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Abstract: Background: The advent of Geographical Information Systems (GIS) has changed the way
people think and interact with the world. The main objectives of this paper are: (i) to provide an
overview of 10 years (2010–2020) regarding the creation/development of GIS open-source applica-
tions; and (ii) to evaluate the GIS open-source plugins for environmental science. Methods: In the
first objective, we evaluate the publications regarding the development of GIS open-source geospatial
software in the last 10 years, considering desktop, web GIS and mobile applications, so that we can
analyze the impact of this type of application for different research areas. In the second objective,
we analyze the development of GIS open-source applications in the field of environmental sciences
(with more focus on QGIS plugins) in the last 10 years and discuss the applicability and usability
of these GIS solutions in different environmental domains. A bibliometric analysis was performed
using Web of Science database and VOSViewer software. Conclusions: We concluded that, in general,
the development of GIS open-source applications has increased in the last 10 years, especially GIS
mobile applications, since the big data and Internet of Things (IoT) era, which was expected given
the new advanced technologies available in every area, especially in GIS.
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1. Introduction

The benefits of open-source software have been acknowledged for a long time in
industry and academic contexts [1]. The advent of Geographical Information Systems (GIS)
has changed the way people think and interact with the world. The term GIS first appeared
in the United States (US) Department of the Interior in 1978 (Map Overlay and Statistical
System (MOSS)). Since then, open-source software has shown promise in private and
public institutions, such as industry, service and academia. The evolution of open-source
software over the past 40 years has had a major impact on today’s world.

The open approach (or open (source) movement) was a movement originally limited
to computer engineering; however, it has spread over several other fields, such as open
data, open science, open governance and open innovation [1]. Open-Source Software
(OSS) is characterized by the fact that the source code is available for use, copying and
redistribution with or without modification. OSS began with the political movement of
Stallmann with the GNU Project (in the beginning of 1970) [2]. The OSS follows several
criteria in this regard: (i) free redistribution, i.e., the license does not require a license fee or
the like for such sale; (ii) source code that permits redistribution, i.e., the code should be
downloadable over the Internet without charge; (iii) derivative works, i.e., the license must
permit modifications and derivative works under the same terms as the original software;
(iv) integrity of the author’s source code, i.e., the license must not restrict the redistribution
of the source code in modified form unless the license permits the redistribution of “patch
files” containing the source code; (v) no discrimination against any person or group or
against any field of expertise; (vi) distribution of the license; (vii) the license must not
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be product-specific; (viii) the license must not restrict other software; and (ix) the license
must be technology-neutral [3,4]. Open-source projects may choose a license with few
restrictions (permissive licenses) or a license with no obligation to share improvements
(protective licenses). There are some terms more used in the open-source and free software
licenses: permissive licenses are the licenses with the minimal restrictions, only requiring
that the original creators are attributed in any distribution or derivative of the software
or source code. One example of permissive license is the GPL license. To guarantee the
unlimited open-source access, the developers employ the concept of “copyleft”, which
uses copyright’s legal framework to ensure continued open access to software and source
code. These licenses are considered “restrictive”. One example of this license is the
MIT [5]. The Open Source Initiative has a complete list of open-source licenses including:
(i) Apache License 2.0 (Apache-2.0); (ii) 3-clause BSD license (BSD-3-Clause); (iii) 2-clause
BSD license (BSD-2-clause); (iv) GNU General Public License (GPL); (v) GNU Lesser GPL
(LGPL); (vi) MIT license (MIT); (vii) Mozilla Public License 2.0 (MPL-2.0); (viii) Common
Development and Distribution License version 1.0 (CDDL-1.0); and (ix) Eclipse Public
License version 2.0 [6].

Coetzee et al. [7] completed a review showing that open-source geospatial software
and open geospatial data have been changing in the last years, concerning the way the data
are collected, processed, analyzed and visualized and the improvements in these contexts,
which will have more impact in the future due mostly to the innovative technologies.

MOSS and Geographic Resources Analysis Support System (GRASS) began in 1984
and were considered pioneers in terms of GIS software. GRASS software is still used
today, either as stand-alone software or integrated with a GIS software [8], such as QGIS.
The PROJ4 library was developed starting in 1983 and the MapServer project began in
2002 (at the University of Minnesota). In 1996, GeoTools emerged as an open-source
Java GIS toolkit [9]. The Geospatial Data Abstraction Library (GDAL)/OGR library, for
manipulating raster or vector geospatial data, was developed in 1998 and Python support
was started in 2000. Today, GDAL/OGR is still used in several GIS software, open-source
or commercial packages. QGIS and System for Automated Geoscientific Analyses (SAGA)
are two examples that used the GDAL/OGR library. In 2001, the PostGIS and GeoServer
projects started and, in 2002, the QGIS software was created [10]. Later, in 2004, other GIS
software packages such as gvSIG and uDIG were created.

