore et al. [52] and Boggia et al. [53] for regional analyses.
This may also indicate a reflection of the versatility of GIS, which enables multi-thematic
and multi-tasking performance.



ISPRS Int. ]. Geo-Inf. 2022, 11, 569

110f13

6. Conclusions

This paper started from the consideration that still the role of GIS in the devel-
opment of SA has not been fully explored and that, conversely, understanding the
subject areas may instead improve their use. Understanding therefore the development
and evolution of research areas carried out through a bibliometric approach can be a
valuable contribution.

Some studies on the subject of sustainability, as well as its evaluation processes, have
pointed to the use of GIS as a trend. However, it was still unclear how geospatial tools
have contributed in this context, as well as their future potential. The bibliometric analyses
carried out in this study were able to demonstrate that, despite the temporal dynamism of
the themes addressed in the works that involve SA and the application of GIS resources,
strictly environmental themes are predominant. This reflects the conceptual confusion
around sustainability, a topic discussed extensively in several scientific works. Thus, we
can conclude that, for the most part, evaluations are observed that consider the use of
one-dimensional or strictly biophysical indicators.

However, from the year 2009 and especially in the last analyzed period (2015-2020),
the results show that there is a trend of the multidimensional approach and that the SDGs,
discussed worldwide in recent years, have become guides for SA. This may indicate a
direction for future works in this field: to adopt the use of GIS techniques not only in spa-
tialization but also in the generation of environmental, social, and economic sustainability
indicators. In other words, these multidimensional indicators can carry, in addition to
environmental and socioeconomic information, also geospatial information, where their
geographic positions are fundamental in the assessment of progress towards sustainability.

Therefore, there is the realization that the GIS, which initially supported the SA as
a mapping tool associated with environmental issues (in which spatialized data were
mostly used to determine the use and occupation of the land) gives rise to other application
possibilities, mainly due to the evolution of geospatial techniques and tools associated with
other sciences. These new perspectives develop in parallel with the global discussion on
sustainability, that is, the evolution of use, and even technology, follows the evolution of
the concept of sustainability.

7. Study Limitations/Strengths

Scopus is the largest database that indexes a greater number of abstracts and citations
from peer-reviewed literature than other scientific research databases [34]. However, not
using other databases can limit the scope of the research.

Furthermore, this work analyzed a total of 1721 articles, providing a systematic
analysis of the authors” use of keywords, bringing important information about the sources
that stand out to be consulted, and pointing out directions for future work.
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