Due to the large number of open-source software packages that have been created in
the last years, the leading teams of these open-source projects joined together in February
2006 to form the Open Source Geospatial Foundation (OSGeo) [6]. OSGeo is a non-profit
organization with a mission to support open geospatial technology. It is a software founda-
tion committed to an open philosophy and collaborative development. Interoperability is a
high priority in OSGeo’s goals [7]. Free and Open Source Software for Geospatial (FOSS4G)
is the annual recurring global event hosted by OSGeo, an annual global conference held in
a different city each year since 2004, composed by a robust schedule of keynote speakers,
workshops, paper sessions and talks, offering a great opportunity for newcomers and
regular developers to share ideas, work and collaborate together [6]. FOSS4G conference
is one of the strong initiatives of OSGeo [7]. OSGeo also implemented other initiatives
such as Open Geoscience, which consists of several tiers, including Open Access, Open
Data and Open Source, and enables scientists to publish and share scientific knowledge,
ensuring that the results, data and methodologies are re-used and the recognition in journal
publications, and the UN Initiative, which consists of a working group on Geospatial
Information and Services for Disasters that was organized to support the UN migration to
Open Source Geospatial software solutions. OSGeo provides all the conditions to get in
contact all the GIS open-source community. With advanced Internet, technologies come
new opportunities to integrate and share code between different projects [7]. As previ-
ously referred, Richard Stallman, who started the free software movement in 1983 and
began developing the General Public License (GNU) operating system in 1984, defended
that everyone has the freedom to copy and redistribute the source code, with or without
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modifications [8]. Stallman emphasized the differences between the “free software” and
“open-source” concepts. The “free software” is a movement of freedom and justice [2].
By contrast, “open-source” does not campaign for principles but only in practical advan-
tage. This idea is realized by the OSGeo organization, which has been providing financial
support to open-source geospatial software projects and initiatives since its inception [2].
Currently, there is a complex set of geospatial tools and libraries such as desktop GIS (QGIS,
gvSIG, GRASS GIS, GDAL/OGR) and web GIS software [11]. However, these types of
applications always require continuous improvement.

Some advantages were found when using open-source geospatial software compared
to proprietary approaches, such as better utilization, better pricing (or none), compatible
with modern IT and project persistence and resilience.

Given the importance of the future perspectives regarding GIS and open-source
geospatial software, different types of applications have been developed, such as desktop
applications, web GIS and mobile applications. Desktop GIS open-source applications are
applications developed on desktop software, such as QGIS, and consequently require the
installation of the main software to work. In the last 10 years, several desktop applications
have been developed. For instance, in 2010, Solymosi et al. [12] created a QGIS plugin
to facilitate data processing for Bayesian spatial modeling. The authors referred that,
although other tools may perform some of these processes, the developed plugin allows the
user to perform all steps in the same QGIS environment, without programming and with
controls to avoid some possible bugs in script writing. Lee et al. [13] developed the PRISM
(Parameter-elevation Regressions on Independent Slopes Model) QGIS plugin so that users
can obtain gridded meteorological data of low resolutions (1 km × 1 km). Most recent
studies combined existent plugins with new ones. For instance, Bittner et al. [14] integrated
the LuKARS (Land use change modeling in KARSt systems) model into the already existent
FREEWAT (FREE and Open Source Software Tools for WATer Resource Management)
framework. With the recent advances in remote sensing techniques and Machine Learning
(ML) algorithms, Bragagnolo et al. [15] presented r.landslide, a free and open-source add-on
to the open-source GRASS software for landslide susceptibility mapping, which works
with Artificial Neural Network (ANN), environmental parameters and landslide databases.
Jakimow et al. [16] created the EO Time Series Viewer, a free and open-source QGIS plugin
for visualization, interpretation and labeling of multi-sensor Time Series (TS) data, using
satellite imagery. Other applications were developed in different contexts and combining
different platforms, such as web GIS and mobile [17–22]. In the last decade, a rapid growth
of web GIS applications was also observed [23–28]. The number of web mapping users has
been increasing due to easy access, diversity and more integrated and intelligent geospatial
applications in a web GIS environment, providing an online collaborative environment
to support users and applications [29]. The development of a web GIS involves several
tools and technologies, for example: (i) spatial databases (e.g., PostGIS); (ii) software
clients (e.g., QGIS); (iii) command line utilities (e.g., the commands from GDAL/OGR
or shp2pgsql, which allow converting ESRI shapefiles into SQL suitable for insertion
into the PostGIS/PostgreSQL database); (iv) middleware, such as Geoserver and Apache
tomcat server, among others; and (v) frontend JavaScript libraries and framework, such
as Leaflet, MapBox GL and OpenLayers, among others [30]. According to the literature,
the development of web GIS applications has been used in different areas. For instance,
Kalabokidis et al. [24] developed a web-based GIS platform (Virtual Fire) for forest fire
control, which allows sharing and providing information and tools among firefighting
forces. Dawidowicz and Kulawiak [31] presented an implementation of the proposed
concept in the form of a web GIS for analysis and visualization of risk assessment results in
the context of a marine real state for the country of Poland. Cardoso et al. [32] developed a
web GIS platform to support urban flood risk forecast and management providing urban
analysis visualization. Other studies also developed web GIS applications considering
different topics [25,26,33,34].
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Regarding the development of mobile GIS applications, Gharbi and Haddadi [35] im-
proved the traditional method of collecting road data, knowledge and management of the
road network with the creation of a GIS mobile application using different solutions such
as PostgreSQL, PostGIS, QGIS, IntraMaps Roam and QGIS Cloud. Hoffman et al. [36] used
QGIS for Android combining with EpiCollect, a free and easy-to-use mobile data-gathering
platform, to collect field data. Other studies developed mobile GIS applications [37–41].
In 2012, Steiniger and Hunter [42] identified the drivers of software projects and the dif-
ferent types of GIS (e.g., desktop GIS, remote sensing software and server GIS). They
also listed the major projects in each software category, discussed the points that should
be considered when select for use in business and research and addressed the possible
future developments. In their review, Steiniger and Hunter [42] addressed some issues for
generation in the FOSS context and gave relevance to: (i) emergence of new projects; (ii)
consolidation in the projects existence; and (iii) collaboration among projects. With respect
to the consolidation in the existent projects, the OSGeo projects is a great example, since it
continues to be updated, proving that there is consolidation in the existent projects. Table 1
presents the information about OSGeo projects regarding the category, the release date and
the last version date.

Table 1. OSGeo projects (release and last versions dates).

Category OSGeo Project Release Date Last Version Date

Content Management Systems Geonode [43] 2010 2020

Desktop applications

QGIS [10] 2002 2021
GRASS [44] 1982 2020
Marble [45] 2006 2020
gvSIG [46] 2004 2020

Web mapping

MapServer [47] 2008 2020
degree [48] 2002 2021

OpenLayers [49] 2006 2020
GeoMoose [50] 2009 2021
Mapbender [51] 2001 2021

PyWPS [52] 2006 2021
GeoServer [53] 2006 2021

Geospatial libraries

PROJ [54] 1970 2021
GeoTools [9] 1999 2021

OrfeoToolbox [55] 2006 2021
GDAL/OGR [56] 2000 2021

GEOS [57] 2000 2021

Spatial Databases PostGIS [58] 2001 2021

Table 1 shows that OSGeo projects are updated almost every year, meaning that
there is a consolidation regarding the already existent projects. Several of the desktop
GIS applications presented in Table 1 are also available in the form of web GIS or mobile
platforms, such as QGIS (QField) and gvSIG mobile [7]. A detailed description of OSGeo
projects and initiatives was presented by Coetzee et al. [7].

With respect to collaboration among the projects, the importance of collaboration in
decision-making has been verified in several domains, such as urban planning, site selection
and resource management, among others [59]. The fundamental goal of collaboration is to
have multiple stakeholders, including experts, professional workers and administrators,
working on the same data. The collaboration approach allows participants to work in
different places or at different times [59]. The main relevance of collaboration is the fact
that different users/developers, experts or common users, from several areas, collaborate
on given issues and share data easily through a distributed framework using platforms,
forums or question-and-answer sites. For example, Stack Overflow, created in 2008 by
Jeff Atwood and Joel Spolsky [60,61], is a question-and-answer site for professionals and
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programmers, composed of questions and answers on a wide range of topics in computer
programming. According to Stack Overflow statistics, a trend was identified in the last
10 years with an increase of users [62]. The Stack Exchange, similar to Stack Overflow, was
created in 2009, by Spolsky′s company, Fog Creek Software, with a beta version of the Stack
Exchange 1.0 platform, which did not work so well. Thus, in 2011, it was publicly launched
by Jeff Atwood and Joel Spolsky, and it has grown in the years that followed. Stack
Exchange is a network of question-and-answer websites on topics in diverse fields, each
site covering a specific topic, including GIS [63]. According to the statistics regarding Stack
Overflow, almost 82% of professional developers use GitHub as a collaborative tool [64].

Founded in 2008, GitHub is a cloud-based platform that hosts FOSS, offering to
the community an opportunity to collaborate with other developers [65]. GitHub has
over 56 million developers and more than 60 million repositories, with approximately
90% of developers in North America, Asia and Europe, leaving about 10% distributed in
South America, Africa and Oceania [66]. GitHub uses several programming languages
such as Javascrip, Python, Java, TypeScript and C# [66]. GitHub platform responds to
FOSS with several advantages: (i) improves the validity of research focused on software
development; (ii) provides standardized data to researchers, making scientific enquiry
more accessible; and (iii) improves programming education with the opportunity to engage
students in the collaborative process [65]. GitHub allows developers to come together
from all over the world to innovate, find connection and solve problems [66]. In fact,
since 2013, the proprietary software ArcGIS collaborates with the open-source community,
sharing open-source projects via GitHub [67], proving that new FOSS collaborations have
been performed.

The GIS applications development requires the existence of data, in quantity and
quality. Specific data are obtained mostly by companies or organizations that finance the
collection of geospatial data themselves or by academia. However, over the past decade,
more and more digital geospatial data have become available on several platforms. Crowd-
sourced data are data collected and reported by the user community. The crowdsourcing
term is related to the collection of geospatial data as a contribution by non-expert users
and the aggregation of these data into meaningful geospatial datasets [68]. Volunteered
Geographic Information (VGI) refers to geographic content as a contribution by non-expert
users [68]. OpenStreetMap (OSM) is a good example of a VGI, which is a community
mapping effort that allows for free access to map images and the data are uploaded by
a common user. The OSM project aims to promote participatory cartography. Other
well-known crowdsourcing examples include platforms such as Wikimapia [69] and more
recently the GIS Cloud Crowdsourcing Solution [68–70]. Crowdsourcing web and mobile
applications are freely available applications that any user can install and allow citizens
to anonymously report issues online from their desktop computers. Crowdsourcing is
considered as a strategy to contribute to improve the GIS applications, since everyone
benefits from collaboration, taking advantage of more effective communication, more
efficient delivery of services and faster time of response in the process. Social media, with
the huge amount of user’s data, facilitate the collection of locations and contents, helping
to contribute to crowdsourcing. Flickr, Panoramio, Instagram, Facebook and Twitter are
some of the social media applications that can be used [68]. ML algorithms, as Convolu-
tional Neural Networks (CNN) algorithms, are also used with crowdsourced data [71].
Crowdsourcing has been used in several areas. For instance, Antoniou et al. [72] presented
a GIS-based crowdsourcing application launched after the first COVID-19 cases had been
recorded in Greece, with the aim to locate geographical areas with increased numbers of
people who felt the symptoms and determine any temporal changes in the statistics of the
survey entries. Jankowski et al. [73] presented an approach to geodiversity assessment
based on spatial multicriteria analysis, combining Weighted Linear Combination (WLC)
with its local version called L-WLC to provide a more comprehensive assessment approach
using data obtained through crowdsourcing. Krupowicz et al. [74] presented a process that
transforms the spatial structure of rural areas based on a dedicated application LCCApp
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(Land Consolidation-Crowdsourcing Application). Despite the success of crowdsourcing
data, the reliability and fitness of the data continuous to be questionable [75]. Data quality,
biases and trust issues are the challenges of crowdsourced data. Some considerations are
important to follow: (i) the quality of the data; (ii) the accuracy of the data; and (iii) the
reliability of the data. More recent approaches include the Linus’s law (based on theories
of crowdsourcing behavior), hierarchical networks of reviewers and rules-based triage of
geospatial data during production [76].

GIS open-source applications can be developed in several research areas such as com-
puter science, physical geography, geography, engineering, water resources, meteorology,
atmospheric sciences, remote sensing, geology, ecology, agriculture, public administration,
archaeology, urban studies and oceanography. Thus, it is clear that the GIS software is
essentially used to support and provide information applied to geo-environmental sciences
to improve decision making, increase the productivity of processes, provide better data
and dynamic models, create predictive scenarios for impact studies and disseminate the
results to the community. In the context of environmental science, the term “environment”
is a very broad as it includes definitions such as “the air, water, and land in or on which
humans, animals, and plants live” [77], or, in the field of ecology, it is defined as “the air,
water, minerals, organisms, and all other external factors surrounding and affecting a given
organism at any given time” [78]. Environmental science is considered a multidisciplinary
field integrating biological, social and physical sciences to address the intractable envi-
ronmental problems humans face [79]. The environmental management system requires
the use of GIS tools/applications to disseminate and share georeferenced and organized
information to the public sector, private organizations and interested users. GIS software
provides the tools/functionalities required to manipulate the environmental variables
(Figure 1). Software applications for data processing and visualization are essential and
every task needs computational procedures.
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In the 1980s, GIS became a more accessible tool for researchers through programs
such as GRASS, enterprises such as Intergraph and ESRIs. Approaches focused on risk
management, pollution and environmental monitoring emerged during the 1990s [79]. In
addition, the emerging of new GIS technologies with advanced tools and algorithms that
accomplish the Internet development allowed adopting integrated approaches to solve
environmental issues. Many applications use GIS that cover a broad range of issues in
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topics such as water resources, climate change, urban planning, environmental justice,
vulnerability studies, etc. Therefore, GIS applications have become indispensable tools in
the environmental management community. In addition, concepts such as crowdsourcing
data have been used in environmental studies. For instance, Ghermandi and Sinclair [80]
analyzed data from social media and social networking sites, such as Twitter and Flickr,
to achieve a better understanding of human–environment interactions and shape future
conservation and environmental management. Picaut et al. [81] developed a smartphone
application and a spatial data infrastructure to collect physical data (noise indicators,
GNSS positions, etc.) and perceptual data (pleasantness) in the context of environmental
noise pollution.

During the last decade, significant progress has been achieved in the GIS open-source
applications development, with significant contributions to mainstream geographic re-
search and applications in several contexts. This strong impact of GIS in several contexts is
related with external driving forces such as the progress in information technology, where
computer sciences come to the forefront of GIS development; software, with improved
Internet of Things (IoT) and 3D technologies; virtual reality technology; automation of
cartographic flows; and hardware, with large-capacity optical disks and broadband optical
fiber communication technology, allowing to generalize the use of GIS tools [82].

For this reason, the main objectives of this paper are: (i) to provide an overview
of the last 10 years (2010–2020) regarding the creation/development of GIS open-source
applications through a bibliometric analysis on scientific literature; and (ii) to evaluate
the GIS open-source plugins for environmental science. The contributions of this review
are divided into two main categories. In the first objective, we evaluate the publications
regarding the development of GIS open-source geospatial software in the last 10 years,
considering desktop, web GIS and mobile applications, so that we can analyze the impact
of this type of application for different interdisciplinary research areas. In the second
objective, we analyze the development of GIS open-source applications in the field of
environmental sciences in the last 10 years and discuss the applicability and usability of
these GIS solutions in environmental domains.

This paper highlights the huge importance of GIS open-source applications in envi-
ronmental areas, giving more visibility to the community in the context of GIS applications
development in the last 10 years. Future trends can be obtained from this study and future
perspectives in the role of GIS open-source applications. The main contribution of this
study is first to give an overview of the past research during the last decade considering
the GIS open-source applications development.

This review focuses more on QGIS plugins, as it is considered the premier open-
source desktop GIS software [83]. However, other desktop open-source applications are
considered in the publications retrieved.

2. Bibliographic Analysis

Web of Science (WoS) and Scopus are two leading and competing citation databases
in the world [84].

WoS Core Collection (renamed around 2014), through the legacy of Eugene Garfield,
is considered the most powerful research engine and trusted publisher-independent global
citation database [85]. It was launched in 1997 and integrates the three traditional journal
citation indexes: Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI) and Art and Humanities Citation Index (A&HCI).

Scopus is the largest abstract and citation database for peer-reviewed literature, in-
cluding scientific journals, books and conference proceedings, providing a comprehensive
overview of worldwide research output in the fields of science, technology, medicine, social
sciences and arts and humanities. Scopus has intelligent tools for discovering, analyzing
and visualizing research [86].

These two databases allow information to be retrieved, filtered and aggregated, and
both export the data in multiple formats that allow for subsequent analysis.
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For relevance in this review, the WoS database was considered. A query was defined
in the database and the results were refined considering the last 10 years (2010–2020) and
the type of data source, which in this case are journal publications (articles) and reviews.

The search (conducted in January 2021) was based on open-source and free GIS
software. QGIS plugins or other GIS software plugins/applications, web GIS applications
or GIS mobile applications were considered. To retrieve suitable publications on this topic,
a query was created in the WoS database. The search was queried as follows: (“open source
software” OR “open source applications” OR “GIS Web-based” OR “Web GIS” OR “GIS
mobile application” OR “QGIS plugin”) AND “GIS” in the title, abstract or keyword. In
the WoS database, the indices SCI-Expanded, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI,
CCR-EXPANDED and IC were included in the query by default. The period was also
included concerning the last 10 years (2010–2020).

In the WoS database, the results were exported to other files separated by tab (WIN),
resulting in two files as each file has a limit of 500 publications. The search considered the
keywords specified in the topic. In the WoS database, the “Topic Search” field included: (i)
the title of the article, review, proceeding, book, etc.; (ii) the abstract, which is a summary of
the paper and includes the main points discussed, such as the research question, method-
ology, discussion and conclusion; and (iii) the keywords and keywords plus fields where
the keywords field is the one specified by the author(s) and “tags” the main and subtopics
of the content of the paper and the keywords plus field is an algorithm that provides
expanded terms that come from the cited references or the bibliography of the dataset [87].

In total, 502 results were retrieved from the query submitted to the WoS database.
A manual review of the 502 retrieved documents was performed by two independent
researchers to solve word ambiguity issues. For instance, several terms may have simi-
larities to concepts from other scientific fields, resulting in false positives being retrieved,
such as open-source applications not being in the context of GIS. The systematic review
was conducted independently by two reviewers, who have expertise in GIS and used the
inclusion criteria of “any publication that relates to a GIS desktop application (as in QGIS
software or other), a GIS web development, or a GIS mobile application”. The divergence
between the two reviewers was solved by reaching a consensus. Only papers that were
accepted by both reviewers were included in the final analysis. Only papers dealing with
the development of a GIS open-source application (desktop/plugin, web GIS or mobile)
were considered. The reviews considered were related to application development. After
this step, only 391 publications correctly match the query, which means that about 78% of
the query results are related to GIS open-source application development (see Appendix A).
The result was then evaluated in VOSViewer software.

VOSViewer software focuses on the visualization of bibliometric networks [88], com-
prising journals, researchers or individual publications that can be constructed based
on citation, bibliographic linkage, co-citation or co-authorship relationships. It provides
network maps to help interpret the results obtained in the databases.

In terms of the total number of publications found, the search was refined to three
main areas for evaluation: GIS open-source desktop applications (including GIS desk-
top applications and specifically QGIS plugins), web GIS applications and GIS mobile
applications. We also evaluate the applications under the context of environmental science.

Figure 2 shows a network of co-citation regarding the journals present in the WoS
database. In the network, each circle represents a different journal, with the larger circles
having the highest number of citations in the GIS open-source software domain and the
lines corresponding to the link strength between the different sources.

Figure 2 shows that the majority of publications are in the areas of environmental
modeling software, computer geosciences, international journal of geoinformation and
remote sensing of environment. Each color group represents a research area: yellow
indicates ecology/environment sources; light blue, hazard/risk; green, water resources;
red, GIS; purple, computer science; and blue, remote sensing. All areas are linked in terms
of citations.
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Figure 3 shows the network of keyword co-occurrences. Figure 3 shows that the
keywords “gis” and “web-gis” (and other variants such as “web gis” and/or “webgis”)
are the most frequent keywords appearing in the retrieved publications. Other keywords
such as “management”, “open-source software”, “framework”, “information”, “remote
sensing”, “geographic information systems”, “model” and “decision support system” can
also be found in several publications. We can also observe some keywords are related
to environmental science such as “susceptibility”, “rainfall”, “impact”, “vulnerability”,
“water”, “hazard” and “landslides”.
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Regarding the 10 years analyzed, 2019 was the most productive year, accounting for
16.4% of total publications. Table 2 shows the number (and percentage) of publications
per year during the 10 years analyzed.

Table 2. Occurrences of publications during 10 years (in percentage), regarding the general GIS applications, Web GIS
applications and mobile GIS applications.

Year Occurrences (GIS
Applications) (%)

Occurrences (Only Desktop
GIS Applications) (%)

Occurrences (Only Web
GIS Applications) (%)

Occurrences (Only Mobile
GIS Applications) (%)

2010 3.3 6.3 3.6 11.8
2011 2.6 0.0 2.4 0.0
2012 4.6 6.3 4.4 5.9
2013 6.7 6.3 8.0 0.0
2014 7.9 12.3 8.0 5.9
2015 10.2 6.3 8.8 5.9
2016 11.5 6.3 11.6 11.8
2017 11.5 12.3 12.0 17.5
2018 11.5 18.8 12.0 5.9
2019 16.4 6.3 14.4 11.8
2020 13.8 18.8 14.8 23.5

Analyzing Table 2, there were no occurrences in 2011, and a significant increase
in the development of GIS open-source applications (desktop, web GIS or mobile GIS
applications) can be observed in the last 10 years, which reflects the influence of free
and open data, open-source software development and the communities’ collaboration.
Moreover, 2019 corresponds to the year with the highest number of publications.

In terms of the research area, publications are most evident in geosciences multidis-
ciplinary (20.7%), remote sensing (17.9%) and environmental sciences (16.9%). However,
other research areas are also covered: water resources, geography physical, computer
science interdisciplinary applications, geography, engineering environmental, etc. [85].

3. GIS Open-Source Desktop Applications

The QGIS Python Plugins Repository [89] presents all plugins that have been devel-
oped and officially accepted for installation in the QGIS software. However, most of these
plugins are not published and peer-reviewed. Therefore, in this review, we only consider
the published and peer-reviewed studies on the development of GIS applications.

To better understand the evolution of GIS open-source applications over the last
10 years, the main query was refined to: (“QGIS plugin” OR “plugin” OR “QGIS open-
source tool” OR “QGIS open source software” OR “GIS open-source application”). This
new query allowed us to find QGIS plugins or other GIS open-source applications.

This refined search found 16 publications, meaning that 4% of the main query results
are related to GIS desktop applications.

When analyzing the occurrence of publications per year (in percentage) regarding
GIS open-source desktop applications, 2014 and 2018 stand out with 11.8% and 17.6%,
respectively, of the relevant publications (Table 2). We also evaluated the number of
publications based on the GIS open-source software by the author (Figure 4).

In terms of the research area and regarding the GIS desktop applications, the pub-
lications are more evident in environmental sciences, geosciences multidisciplinary and
water resources, each of them with 22.2%. However, it also covers several research areas:
computer science, interdisciplinary applications, geography physical, remote sensing, engi-
neering, etc. [85]. When the QGIS plugins were considered (the same search was refined
to “QGIS”), 93.8% of the previous publications were found, meaning that GIS desktop
applications are mainly developed under QGIS open-source software, for instance related
to health diseases [90], which also involves environmental variables, forestry [19], ground-
water vulnerability [20], erosion risk/coastal management [21,91], soil consumption [92,93],
meteorology [13], land use [94], Bayesian spatial models [12], geospatial data analysis and
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processing [95], estimation of tree parameters [18,96] and remote sensing [16,17]. The
three major research areas were: environmental sciences, water resources and physical
geography.
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4. Web GIS Applications

The last decade provided rapid growth in the development of web GIS, which allows
the creation of digital thematic maps with the possibility of real-time integration and dis-
semination of georeferenced data and is applied in several areas, such in science, commerce
and government [97].

The term “web GIS” or a similar definition (“webGIS” or “web-GIS”) was applied to
refine the results. The main query was refined to “webgis” OR “web-gis” OR “web gis”
OR “web mapping”. In the last years, GIS evolved into the concept of data sharing and
collaboration with interoperable GIS database around the world. The users and institutions
share their work in several ways, using web GIS or cloud computing. Web GIS has been
developed in a wide variety of areas. For instance, Aghajani et al. [98] created a web GIS to
predict the future performance of a wind farm, supporting the decision for pricing policy
and development of next generation of wind farms. Ahmed et al. [99] developed a web
GIS-based landslide early warning system (EWS) with approaches combining static landslide
susceptibility maps and rainfall thresholds and introducing a purpose-built hazard matrix.
In the health area, Web GIS development has also been increasing. For instance, Delmelle
et al. [100] developed an interactive web-based GIS toolkit named OnTAPP (an On-line
Toolkit for the Analysis of Point Patterns), designed with the collaboration of epidemiologists
from Colombia to monitor dengue fever outbreaks over the Internet and conduct spatial
analysis in a limited timeframe. Several other studies involved the development of Web GIS as
products for environmental sciences studies [28,101,102], remote sensing studies [23,103,104],
archaeology [25], ecology and fires [24,26,33], among other research areas.

More recently, the Internet of Things (IoT) allows the integration of real-time data to
every person [105]. Several studies implemented the last advances in IoT to develop new
technologies. For instance, Sánchez-Aparicio et al. [106] developed a new web GIS tool
to be being a digital-based preventive conservation system for the historical and cultural
heritage in Southwestern Europe.

From this refined query, 250 publications were found, meaning that 63.9% of the
main query results are related to web GIS development. We can conclude that there was a
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significant increase (Table 2) in this area over the last 10 years, especially in the last two
years (2019 and 2020, with 14.4% and 14.8%, respectively).

To better understand the use/development of web GIS applications, the network of
co-occurrences of keywords related to web GIS is presented in Figure 5.
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Figure 5 shows that “web gis”, “gis” and “web-gis” are the most used keywords.
Other words can also be observed: “management”, “climate-change”, “system”, “model”,
“information”, “geographic information systems”, etc. In addition, the term co-occurrences
network map was created (Figure 6).
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The different colors represent the groups of related terms. In this case, the red group
represents terms related to visualization, opportunity, architecture, integration and concept.
These terms can be related to the development of applications and web services. The
green group represents terms related to software, impact, efficiency, methodology, etc.,
being terms related to software. The blue group represents terms such as assessment,
accuracy, risk and effect, more related to environmental issues. The yellow group is related
to decision making, community, etc., more related to the platforms and applications that are
open source and thus are developed by collaboration. It can be verified that the red, green
and blue groups present the strongest terms, meaning that the building of web applications
or web GIS has a strong relationship with environmental applications. From the results in
Figures 5 and 6, it is possible to conclude that web GIS applications have been used in a
wide variety of research areas including environmental sciences.

5. GIS Mobile Applications

When the query was refined to understand the publications regarding the develop-
ment of GIS mobile applications (considering “GIS mobile applications” to refine the main
query), 17 results were obtained, meaning that 4.3% of the main query corresponds to
publications related to GIS mobile applications. Table 1 shows that, in 2011 and 2013, there
were no occurrences of publications. The development of GIS mobile applications has
increased since 2015, reaching a peak in 2017. A decrease was observed in 2018 and a
substantial increase is observed from 2018 to 2020 (with 23.5% of occurrences). This can be
partially explained by the revolutionary IoT that, in 2013, had evolved into a system using
multiple technologies, including GIS. The GIS mobile applications are related to several
categories, highlighting computer sciences, information systems, physical geography, geo-
sciences multidisciplinary, meteorology, atmospheric sciences, remote sensing and water
resources, all with 16.7%. However, agriculture, dairy animal science and archaeology,
among others, are also categories where this type of application is being developed [85].
Mobile GIS applications have also been combined with web GIS applications (e.g., [37–41]).

6. Environmental GIS Applications

In the main query of this study (with 391 results), 16.9% (66 publications of 391) of
the publications are related to the environmental sciences category. When evaluating the
percentage of occurrences considering GIS applications applied to environmental sciences,
there is a slightly increase from 2010 (4.5%) to 2016 (10.6%); a slight decrease between 2016
(10.6%) and 2017 (3%); and, again, a significant increase from 2017 (3%) to 2020 (25.8%). USA
(21.2%), Italy (19.7%) and Germany (13.6%) are the leading countries with more publications
in this area. Regarding the source journals, 21.2% of the publications were published in
Environmental Modeling Software and 9.1% in Remote Sensing and Sustainability (MDPI).
Other journals were also found such as Environmental Monitoring and Assessment (6.1%)
and Journal of Hydroinformatics (6.1%). GIS tools have a key role in the management,
monitoring and assessment of the environmental sciences research areas, for instance in the
study of environmental changes over time, indicating trends and patterns, or in the creation
of 3D composites. Land degradations, forest fires, Land Use Land Cover (LULC) changes,
air quality, etc. are areas where GIS can contribute more [97]. The most recent technologies
allow integrating GIS with other platforms such as R software, as the development of an R
Package to access free in-situ meteorological and hydrological datasets for environmental
assessment [107]. The integration and interoperability of web services, such as the OGC
Web Processing Service (WPS), are critical and define an interoperable protocol for process
execution on the web. Thus, an approach to share environmental models on the web
coupling OpenMI and WPS was suggested by Zhang et al. [108]. In addition, the constant
updating of applications is required in open-source tools, and several plugins have been
used and updated, such as FREEWAT (FREE and Open Source Software Tools for WATer
Resource Management) that was created in 2015 [109] and integrated with a user-friendly
modeling environment that integrates the LuKARS (Land use change modeling in KARSt
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systems) model [14]. In addition, recent technologies regarding the Artificial Intelligence
(AI) methods have been growing in this context. For instance, Razavi-Termeh et al. [110]
prepared the forest fire susceptibility mapping using GIS and an ensemble of adaptive
neuro-fuzzy interface systems with genetic and simulated annealing algorithms and an
ensemble of radial basis function with an imperialist competitive algorithm model. The
results were implemented in a web GIS and mobile application. The remote sensing
imagery has also been emerging and growing, and, to overcome the issue of the software
tools being limited to specific sensors or optimized for application-specific visualizations,
the Earth Observation (EO) Time Series Viewer, a free and open-source QGIS plugin for
interpretation and labeling of multi-sensor TS data was developed [16]. The EO Time
Series Viewer allows the combination of spatial, spectral and temporal data visualization,
provides maximum flexibility in terms of supported data formats, minimizes the user-
interactions required to load and visualize multi-sensor TS data and speeds-up labeling
of TS data based on enhanced GIS vector tools and formats. Other studies describe the
development of applications using remote sensing data in several environmental areas
such as water resources, flood risk, agriculture, etc. [28,90,111–113].

7. Future Trends of GIS in Environmental Sciences

Given the trends observed in the bibliometric analysis performed in this study, the
main questions are: (i) What will happen in the next 10 years? (ii) What could be the future
trends in GIS applications under environmental context during 2020–2030? If we consider
the new technologies already emerged and applied in environmental issues, the most com-
mon applications include spatial planning, decision making and management; however,
regarding IoT and Internet advancement, the future trends point to cloud technology, 3D
GIS analysis and representation, real time, mobile GIS and UAVs. The easy and rapid access
to information and big data can also be the future perspective in the GIS advancement. 3D
GIS and mobile GIS can be combined with virtual reality or augmented reality given the
capacities of the new integrated technology regarding GIS. Real-time information can be
disseminated and transferred between different devices and to the back-office with the
advent of fifth generation (5G) mobile communication and its ability for large amounts of
data. Cloud computing will help to handle the increasing volume of data, in the way it
is stored, maintained and used. Remote sensing data and the development of optimized
algorithms such as ML and deep learning are also expected to be improved. The collab-
orative approach continues to be required to gather existing datasets from governments,
the private sector and academia. The future of GIS depends on inventive thinking from
capable problem-solvers and the collaboration of developers. In the next 10 years, a lot of
progress will certainly be observed in GIS applications.

8. Conclusions

In this study, a bibliometric review was performed regarding the development of GIS
open-source applications. A study was performed considering the scientific peer-reviewed
publications where GIS open-source applications are described. Articles and reviews from
the last 10 years (2010–2020) were considered. Desktop GIS, web GIS and mobile GIS
applications were also considered in the evaluation. After a general evaluation, the study
was focused on applications applied to environmental sciences. It was concluded that, in
general, the development of GIS open-source applications has increased in the last 10 years,
especially GIS mobile applications, since the big data and IoT era, which was expected
given the increasing development of advanced technologies.

IoT will promote even more the development of new GIS technologies, englobing
web GIS connected to mobile applications with more complex and efficient programs. The
massive amount of data created every day through sensors and devices, such as the Global
Positioning System (GPS), people, vehicles and objects, social media and more and more
information found on the Internet will emerge as a source of valuable data. These are
real-time data, and recently new advances in technologies enable incorporating them into
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GIS applications. The location is crucial, and the optimization of resources and networks is
fundamental in IoT, so this can be one of the reasons that GIS applications are increasing in
the last years. In addition, the integration of GIS applications with other types of platforms,
such a Building Information Modeling (BIM) for developing and improving infrastructure
in communities around the world, promotes great changes in the data acquisition pro-
cess, data management, new platforms, application development and implementation of
different projects. This integration between GIS and other platforms/software and even
IoT and spatiotemporal big data makes it possible to quickly acquire and process the real-
world geospatial patterns knowledge and computing process, improving the geospatial
analysis framework.

In the environmental sciences area, the publications found regarding the GIS applica-
tions proved that these applications have been increasingly used in different research areas
regarding the environmental sciences, incorporating different methodologies that can be
very useful as shared work between users. This open-source concept will help to improve
and increase the use of these applications around the world, leading to more complex
and efficient computational processes along with the easy management of big data. In the
near future, the observed increase of GIS applications in every way should be even more
disseminated, as a consequence of the free and open-source collaborative support.
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Appendix A

At the end of the manuscript, a complete list of all 391 publications found in WoS is
presented, including the authors’ names, the publisher’s name, the publication year and
the DOY.
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Table A1. The 391 publications found in the WoS, including the authors, publisher, publication year and DOY.

Authors Publisher Journal Name Publication Year DOY

Morgan, JD; Eddy, B; Coffey, JW ROUTLEDGE JOURNALS, TAYLOR &
FRANCIS LTD J. Geogr. High. Educ. 10.1080/03098265.2020.1852200

Rowland, A; Folmer, E; Beek, W MDPI ISPRS Int. Geo-Inf. 2020 10.3390/ijgi9120753

Muller, AL; Gericke, OJ; Pietersen, JPJ SAICE-SAISI J. S. Afr. Inst. Civ. Eng. 2020 10.17159/2309-8775/2020/v62n4a4

Adedeji, O; Olusola, A; James, G; Shaba, HA; Orimoloye, IR;
Singh, SK; Adelabu, S SPRINGER Environ. Monit. Assess. 2020 10.1007/s10661-020-08730-3

Casadei, S; Peppoloni, F; Pierleoni, A MDPI Water 2020 10.3390/w12113227

Geyer, NR; Kessler, FC; Lengerich, EJ MDPI ISPRS Int. Geo-Inf. 2020 10.3390/ijgi9110619

Muller, MM; Vila-Vilardell, L; Vacik, H ELSEVIER Ecol. Inform. 2020 10.1016/j.ecoinf.2020.101151

Zhang, MD; Jiang, LC; Yue, P; Gong, JY ELSEVIER SCI LTD Environ. Modell. Softw. 2020 10.1016/j.envsoft.2020.104838

Perucchetti, L; Bray, P; Felicetti, A; Sainsbury, V; Howarth, P;
Saunders, MK; Hommel, P; Pollard, M WILEY Archaeometry 10.1111/arcm.12616

Walker, JD; Letcher, BH; Rodgers, KD; Muhlfeld, CC;
D’Angelo, VS MDPI Water 2020 10.3390/w12102928

Sanchez-Aparicio, LJ; Masciotta, MG; Garcia-Alvarez, J;
Ramos, LF; Oliveira, DV; Martin-Jimenez, JA;

Gonzalez-Aguilera, D; Monteiro, P
ELSEVIER Autom. Constr. 2020 10.1016/j.autcon.2020.103304

Farnaghi, M; Mansourian, A ELSEVIER SCI LTD Cities 2020 10.1016/j.cities.2020.102850

Anderson, SL; Murray, SC FRONTIERS MEDIA SA Front. Plant Sci. 2020 10.3389/fpls.2020.511768

Schattschneider, JL; Daudt, NW; Mattos, MPS; Bonetti, J;
Rangel-Buitrago, N SPRINGER Environ. Monit. Assess. 2020 10.1007/s10661-020-08602-w

Liang, JM; Gong, JH; Xie, XP; Sun, J MDPI ISPRS Int. Geo-Inf. 2020 10.3390/ijgi9090524

Yamamoto, K MDPI Information 2020 10.3390/info11090434

Zhang, XW; Yang, Y; Zhang, Y; Zhang, ZL PERGAMON-ELSEVIER SCIENCE LTD Ann. Touris. Res. 2020 10.1016/j.annals.2020.102999

Cardoso, MA; Almeida, MC; Brito, RS; Gomes, JL; Beceiro, P;
Oliveira, A WILEY J. Flood Risk Manag. 2020 10.1111/jfr3.12663

Paul, M; Bussemaker, MJ ELSEVIER SCI LTD J. Clean Prod. 2020 10.1016/j.jclepro.2020.121461

Caliskan, M; Anbaroglu, B ELSEVIER SoftwareX 2020 10.1016/j.softx.2020.100553
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Table A1. Cont.

Authors Publisher Journal Name Publication Year DOY

Sardella, A; Palazzi, E; von Hardenberg, J; Del Grande, C; De
Nuntiis, P; Sabbioni, C; Bonazza, A MDPI Atmosphere 2020 10.3390/atmos11070700

Kalinka, M; Geipele, S; Pudzis, E; Lazdins, A; Krutova, U;
Holms, J MDPI Sustainability 2020 10.3390/su12135293

Beyhan, B; Guler, C; Taga, H SPRINGER HEIDELBERG J. Geogr. Syst. 2020 10.1007/s10109-020-00325-3

Mauro, N; Ardissono, L; Lucenteforte, M ELSEVIER SCI LTD Inf. Process. Manage. 2020 10.1016/j.ipm.2020.102257
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